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PREFACE

Average global temperature on the earth’s surface has increased by 1 °C since 1981.
Global warming, depleting forests, atmospheric pollution and most importantly the Urban Heat
Island effect (UHI) are regarded as the primary reasons for this heat rise. Though intensive
activities are followed to reduce global warming, pollution and deforestation, no serious
attempts were made to address UHI. It is a condition where an urban or metropolitan area
becomes warmer than its surrounding rural areas by virtue of heat energy dissipation to the
atmosphere from buildings, pavements and roads. Moreover, population growth and inflating
urbanization further worsen the scenario. Urban warming seriously impacts the buildings’
energy consumption by increasing the peak electricity demand for cooling needs in summer. In
this context, there is an aggregating requirement for the development of cool coatings to

mitigate UHI and consequent environmental impacts.

The infrared (IR) rays (700-2500 nm) from the sunlight are responsible for the heat
generation on material surface. Hence, coatings of passive radiative cooling materials with high
IR reflectance that reduce heat build-up and control UHI became the choice of interest. In this
aspect, the search for IR reflective inorganic pigments has seriously accelerated in the last two
decades. ZnO and TiO> are examples of excellent IR reflective white pigments. Meanwhile, the
fascination for aesthetics also introduced a few coloured cool pigments in the market, like
PbCrQOg4, BiVO4, YInMn blue etc. Unfortunately, many of these pigments are highly toxic and
expensive, hence, the necessity is still growing for better alternatives. In addition, since metals
are subjected to corrosion, developing a sustainable cool metal roof coating necessitates an
additional anticorrosive base coat. Although anticorrosive pigments such as Znz(POa)2, Cr203
etc can sort out the issue, pigment toxicity is the main concern. Moreover, the traditional duplex
coating practice leads to huge material consumption, enormous labour work and high expense.
Hence, integrating the features of colour, reflectance and corrosion resistance on a single
material can resolve all these allegations, which will have a massive impact on the industrial
sector and will be highly beneficial for society and the environment. But, inorganic pigment
that works in multiple aspects, especially IR reflective and anticorrosive, has not been reported.
Further, it demands an in-depth understanding of the structural and spectral characteristics to
combine multiple properties in a single material. Therefore, the present work concentrates on
the design and development of cost-effective, intense colour multifunctional inorganic

pigments with excellent IR reflectance and promising anticorrosive properties.
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The thesis is organized into five chapters. Chapter 1 discusses the issue of global
temperature rise, emphasizing the Urban Heat Island effect (UHI), its consequences and the
need for energy efficient buildings. Further, it proposes cool coatings as an efficient solution,
describing the role of IR reflective inorganic pigments. In addition, it mentions the significance
of crystal structure and chromophore geometry behind the origin of colour. Moreover, the
chapter deals with the challenges of bringing the concept of multifunctionality, including
corrosion resistance property and IR reflectivity in a single pigment, to achieve a durable cool
coat. Considering all the challenges working chapters were successfully constructed.

Chapter 2A, deals with new inorganic phosphate pigment series with general formula
ABPO; (A - monovalent and B - divalent cations). The chromophore Co?* substitution at B site
brought three different colours, blue, purple and magenta for NaZn1-x«CoxPOs, LiZNn1.xCoxPO4
and LiMg1-xCoxPQs, respectively. The spectroscopic analysis identified the d-d electronic
transitions responsible for this colour change along with chromophore geometry. Tetrahedral
coordination of Co?* with O ligands resulted in blue and purple colour, whereas its octahedral
arrangement led to magenta. Rietveld refinement analysis revealed structural distortion of the
chromophore in NaZn:xCoxPO4 and LiZn1.xCoxPOa4 pigment series with respect to CoAl204
blue. Eventually, it was confirmed that distortions from the ideal structure brought variations
in ligand and metal ion positions, which modified the band gap consequently, the colour.
Multifunctional aspects of the pigments NazZno9C00.1POs blue and LiMgo.sC00.2PO4 magenta
were investigated in Chapter 2B. The pigments exhibited R* 64 and 57%, respectively, which
is superior than the commercial Co pigment. Pigment powder successfully retained its colour
tone and reflectance properties after coating on concrete and aluminium sheet. Thermal
shielding experiments conducted for blue and magenta coatings displayed temperature
reductions of ~ 4 and ~ 7 °C in the interior and exterior of the prepared model foam box,
compared to CoAl>O4 blue. Both the pigments were active against the corrosion of steel in the
marine medium through a phosphatization mechanism. Among these, magenta showcased
relatively higher corrosion resistance over commercial CoAl>04 blue. The ability of these
phosphate pigments to work in multiple dimensions makes them unique over commercial

pigments.

Bismuth vanadate (BiVOs) gathered great attraction as a replacement for conventional
toxic chrome and cadmium yellow, though it contains highly expensive Bi. Therefore, a
considerable demand exists to develop cost-effective BiVOs inorganic pigment without

compromising its optical properties. Chapter 3 demonstrates an effective strategy to develop

Xviii



low-cost BiVOs complex pigments by the citrate-gel method. Nanoparticles of BiVOs
decorated on ZnO achieved 75 wt% reduction in BiVO4 content. The developed complex
inorganic pigment exhibited an excellent greenish-yellow colour, similar to pure BiVOs. An
exceptional IR reflectance of 90%, displayed ~ 7 °C interior and coating surface temperature
reduction compared to commercial yellow pigment. Hence, the developed complex pigment

could be a better alternative for BiVO4 yellow pigment.

Chapter 4 illustrates a multifunctional brown inorganic ferrite pigment series, free of
toxic elements, via the solid-state ceramic method. Partial replacement of chromophore Fe®* by
A" in the pigment composition (ZnFe1.9Alo104) brought structural distortion in its octahedral
geometry. The introduction of AI** ions in place of Fe** promoted the pigment reflectance from
34 to 58%, along with significant colour improvement. The pigment coatings on Al substrate
were equally well in displaying good colour strength and temperature shielding ability (~2.5
°C) with respect to ZnFe,O4. The pigment epoxy coating stands out with its promising
anticorrosive performance over the toxic commercial candidates, chromates and phosphates,
exhibiting excellent R¢ = 4.1x10° Qcm? with good stability. Therefore, the new high-
performance multifunctional brown ferrite pigment can potentially replace the present

commercial pigment.

Chapter 5 highlights solid-state synthesized new orange pigment series Si-doped
BisV20u11. Incorporating Si** at the Bi** site of BisV2011 brought a remarkable transformation
in its colour tone from dark brownish-red to bright orange. The pigment powder
Bis.sSio.2V2011+s exhibited an outstanding reflectance profile 86%, which was further enhanced
to 93% in coatings. Thermal shielding analysis yielded a ~2 °C reduction in temperature with
respect to commercial orange pigment. Corrosion resistance property of the pigment loaded
epoxy coating showed an outstanding Ret = 1.9x10° Qcm? with exceptional stability. Most
importantly, the developed pigment exhibited a superlative performance over most of the
commercial toxic anticorrosive pigments. Thus, with good colour, reflectance and impressive
anticorrosive properties, the new pigment can be an asset for the existing pigment market.
Overall, the present work is accomplished to design and deliver highly efficient, non-toxic,

cost-effective, coloured inorganic pigments with multifunctional properties.
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Chapter 1
1.1. Abstract

The average global surface temperature rise has accelerated in the 21% century due to
increasing global warming. Although strict regulations have been implemented at various
stages to reduce greenhouse gas emissions, the problem is still not under control; it appears to
cross the irreversible temperature threshold of 1.5 °C shortly. The developing industrial and
transportation sectors across the world have made a significant contribution to global
temperature rise. The expanding urban area further hastened this scenario by creating Urban
Heat Islands. The consequent summer peak electricity demand and heat-related health issues
are efficiently controlled by introducing cool coatings. The special inorganic pigments
incorporated in the cool coatings were highly efficient in reflecting the IR radiations from the
sunlight, thus reducing the heat convection and dissipation. Traditional white pigments TiO>
and ZnO were the initial choice of interest, and later it was replaced by coloured IR reflective
pigments. However, the presence of highly toxic (Cr, Pb, Cd, As, Se) and expensive (Y, La,
In, Co) elements in their composition led the researchers to develop an alternative for the
existing commercial pigments. The majority of the reports in this aspect were unsuccessful in
introducing a low-cost, non-toxic pigment with good colour strength and IR reflectivity. It is
also highly challenging to maintain the stability of a metal cool roof coating, which is prone to
corrosion under variable climate conditions. Moreover, the traditional duplex coating approach
is unreliable regarding cost, material, and time. Therefore, developing a single multifunctional
inorganic pigment with intense colour, high IR reflectivity and good corrosion resistance would
be ideal. In this context, the present thesis made an effort to develop a low-cost, non-toxic,

multifunctional inorganic pigment for cool coating application.

1.2. Global temperature rise

Solar energy is the primary source of energy for life on earth. Half of the light energy
that falls on the earth's surface is absorbed in the atmosphere by greenhouse gases such as CO3,
NOx, and CH4 and emitted as infrared (IR) radiation. The heat from the IR rays keeps the earth’s
atmosphere warm and makes life possible. This phenomenon is known as the ‘greenhouse’
effect!3. However, continuous human activities in the modern world have generated significant
disturbances in this process. Rapid industrialization, urbanization and growing transportation
facilities have enormously increased energy production and consumption®®. In the process, the
earth's surface temperature began to slowly escalate, causing a long-term change in average

weather patterns at the local, regional, and global levels’.
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1.5

Temperature anomaly (°C)

Year

Fig. 1.1. Variation in surface air temperature of earth®

According to the National Oceanic and Atmospheric Administration’s (NOAA) 2021
annual climate report, the earth’s surface temperature increased at an average rate of 0.14 °C
per decade from 1880 to 1980. But, since 1981, it has increased to 0.18 °C per decade. Between
1900 and 2020, the average surface air temperature of the earth has increased by about 1 °C,
Fig. 1.1. The years 2016 and 2020 were regarded as the warmest years during this period®.

Ecosystem
imbalance

Fig. 1.2. Impacts of global temperature rise

Since temperature rise and extent of climate-related risks vary with geography, level of
development, magnitude and duration of warming, its impacts are uneven around the planet,
Fig. 1.2. The equatorial region will be the warmest in the summer, while the polar region will

be the most affected in the winter. During the summer, approximately 14% of the population
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was subjected to extreme heatwaves. Such a heatwave struck India and Pakistan in 2015, which
is anticipated to persist in the following years. Drought and water scarcity have thus become a
common problem in South Asia, North and South Africa, Australia, Southern Europe and
Southern America. As a result, rainforests are disappearing, arid vegetation and deserts are
increasing. This endangers the existence of several terrestrial species, some of which are on the
verge of extinction and others are already extinct. The consequent ecosystem imbalance will
be a major concern for the human species in the long run. Observations have already shown a
few indications of this disaster. Diminishing pollinating insects such as bees, hoverflies and
blowflies had an indirect impact on humanity by lowering agricultural productivity. Similarly,
the external temperature environment significantly changed the period of sprouting, growth,
flowering and several other mechanisms of the plants, eventually affecting food security.
Extreme precipitation and flooding devastate different regions of the planet while people are
under water stress in specific locations. It is also worth noting that the current global
environment has significantly impacted on economic growth. United States loses
approximately 2.3% (worth of 446 billion USD) of their Gross Domestic Product (GDP) for

each degree Celsius increase in temperature®*3,

Because of temperature rise, the aquatic environment and life have undergone substantial
changes. The rise in ocean temperature, acidity and the fall in O2 level risks the marine diversity
and fisheries. It causes coral reef collapse and the disruption of ocean food webs, etc.
Furthermore, the sea level is constantly rising due to the melting of glaciers in the Arctic region.

As a result, coastal areas and island settlements are destroyed with time!# °,

According to the Intergovernmental Panel on Climate Change (IPCC), a United Nations
body established to assess climate change science, modern humans have never seen the
observed changes in our global climate before, and some of these changes will be irreversible
over the next hundreds to thousands of years. Unfortunately, the situation is deteriorating,
necessitating immediate action to tackle the issue and potentially avoid some of the worst

outcomes?®,

1.3. Major reasons

1.3.1. Global warming
The degree of warming experienced by the earth in future is determined by how much
carbon dioxide and other greenhouse gases we emit in the following decades. Rapid

industrialization, growing transportation rates and innovative technologies have enormously
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increased energy production and consumption. Since fossil fuels are the primary energy source,
subsequent CO> emissions increased. Human activities add around 11 billion metric tonnes of
carbon to the atmosphere each year, which is more than natural processes can remove, resulting
in annual increases in atmospheric CO.. It is estimated that industrial activities alone elevated
CO; levels by nearly 50%?*’. Livestock digestion, manure and fertilizers used in agricultural
practices, all led to an increase in the concentration of NOyx and CH4 emissions in the air.
Furthermore, the consumption of refrigerants has resulted in a massive discharge of
chlorofluorocarbon (CFC) gases. The tremendous rise in greenhouse gas levels in the
atmosphere facilitated long-term heating of the earth's atmosphere, known as global warming”
18,19 Countermeasures to make life easier in hotter climates, such as air conditioning and
refrigeration, will unfortunately require more electricity from coal-burning power plants,
generating CO>. This will further exacerbate global warming and have major consequences for

human health and the environment.

1.3.2. Deforestation

The rising population prompted the expansion of habitation and agricultural fields.
Massive area of forests has been razed in this regard, mostly tropical rainforests. This disturbed
the CO; to O conversion rate and therefore, increased the CO- level in the atmosphere, thereby
accelerated global warming and temperature rise?®. In addition, since tropical forests reside
many animal and plant species, deforestation is also a severe threat to biodiversity?. Losing
trees and plants can cause soil to loosen up, making it prone to erosion??. Thereby, deforestation

both directly and indirectly becomes a concern for the human race.

1.3.3. Pollution

Pollution of different kinds has triggered excessive levels of greenhouse gas emissions.
To be precise, air pollution from vehicle exhaust, factory and power plant discharges, emissions
from agriculture and other sources are mainly CO2 and NOx gases?. The increase in greenhouse
gas levels in the atmosphere directly influences the atmospheric temperature.

1.3.4. Urban Heat Island (UHI) effect

The phenomenon of UHI was discovered in the 1810s by a British scientist, Luke
Howard, who noticed that the City of London was warmer than the surrounding rural area.
Later, a detailed understanding of the concept was given by Oke in 1982242 |t is the
phenomenon in which an urban sector suffers a warmer temperature compared to the

surrounding rural area, Fig. 1.3,2" 28, Cities are densely populated with concrete constructions,
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roadways and pavements. They are often made of asphalt concrete, which absorbs a large
amount of infrared (IR) radiation from the sunlight. The solar spectrum contains 52% IR
radiations (700-2500 nm), Fig. 1.4, and heat is the consequence of IR rays®. As a result,
buildings, roads and pavements will gradually heat up over the day and the heat generated will
be slowly released into the environment. However, this heat will be trapped in between the tall
multistore buildings in the area, generating a local temperature rise. The lack of vegetation and
wind flow aggravated this problem. Since the process occurs across a large area of land, it
considerably raises the atmospheric temperature in that region.

Late afternoon temperature (°C)

Rural  Suburban Commercial City Urban  Park Suburban Rural
Residential Residential Residential Farmland

Fig. 1.3. Urban heat island effect*°

The situation will be different in suburban and rural locations, where there are fewer
buildings and roads, relatively denser green patch. The reports suggest that the daytime average
annual temperature of certain metropolitan cities are 3 °C higher than that of the nearby rural
region. However, it will rise to an average of 12 °C during the night®!. Whether in urban or
rural place, the environment is always hot during the day because of continuous sunshine. As
a result, the influence of UHI will only result in a few degrees of temperature increase.
Whereas, since the night is often cooler, the effect of UHI is more evident and results in a
substantially higher temperature, making city life vulnerable.
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Fig. 1.4. Solar power distribution curve®

The UHI is more prominent in the summer season. As this phenomenon may affect the quality
of life in the cities, various scientific studies have been carried out. The intensity of UHI

phenomena depends on the factors such as,

e Local weather conditions

e Replacement of natural soil cause heat accumulation, generally, heat drain occurs
through evapotranspiration in a rural area

e Use of asphalt, concrete and highly IR absorbing metal sheets for construction

e Geometry of buildings and extent of dark surfaces with low albedo

e Heat produced by combustion and by animal metabolism

e Excessive greenhouse gas release from factories and vehicles

e Reduction in water bodies like lakes, ponds, etc

e Urban vegetation design

e Extreme atmospheric pollution®

1.4. Consequences of UHI effect

The surveys reveal that more than half of the world’s population resides in cities, which
is expected to surpass 70% by 2050%. In the background of rising urbanization and
technological advancement, the prevalence of hotter cities is increasing because of UHI. The

major consequences of UHI are

e Seriously affects the living environment in the city
e Deteriorates urban ecosystem

e Huge release of pollutants from refrigerants and formation of smog

7
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e Degradation of quality of fresh air

e High thermal stress on residents and public

e Heat-related illness and increase in risk of mortality
e Increase in peak electricity demand

e Significant rise in consumption of cooling appliances thereby cost3!: 3538
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Fig. 1.5. (a) Electricity demand for cooling® and (b) consumption rate of air conditioners*

UHI profoundly impacted building energy consumption by increasing space cooling
demand and decreasing space heating demand. Considering different climatic (humidity, solar
radiation, wind speed, heating and cooling degree days) and economic (local GDP, energy
price) parameters, extensive studies have been carried out to estimate the electricity demand in
different parts of the world. It concluded that ambient temperature in the city plays a critical
role in determining the variation in electricity demand. Because of UHI, the winter appeared
to be at a higher ambient temperature, which subsequently reduced the need for heating inside
buildings. At the same time, higher ambient temperature in the summer increases the need for

cooling, Fig. 1.5a. Therefore, a huge hike is observed in the consumption rate of air
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conditioners (AC) and other cooling appliances in proportion to the temperature rise. Fig. 1.5b
shows the exponential increase in AC usage from 2020 onwards, which is expected to further
enhance in the following years. Though AC temporarily helps to keep the building temperature
optimum, the exhaust heat and gas pollutants discharged from the machines can create a local
heating. It significantly contributes to elevate the ambient temperature of a metropolitan city,

which eventually accelerates the temperature rise in the area3l 3540,

Peak demand in winter (MW)
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Fig. 1.6. Peak electricity demand chart in Delhi (Google images?)

It was also reported that the temperature elasticity for the warm countries are 1.7% and
cold countries are 0.51%. The potential increase in the peak electricity demand triggered by
ambient warming is also high. According to recent studies, peak electricity demand rises from
0.45 to 4.6% for every degree of ambient temperature rise. This is equivalent to an additional
charge of around 21 + 10.4 W per degree of temperature rise per person®!. Overall, the statistics
indicate that the issue of rising electricity demand has a greater impact in hotter countries. Fig.
1.6 gives an overview of the peak electricity demand in New Delhi for 8 years from 2015 to
2023. Electricity consumption has steadily increased over time and is likely to rise further in

the upcoming years.

The UHI crisis also threatens present global health progress and causes health disparities
between and within populations. Severe dehydration, heat-related illness, heat stress and in
extreme cases, death are some of the direct consequences of UHI. Meanwhile, the indirect
hurdles to overcome are the lack of clean air, safe drinking water, sufficient food, secure shelter
and ecological imbalance. The IPCC suggested that the world must limit the temperature rise
to 1.5 °C. Every additional one-tenth degree of temperature rise will seriously impact on the

environment and existence of the human species*. Unfortunately, in the contemporary world,
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there has been a large population movement from rural to urban areas in quest of more work
opportunities and better living standards. As a result, the population density is increasing and

urban sectors are expanding, which worsens the repercussions.

1.5. Mitigation of UHI

The UHI mitigation measures focus on creating balance in the thermal budgets of the city
by lowering heat intake and boosting thermal loss so that it can bring down the cooling energy
consumption in buildings, minimize the heat-related health issues and improve the city life.
The imperative strategy put forward by the scientific community is customise the city
construction in a more scientific manner. That is, include inland water bodies, encourage

rooftop farming, use of high albedo materials (HAM) and cool coatings, Fig. 1.7.

Urban inland waterbodies

Cool coatings

Fig. 1.7. Solutions to mitigate UHI

i) Urban inland water bodies: It helps to improve the evapotranspiration process, thus
maintaining humidity in the inhabited area and controlling local surface temperature.

i) Green roofs: It exclusively focuses the vegetation on rooftops and wall sides, which
effectively reduces indoor temperature and air quality. However, it demands prior
appropriate planning and specific design in the construction, which could be expensive.
Lack of adequate design can adversely affect the building’s strength and life by developing
cracks and leaks on the roofs and walls. Most importantly, daily maintenance is essential
to have the desired results in reducing UHI in the long run®,

iii) High albedo materials: Materials like white marble and mosaic, metal, clay tile and sand

can effectively reflect the solar rays to a great extent. Hence, utilizing these materials can
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bring down the surface temperature of roofs and pavements. However, depending on the
structure and purpose, the material must be chosen irrespective of its reflectivity**.

iv) Cool coatings: Utilizing high albedo coatings for urban paving and building has evolved
as the most efficient and economically viable strategy in reducing urban warming. High
albedo coatings are known as ‘cool’ coatings, which can be applied on rooftops, exterior
walls, roads and pavements. The area of roof surfaces in a city is 20-40% and roads/
pavements 29-44% of the total exposed area of solar radiation*. Therefore, implementing
cool coatings that reflects solar rays was highly successful in reducing the indoor and
outdoor temperature in summer thereby the energy consumption for cooling. According to
statistics, replacing conventional roofs with cool roofs can result in direct energy savings
of 20-70%".

emitted heat

reflection

absorption
interior heat flow

Fig. 1.8. Mechanism of cool coating
‘Cool’ coatings work through the mechanism of IR reflectance. On reflecting the heat
producing IR rays in the solar spectrum, Fig. 1.4, the coating reduces the heat build-up on the
surface. Therefore, the heat transfer from the surface to the interior of the building will be low,
consequently, the interior temperature. Similarly, it will minimise the heat convection to the
atmosphere and decelerate UHI, Fig. 1.8,% 44474 The photograph of a typical cool roof coating
is shown in Fig. 1.9a and high reflective blue roads developed in Qatar is shown in Fig. 1.9b.

Major benefits of cool coatings are,

e Mitigation of UHI
e Reduction of indoor and outdoor temperature

e Eliminate the threat of heat-related health issues

11
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e Brings down the cooling load in summer
e Improve the life span of the coating substrate
e Avoid frequent maintenance

e Cost benefits® 44 47.48

It implies that using cool coatings is extremely beneficial to society in dealing with the current

global scenario of rising temperatures and increasing cooling energy demand.

Fig. 1.9. (a) Cool roof coating and (b) cool road in Qatar (Image courtesy: Google images? *)

1.6. IR reflective inorganic pigment

One of the most effective cool coating strategies for building roofs and walls is paints
containing special inorganic pigments that reflect IR rays. Generally, inorganic pigments are
insoluble solid materials that are utilized as dispersions to colour the medium or surface on
which they are to be used. However, IR reflective pigments can be coloured or white,
depending on whether it absorb the visible spectrum or not. The IR rays are too low in energy
to induce any electronic transition in these pigments due to their peculiar chemical structure.
Therefore, instead of absorbing, the IR rays will get reflected, refracted and scattered off from
the pigment particle surface at different angles, known as diffused reflectance. Since IR
reflectivity is an inherent characteristic property, predicting IR reflectivity of a pigment is
almost impossible. Nevertheless, there are two important factors which influence the IR

reflectivity of an inorganic pigment2® 49 50,

i) Particle size: It is an important parameter of inorganic pigment powder for achieving high
IR reflectance. The IR rays that fall on the pigment sample are reflected from the particle
surface, while the rays that penetrate into the particle are reflected from the grain
boundaries. Therefore, as particle size reduces, surface area and grain boundary increases,
which increases the number of reflections. Consequently, the penetration depth of the

12
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incident rays reduces, hence the extent of absorption decreases. The highest reflectance
was recorded when the particle size is more than half of the wavelength of the incident
radiation. Therefore, the particle size should be maintained between 0.35-0.55 pm to
achieve the maximum reflectance in the 700-1100 nm region?® 4930,

i) Refractive index: The refraction of incident IR rays is enhanced as the refractive index

increases. Consequently, IR reflectivity of the pigment enhances?® 4% %0,

Apart from this, for an IR reflective pigment incorporated coating, concentration of pigment
particles, particle dispersion, binder concentration and wavelength of the incident light are also

important in determining the overall IR reflectance.

Inorganic pigments include metal oxides, chromates, sulfates, silicates, borates,
molybdates, phosphates, vanadates, hydroxides and sulfides. Good opacity, dispersibility,
excellent light fastness, weatherability, high chemical and temperature stability and low-cost
manufacturing processes make inorganic pigment preferred over organic pigments in paint
industries® °2, Initially, white pigments like TiO2, ZnO have been extensively used for cool
coating applications because they had a high NIR solar reflectance R™ around 80%°> >4, Later,
for aesthetic reasons, white pigments were replaced in the market by intense coloured pigments
such as PbCrO4 yellow, Cr.0O3 green, CdSe1-xSx red etc, Fig. 1.10 > °6, Though such pigments
are highly IR reflective and come in various colour shades, the presence of acute and chronic
toxic metals like Pb, Cr, Cd and Se has hindered its utilization®” 8. Many of these harmful
inorganic pigments have already been banned in European countries®’. In addition, cost of the
pigment is also a matter of concern. YIno9sMno 103 blue is a very recent addition to the pigment
market®®. However, In and the rare earth metal Y are couple of expensive metals in this
compound. Therefore, researchers have always been interested in developing novel low-cost,
non-toxic pigments that show intense colour and high IR reflectivity. A few of the recently

reported IR reflective inorganic pigments are summarized in Table 1.1.

44
v

PbCrO, Cr,0; CdSe, S, YInyoMn,;0;

Fig. 1.10. Commercial IR reflective inorganic pigments
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Table 1.1. CIE 1976 L"a"b" colour coordinates and R" of reported pigments

Colour Sample L” a’ b* R" Ref
Cao.ola0.1Al11.9C00.1019 73.3 -2.6 -341 707 60
CaosLaosAl115Nios5019 75.6 -11.6 -28.3 67.1 61
Zno.9C00.1Al04 64.5 -1.7  -453 63 62
ZnAl,04:M = Co?*/Nd3* 4536 812 -369 63 9
Y 1n0.9xMn0.1ZNn0.403-5 4658 301 -425 721 @ o
Sr06Ndo.4CUSiaO10+5 68.7 66  -24 686 O
YingsMno103-ZnO 4994  -088 -405 70 %
CaAl117C001Tio 2019 64.89 388  -403 692

@ | KosWOs 325  -1.82 -1023 66  ©®

@ | Sro7LaosCuorLiosSisOro 496 104 517 66  ©
LaGao sMno2Ge207 4577 1492 -3512 29
CoCr15Alp504 51.6  -203 -114 435 7
Y InosMno 203 34.6 96 389 41 7
Al:Cu:Co:Ce:Nd
2:0.2:0.2:0.15:0.05 ‘269 89 2120 3 T
YB0.97Mno 0303 69.75  -546 -6.36 662
Mgo.sC002 WO, 4628 633 -4697 38 @ °
YInOs-ZnO 773  -157 93 413 6
Y2BaCuOs 67.08 -3333 2159 50 77
Y3FesAlOs, 7955  -454 4093 87.66 @
Bio.6Cro4POas 83.6 -7.91 0.14 84.63 &

c | Co01ZnosO 62 304 22 3958 8

8

5 | Ys2NdosMoO1 90.2 -80 179 899 &
Y3Al47Cro3012 7348 989 625 7596 &
In1.6SC0.1CU205 39.03 -25.16 1317 68 &
La,CuosLio2Ge18Po20s 7001  -37.72 -1355 51 &
Bi12Mno2TioO020 459 986 258 >50 %
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0.1Fe203@Si02 28.07 25.63 16.21 62.7 86
Li2MnooTi0.103 38.28 34.82 29.8 86.52 87
HGM/BIOI 62.21 2597 2951 92.64 88
Y2Ce1.8Tho 207 49.57 26.01 334 67.5 89
Cr doped YAIO3 45.26 34.24  22.89 43.1 %0
§ 0.1Ti*" doped LisAIMnOs 51.98 40.05 38.61 45 o
Mica/Ce16Y0.4S3 hybrid 58.82 33.15 1594 93.66 92
KZno.oFeo.1PO4 36.39 26.34 16.28 46.1 9
Ce2sProgsMoOy 54.3 22.1 24.1 > 65 %4
Cu-/In-co-doped 2% ZnSxSe1.x | 40.06 4765 3765 69.45 %
Y 1.75Tho.25Z1.65F€0.3506.925 70 23 38 >80 %
Sr2Zr0.6Tho.404 88.91 -6.35 53.36 90.49 o
Bi1.75Y0.25Ce207 83.36 3.52 51.36 90.2 %
(BiV)0.6(CaM0)0.404 81.82 109 7577 87  ®
Bi1.7Y0.3W0.7M00.306 83.44 1042 718 9574 1
Lio.1Lao.1Bio.sM00.2Vo.8O4 83.3 6.04 81.86 90 tol
Fe®": Ti*" = 1:3 molar ratio 7431 1067 29.09 803 1
% La2Mo1.95F€0.0509 85.5 1.33 23 75 103
E GdCeo.65M00.35035+v 90.88 3.38 39.07 91 104
Yb48Bi12M02015 82.9 3.2 60.5 89.4 105
Y3.8Zr0.2M00Q00+5 93.1 -4.8 57.5 90.1 106
BizsYOs 68.39 20.77 59.48 9229 17
5% Ni-doped BaTisO11 95.13 -8.99 65.6 66.59 108
BisTizO12 90.72  -2.11  22.66 95 109
BiVOs 82.43 4.25 76.26 7351 10
SraMnz(Cuo5ZNno5)Og 64 19.8 52.3 83 111
BiFeo.sAlo203/mica-titania 62.27 15.16  37.88 53 112
qg’, Bi2.sFeosYOs 54 20 32 65 1o7
g | AlosFeonPOs 5654 1689 2979 73 13
Bio.slLaosFeOs 61.92 2352 21.04 72 114
N-doped Mgo.7Feo3TiO3+5 55.02 20.89 2351 54 115
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Bi2Ce15Ti0507 72.36 13.38  34.49 65 116
Bayferrox orange 53.9 234 423 57 1
Fe doped MgTiO3 52.02 2394  39.37 80.1 17
Lao3Bio.7YO3 80.56 7.74 3488 9557 118
HosM02015 77.2 0.1 56.1 98.1 119
Li2Mno.95Zr0.0s03 41.96 36.78 33.61 89.14 87
Y Ino.sMno.1Feo.403 30.82 -0.3 2.91 53.44 120
Ce08Gdo2VO4 22.2 5.71 2.77 66.3 121
30.1 wt% Co doped ZnFe204 26.8 0.3 -0.8 38.4 122
(CoO)os(MgO:CaO)ozs(Fe20s) | 23.09  0.66  -0.88 245 12
X NiFe204 28.7 3.31 -0.59 52 124
g Fe1.4CrosTi0103+5 25.5 2.01 0.1 50.9 125
CaxMnogsTio.1504 23.8 4.45 2.83 66.2 126
((A1203)0.5(Fe203)0.5)
(C00)o5(MgO)os. 24.4 14 1.2 23.9 127
CuCry.93Fe0.0704 18.35 1.15 -1.8 27.7 128
SrSnoeMno.103 38 6.1 11.4 42 129
Fe203: Sh203: SiO2: Al2Os:
Ti0, = 70: 10: 12 2: 6 Wi 35.57 1592 11.23 46.7 130
MgAIFeOs 65.49 14.1 24.84 80 131
Y3AlzFe2012 78.73 1.98 20.69 7464 1%
Zno.9yMgo.1Fe204 48.06 14.16 9.91 51 133
g Zno.oNio.1Fe204 31.75 18.43 12.18 61 124
083 5 wt% Pr doped ZnFe204 39.7 26.1 25.9 60.1 122
BiFeOs/mica titania 53.42 1587 21.06 573 12
Lao.3Bio.35Tho.3sYO3 55.34 1492 23.14 78.7 118
La.Ce1.8Pro.207 54.29 16.16  19.18 84 134
Ce:Pr:Fe-2:0.2:0.1 41.03 18.89 17.13 82.7 135
Mgo.sMno 2Fe204 39.51 3.73 5.39 56.7 136
Bis.75Ce0.25 Ti3012 51.66 17.8 24.4 718 ¥
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The listed pigments have displayed impressive colour strength and good reflectance properties.
Unfortunately, only a few succeeded in breaking into the pigment industry. It emphasizes the
fact that there is still room for improvement and scientific inputs are necessary to overcome
these shortcomings. Meanwhile, the rising energy cost also drives the need for advances in the

field of inorganic pigments.

1.7. Multifunctional inorganic pigment

Roofs contributed roughly 60% of the total cooling demand of the building in different
temperature zones®. Roof coatings, whether on concrete or metallic sheets, have thus become
critical when constructing a potentially cool structure. At the same time, the roof's endurance
is much more important in order to receive a long-term output from their top cool coatings.
Unfortunately, it is inadequate for metallic roofs, particularly iron-rich alloys, which are prone
to corrosion when exposed to harsh external conditions. Therefore, IR reflective coatings alone
will not be sufficient to achieve long-lasting temperature regulation in cool coatings. In this
connection corrosion resistant inorganic pigments are essential to protect the roof from rusting.
PbCrO4, Cr,03, Zn3(PO)4, etc, are the widely used anticorrosive pigments in the market!3-140,
Since chromates are categorized as a hazardous material and zinc phosphate requires high
material concentration, implementing these pigment coatings under cool coat will be
inappropriate®® 140, Furthermore, the present multilayer coating protocol for managing a stable
cool roof surface, which is cool paint coating over anticorrosive primer, has issues such as high
cost, massive material consumption and enormous workload. Hence, integrating the features
colour, reflectance and corrosion resistance on a single material would be ideal to resolve all

these allegations.

Beyond the traditional source of colour, inorganic pigments have been utilized for
different applications.

e Luminescent pigments: Absorbs radiations and emit in the longer wavelength. eg:
SrAl2O4: Eu?*, Dy® 14

e Camouflage pigments: Regulate the reflectance of the substrate to match with its
surroundings. eg: Cr203 green'#?

e Anticorrosive pigments: Prevent metal corrosion by passive or active mechanism. eg:
Zn3(POy)2, Cr203 etc!40

e Thermochromic pigments: Change its colour in response to the temperature gradient.
eg: Tb doped Cr doped Al,O3 14

17



Chapter 1

Security pigments: Used for counterfeit identification.eg: La doped SrAl,O4 ¥4

Unfortunately, relatively few investigations have been carried out to develop

multifunctional pigments that works simultaneously in the dimensions of colour, IR reflectance

and corrosion resistance*. Developing the kind of multifunctional inorganic pigment would

be extremely challenging. However, it has the potential to have a significant impact on the

industrial sector while also being extremely helpful to society and the environment. In this

scenario, the present thesis made an effort to design a new inorganic pigment composition

having intense colour, high IR reflectivity and good corrosion resistance properties, Fig. 1.11.

Further, the works were also extended to address the issue of a couple of commercial inorganic

pigments using rational synthetic strategies.

IR reflective

Colour W Anticorrosive

Multifunctional

Inorganic Pigments

Fig. 1.11. Multifunctional inorganic pigments (Google images®*)

1.8. Objectives of the thesis

Design and development of cost-effective Pb, Cr, Se and Cd free inorganic pigments
Fine tuning the synthetic strategies

Investigation on origin of colour and its structural correlation

Study of reflectance property of the pigment and coatings

Evaluation of temperature shielding ability of the coatings

Exploration of anticorrosive property and its protection mechanism
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account the challenges and focusing on the objectives, the current thesis provided

g chapters, which are organized as follows,

Design

and development of multifunctional inorganic pigments for cool
coating applications

Chapter 2A

Chapter 2B

Chapter 3

Chapter 4

Chapter 5

( )
Synthesis of phosphate pigments and study of its colour: NaZn_ Co_ PO,

blue, LiZn Co_PO purple and LiMg Co PO magenta
\_ 0.9 0.1 4 0.8 0.2 4 )
s A
Investigation on NIR reflectance and anticorrosive properties of
NaZn_Co_PO blue and LiMg Co PO magenta
\ 0.9 0.1 4 0.8 0.2 4 )
4 )
Cost reduction of BiVO, yellow through complex pigment strategy
L using ZnO without colour deterioration )
s A

3+
Synthesis of high reflective ZnFe O, brown by Al doping and investigation
L of NIR reflectance and anticorrosive properties )
e )
Colour tuning of Bi V O  from brownish red to intense orange by Si

doping and investigation of NIR reflectance and anticorrosive properties
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2A.1. Abstract

Three inorganic phosphate pigment series, NaZn1xCoxPOs, LiZn1.xCoxPO4 and LiMg:-
xCoxPQOy4, were prepared by solid-state method, exhibiting deep blue, intense purple and bright
magenta colour, respectively. The physical characterizations PXRD, SEM and DLS analyses
demonstrated the crystalline nature of pigments with broad particle size distribution. In terms
of colour and cost, the composition NaZngeCo01PO4 was found to be superior to the
commercial blue pigment (CoAl2O4). The origin of the pigment colour was investigated by
means of crystallographic and optical studies. The spectroscopic features indicated that the
spin-allowed ligand field transitions from tetrahedral coordination of Co?* is responsible for
the blue colour, while octahedral geometry is responsible for the magenta shade. The unusual
purple colour of CoOg tetrahedral coordination in LiZngsCoo.1PQO4 originated from the highly
distorted geometry with significantly shorter Co-O bonds. The structural changes attributed

strongly to the spectral features leading to the origin of excellent colours.

2A.2. Introduction

Inorganic pigments have been greatly admired throughout the history of mankind owing
to their potential use as a colourant in paints, inks, glazes etc!. The blue colour has a long
history of eternal fascination among different hues due to its unique dimension in the arts,
science and culture. There were massive efforts in various directions to explore a stable blue
colour in history. Azurite (Cu3(COz3)2(OH)2), Egyptian blue (CaCuSisO10), Chinese blue
(BaCuSisO10), lapis lazuli (Na,Ca)s[SiAlO4]6(S,SO4), prussian blue (Fes[Fe(CN)s]3),
ultramarine (NazAlsSisO24S3) are the major landmarks in the quest. Unfortunately, most of
these pigments were not used for long owing to the serious stability issue*®. Currently, spinel
CoAl204 (Pigment Blue 28) is the most widely known blue pigment in the market due to its
excellent chemical and thermal stability’. However, the production cost of CoAl.O; is
considerably large due to high processing temparatures (~1200 °C) and excess concentration
of scarce and expensive Co metal (~33 wt%)®1°. Recently, Smith et al., reported a Co-free blue
pigment Mn doped YInOs as an alternative, but the cost is still debatable due to the presence
of expensive Y and In*. In this context, developing a low-cost blue pigment with reduced

cobalt content is important without compromising its colour properties.

Phosphates are a class of low-cost inorganic compounds, having low synthesis
temperature and high stability’?. It has been extensively used in pigment applications, where
CoZrs(POas)s, C03Va(POs)s, C02P207, MgCo2xMgxP207 and SrZn;.xCoxP.0O7 are few
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examplest® 316, Cos(PO4), and NHsMnPO4 are commercial pigments in this category. This
inspired to choose a monophosphate system with the general formula ABPO4 as the base
system for the present work, where A and B denote monovalent and divalent cations,
respectively. Three different parent compounds, NaZnPOs, LiZnPO4 and LiMgPOs, were
synthesized by altering A or B site with Na/Li and Zn/Mg ions. The presence of mono, di and
pentavalent sites in ABPO4 allows for the introduction of various chromophores to develop
colour. Herein, divalent chromophores such as Co?*, Ni#* and Cu?* were substituted at the B
site of the prepared phosphate compounds. The chromophores were selected based on the
various literature reports available, as they have been extensively employed to generate blue
colourt™2% and subsequently carried out a detailed investigation on the science behind the origin

of pigment colour.

2A.3. Experimental section

2A.3.1. Materials and methods

The pigment series NaZnixCoxPOs4, LiZn1xCoxPOs and LiMg1xCoxPOs were
synthesized by conventional solid-state method. Extra pure Na.COs (99%), LioCOz3 (99.9%),
CoCO03 (99.99%), ZnO (99.9%), MgO (99.9%) and NH4H2PO4 (> 98%) were purchased from
Merck, for the synthesis. A stoichiometric amount of precursors ground well in ethanol wetting
medium and calcined. The calcining process involves a preliminary heating at 500 °C for 3 h,
subsequently ground well to improve the homogeneity of the precursor mixture. Further, the
preheated precursor powder of NaZn1.xCoxPO4 was calcined at 800 °C for 5 h, whereas LiZn;.
xC0oxPO4 and LiMg1.xCoxPOg4 calcined at 900 °C for 5 h. The obtained pigments were ground

well and taken for characterization.

2A.3.2. Characterization techniques
2A.3.2a. Powder X-ray Diffraction (PXRD)

X-rays scattered from the periodic array of atoms/ molecules with long-range order can
constructively interfere at specific angles. This phenomenon is called X-ray diffraction. It is
commonly used for phase identification, quantitative phase analysis and structural parameter
calculations such as lattice parameters, grain size, crystallinity, strain and crystal defects. It

operates based on Bragg’s law
ni=2dsin0 (2A.1)

where,
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n — integral number

A — wavelength of X-ray

d — distance between two parallel crystal planes
0 — angle of diffraction

According to Bragg’s relationship, constructive interference of the X-ray beams scattered from
horizontal parallel crystal planes will occur when the path difference is an integral multiple of

the X-ray wavelength, Fig. 2A.1 2!

Incident beam Scattered beam

Fig. 2A.1. Principle of X-ray diffraction analysis
Phase purity and crystal structure of the prepared pigment series were analyzed by PXRD
using Malvern PANalytical diffractometer, Ni-filtered Cu-Ka (A = 0.154060 nm) radiation.
Data were collected by step scanning over a 20 range from 10-75° with a step size of 0.03° and
20 s counting time at each step. Rietveld refinement of the pigments was carried out using this
PXRD data in GSAS-II software.

2A.3.2b. Diffuse Reflectance Spectroscopy (DRS)

The optical properties of the pigment were analyzed through diffuse reflectance
spectroscopy (DRS). Light falls on the pigment powder and reflects in many directions due to
the different shapes of the particles. The reflected rays were collected with the help of an
integrating sphere to develop a diffuse reflectance spectrum of the material. The light
absorption and scattering properties of a pigment can be explained by Kubelka—Munk (K-M)

theory 2223, According to K-M theory,
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_R.\2
K _ (1-Ro)” (2A.2)
s 2R

where,

K — coefficient of absorption

S — coefficient of scattering

Roo - diffuse reflectance

The colour properties of the pigment was quantified from the same technique, using the

CIE 1976 L"a"b" colourimetric method, as recommended by the Commission Internationale
del’Eclairage (CIE), Fig. 2A.2a. The method describes L” represents the colour lightness (L*
=0 for black and L" = 100 for white), a" gives the green (—)/red (+) axis, and b" gives the blue
(—)/yellow (+) axis. The parameter C~ (chroma) denotes the saturation of the colour and is given

by equation

C'=./(a*)?+ (b *)2 (2A.3)

the hue angle, h” is expressed in degrees and ranges from 0 to 360°, Fig. 2A.2b, which is
calculated by the formula

h”=tan'(b"/a") (2A.4)

Each colourimetric experiment was made in triplicate, and an average value was taken
as the result. Typically, for a given sample, the standard deviation of the measured CIE-L"a"b"
value is less than 0.10, and the relative standard deviation < 1%, indicating that the
measurement error can be ignored?* 2°,

Shimadzu UV-3600 Spectrophotometer with an integrating sphere attachment, ISR-
2200, was utilized for optical studies of pigment samples and coatings. Barium sulphate was
used as the reference for the UV-Vis range (300-700 nm) and polytetrafluoroethylene (PTFE)
for the NIR range (700-2500 nm). The NIR solar reflectance (R*) between wavelength 700—
2500 nm was calculated according to (American Society for Testing and Materials) ASTM
standard number E891-87 as reported elsewhere?®?®, The NIR solar reflectance or the fraction
of solar radiation incident at wavelengths between 700 and 2500 nm that is reflected by a
surface is the irradiance-weighted average of its spectral reflectance, r(A), and can be

determined using the relation,
o P @i@d@)

[P IoN

(2A.5)

where,
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r(A) - experimentally obtained spectral reflectance (Wm)

i(A) - solar spectral irradiance (Wm nm™) obtained from ASTM standard E891-87

(a) e (b)

-
b 1%

L=O )
Fig. 2A.2. (3) CIE 1976 L"a"b" colour scales®*, (b) hue angle chart?®

Thermal analysis was carried out in the temperature range 30-1000 °C using an SlI
Nanotechnology Inc., TG/DTA 6200 in air atmosphere at a heating rate of 10 °C/min. JEOL
JSM-5600 model Scanning Electron Microscope (SEM) was employed to identify the pigment
morphology. Energy Dispersive X-ray Spectroscopy (EDS) was conducted using a silicon drift
detector X-MaxN attached with a Carl Zeiss EVO SEM apparatus to confirm the pigment
composition. Particle size distribution was measured by Anton Paar Instrument LITESIZER
500 Dynamic Light Scattering analyser (DLS).
2A.4. Results and discussion
2A.4.1. Thermal analysis (TGA)

Thermogravimetric analysis of the precursor mixture was conducted and Fig. 2A.3
displayed the corresponding graphs. All the TG curves exhibited nearly comparable weight
loss patterns. The initial weight loss up to 160 °C indicates the evaporation of adsorbed water

molecules®®, subsequently, the precursor decomposition was started. The possible overall

reaction can be written as follows.

0.5 Na2CO3 + ZnO + NH4H2POs — NaZnPOs+ 0.5 CO2 + NH3 + 1.5 H2O (2A.6)
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Fig. 2A.3. TGA curves of (a) NaZnPQs, (b) LiZnPO4, and (c) LiMgPO4 precursor mixture

In the case of NaZnPOg, the weight loss between 160-240 °C corresponds to NHs gas
evolution from NHsH2POs. Further, CO, and H.O elimination was carried out in the
temperature range of 240-500 °C. The H20 molecules are generated by the reaction between
3H* (coming from NH4H2PO4 decomposition into NH3 + HsPO4) and oxide anions 3207 (from
Zn0). Similarly, carbonate decomposition (¥2Li.CO3) generated CO,*% 33, After 500 °C, the
TGA curve was found to be stable up to 1000 °C, during which the phase formation took place.
The weight loss patterns in LiZnPO4 and LiMgPOs4 were almost similar; however, the
temperature range was expanded from 240 to 600 °C. Consequently, the phase formation was
observed only after 600 °C. Therefore, the calcining temperature for NaZnPO4 was fixed at
800 °C, whereas for LiZnPO4 and LiMgPO4, 900 °C.

2A.4.2. X-ray diffraction analysis

Divalent chromophores Co?*, Ni?* and Cu?* were substituted at the B site of the three
host systems NaZnPOa, LiZnPO4 and LiMgPOs. Phase formation of the synthesized pigment
was confirmed from PXRD results, shown in Fig. 2A.4. Since only Co?* doping succeeded in
delivering excellent colours, further investigation was conducted based on Co?* substituted
pigments. The PXRD patterns of NaZn1.xCoxPOs (0 < x <0.4), LiZn1xCoxPO4 (0 < x <0.8)
and LiMgi1xCoxPO4 (0 < x < 0.8) pigment series were illustrated in Fig. 2A.5. The sharp
diffractions peaks observed in the patterns indicated that the prepared pigments are highly
crystalline in nature. The phase purity of each series was analyzed by comparing the XRD
patterns with its parent compound and corresponding JCPDS file. Following that, the phase
purity was ensured for all the pigment series up to 40 mol% doping. Both NaZn1.xCoxPO4 and
LiZn1xCoxPO4 compounds were crystallized in monoclinic crystal structure, the former with a
P21/n and the latter with a Cc space group. LiMQ1xCoxPOs series was crystallized in
orthorhombic structure with Pmnb space group. The major peaks of each pigment series were
indexed based on the JCPDS files 79-0217, 79-0804 and 32-0574 for NaZn1.xCoxPOa, LiZn;.
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xCoxPO4 and LiMg:1xCoxPOs, respectively. Hence, it was confirmed that
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Co?* ions are

successfully incorporated into the Zn?*/Mg?* sites in the host lattice3*.
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Fig. 2A.4. PXRD patterns of (a) NaZno.sMo.1POs, (b) LiZno.sMo.1PO4 and (c)
LiMgooMo1PO4; M = Co?*, Ni?*, Cu?*
Additionally, the ionic radius of Co?* (0.58 A) is smaller than that of Zn?* (0.60 A) in a

four co-ordination environment®®. Therefore, when Co?* substituted Zn?* ions, the unit cell of

the crystal structure experienced a shrinkage. It was reflected in the XRD patterns as a shift

towards a higher diffraction angle, Fig. 2A.5b, d. Moreover, as the dopant concentration

increased, the extend of shift was also increased. However, the ionic radius of Co?* (0.745 A)

is larger than that of Mg?* (0.72 A) in a six co-ordination environment®®. Thus, the unit cell

slightly expanded after Co?* doping and the corresponding PXRD patterns were shifted
towards a lower diffraction angle, Fig. 2A.5f. In LiZn1xCoxPOs and LiMQ1xCoxPOa,

secondary phase reflections were observed at 17.5°, 23.0° and 25.8° beyond 40 mol% doping,
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marked * in the PXRD patterns. It was found to be LiCoPOs with orthorhombic crystal

structure and Pnma space group ((Joint Committee on Powder Diffraction Standards) JCPDS

89-6192).
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Fig. 2A.5. PXRD patterns of (a) NaZn1.xCoxPOs (0 <x <0.4) (¢) LiZn1.xCoxPO4 (0 <x <
0.8), (e) LiMg1xCoxPO4 (0 < x <0.8) and peak shift in PXRD patterns of (b) NaZn1xCoxPO4
(0<x<0.4) (d) LiZn1-xCoxPO4 (0 < x < 0.4), (f) LiMg1xCoxPO4 (0 <x < 0.8)
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2A.4.3. Morphology and particle size analysis

SEM images of representative samples from all the pigment series are given in Fig. 2A.6.
Non-aggregate pigment particles were observed for NaZng9Co0o.1PO4 and LiZno9C0o.1POs,
whereas a highly agglomerated mixed morphology of rods and flakes have seen in
LiMgo.sC00.2PO4 micrographs. The EDS spectra detected the presence of constituent elements
Na, Zn/Mg, Co, P, and O. Furthermore, the experimentally determined stoichiometric
composition of the pigments were in close agreement with the theoretical value. The particle
size distribution estimated from all the SEM images were very broad, certainly due to the high
temperature synthesis process. The DLS analysis provided more details on particle size
distribution. Consistent with SEM analysis, a broad size distribution curve was obtained in
DLS measurements. It was found to be 3-10 and 1-8 pm for LiZne9Co001POs and
LiMgo.sC00.2POs, respectively, Fig. 2A.7. The same time, NaZno.9C00.1PO4 displayed relatively

narrow size distribution, from 1-5 um.
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Fig. 2A.6. SEM images of (a) NaZno.9C0o.1POs4, (C) LiZNno.9C00.1PO4 (€) LiMgo.8C00.2PO4
and SEM-EDS spectra of (b) NazZno.9C00.1POa4, (d) LiZno.9C0o.1PO4 (f) LiMgo.sC002PO4
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Fig. 2A.7. DLS curves of (a) NaZno.9C00.1POa, (b) LiZno.9C00.:PO4 and (c) LiMgo.sC00.2PO4
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2A.4.4. Chromatic properties
The pigment series NaZn1xCoxPO4 exhibited an intense blue colour; photographs were
exhibited in Fig. 2A.8a. CIE 1976 L"a’b" colour system was utilized to quantify the pigment
colour strength through hue, chroma and brightness. Table 2A.1 provided an overview of the
colour coordinates obtained for different pigment compositions. A deep blue colour resulted
from the Co substitution at the Zn site, as indicated by negative b* and 270-290° hue angle.
The magnitude of b* and colour saturation C” rose in proportion to the rise in Co concentration.
The maximum blue colour was recorded for 10 mol% of Co doping (b” = -59.21), which is
about 10 units higher than that of commercial CoAl,Os (b* = -49.98) 3 3¢, Additionally,
NaZno.9C00.1PO4 blue was synthesized at a relatively lower temperature, and the estimated Co
concentration in the particular composition (3.22 wt%) is 10 times lower than that of CoAl,O4
(33.31 wt%). Processing temperature and chromophore concentration are critical parameters
determining the pigment cost. Because of this, the new blue pigment becomes extremely
important in the context of rising energy consumption and cobalt market price®. Further, higher
doping concentration resulted in a slight colour change from blue to navy blue, as demonstrated
by an increase in red component a*. The brightness of the pigment was explicitly related to
cobalt concentration that usually followed an inverse trend as in the current investigation’.

Hence, the result provided a remarkable prospective for NaZno 9Coo.1PO4 pigment.

Fig. 2A.8. Photographs of pigment series (a) NaZn1xCoxPO4 (0 < x < 0.4), (b) LiZn1xCoxPO4
(0 <x<0.8) and (c) LiMg1-xCoxPO4 (0 <x <0.8)
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CIE 1976 colour co-ordinates of LiZni1xCoxPO4 (0 < x < 0.8) are summarized in Table
2A.1. The pigment series displayed a vivid purple colour, which is a combination of red and
blue colours, Fig. 2A.8b. It conveyed that the colour parameter combination must be a“ and -
b”. The pigment series illustrated a” and -b” in the ratio 1:2, which was almost maintained until
it crossed the phase pure compositions. All the phase pure pigments showed a” and -b” values
above 25 and 52, respectively. Among these, LiZno.sCo0o.:PO4 was chosen as the best pigment
because it had an outstanding a“ = +25.25, b= -52.32 and L" = 49.74 values despite having a
low Co content. The C* value, around 60, determined the richness of purple colour and hue
angle lies in between blue and red region provided an additional support. There have been very
few reports of purple pigments, among them LiZno.9C00.1PO4 found to be a strong contender
(Table 2A.2). Above 40 mol%, Co concentration did not have any significant impact in
enhancing the purple colour. Instead, the colour was changed to a violet hue due to the
secondary phase formation, as evident from the XRD data, Fig. 2A.5¢. The sudden fall in b
indicates this colour change, which is clearly visible in the pigment photographs, Fig. 2A.8b.
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Table 2A.1. CIE 1976 L"a"b" colour coordinates of synthesized pigment series

Pigment | Composition | L" a b o h°
x=0 92.13 0.15 -0.32 0.35 295
§ x=0.025 | 6043 3.68 -41.66 4182 275
g x=0.05 52.05 8.99 -49.57 50.38 280
CE x=0.1 51.78 10.70 -59.21 60.17 280
% x=0.2 44.31 1731 -56.66 59.25 287
x=04 42.15 19.21 -53.55 56.89 289
x=0 96.00 0.18 -0.75 0.77 284
§ x=0.1 49.74 2525 -52.32 58.10 296
g x=0.2 39.47 2811 -52.81 59.83 298
= x=04 3575 3116 -52.29 60.87 301
'E x=0.6 41.40 2065 -36.75 42.16 299
x=0.8 38.33 29.04 -31.89 43.14 312
x=0 94.80 0.26 -0.03 0.26 354
§ x=0.1 70.17 23.08 -2253 32.25 316
8 x=0.2 65.19 2645 -26.83 37.68 315
cﬁ) x=04 56.99 32.63 -31.66 45.47 316
% x=0.6 53.88 36.20 -34.95 50.32 316
x=0.8 48.30 3185 -30.69 44.23 316
CoAl204 - 40.42 1.95 -49.98 50.01 272

Colour coordinates of LiMg:1xCoxPO4 pigment series was enumerated in Table 2A.1.

The pigment demonstrated a bright magenta colour, Fig. 2A.8c, which is also a combination

ofa”and -b”, but in a different ratio. The colour analysis revealed that a“ and -b” in nearly equal

proportion delivers a magenta tone. Respective hue angle 300-320° further substantiated the

pigment colour. While increasing the dopant concentration, a slight improvement was noticed

in the colour values and intensity up to the phase pure compositions. However, 60 mol% doping

onwards, the presence of LiCoPO4 secondary phase brought an apparent colour change from

magenta to violet.

45



Chapter 2A

Table 2A.2. CIE 1976 L"a"b" colour coordinates comparison of reported purple pigments

Pigment L” a’ b*
Y Gao.95Mnp.0s0O3 47.45 25.01 -30.01 %
LiCoPO4 41.00 3450 -49.50 38
Ba(Zno.s5C00.15)2Si207 28.60 52.20 -65.50
Zn0.9C00.1M00O4 47.03 22.93 -62.72 40
C00.75Mgo25Zr4(POs)s |  53.2 21.8 -39.60 13
LiZno.9C00.1PO4 49.74 25.25 -52.32 [Present study]

2A.4.5. UV-Visible-NIR absorption

Fig. 2A.9. illustrated the UV-Vis-NIR absorption spectra of NaZn1-xCoxPO4 (0 <x <0.4)
pigment series. As shown in Fig. 2A.9a, the Co substituted compounds exhibited a broad
absorption band in the visible region 470-675 nm. The band consists of three peaks at 545, 581
and 620 nm, indicating a strong absorption in the green, yellow and orange regions, besides,
the absorption valley is extended over to the red region as well. Therefore, the pigments
reflected the entire blue-violet colours, resulting in an intense blue colour. The corresponding
Tanabe-Sugano diagram established that the absorption is attributed to the spin allowed ligand
field transition *Az(F) — *T1(P), from the tetrahedrally coordinated Co?* 1% 445 Further, the
spin forbidden transitions *Ax(F) —2T1(2P) and *Ax(F) — 2T1(2H) identified at 482 and 450
nm as weak absorptions, respectively, corroborated the tetrahedral chromophore geometry. The
absorption peak splitting was originated from the spin-orbit (L-S Russell-Saunders) coupling
effect and Jahn-Tellar distortion of the tetrahedral structure. Further increase in Co
concentration amplified these effects resulting in an associated peak broadening*® 7.
Meanwhile, relatively broader and weaker absorption was registered in the NIR region 940-
2050 nm, Fig. 2A.9b. This triplet peak was accounted for the transitions *Ax(F) — *T1(F) at
940-1310 nm and *Ax(F) — “T2(F) at 1310-2050 nm*®,

UV-Vis-NIR absorption spectra of the synthesized phase pure LiZn1.xCoxPOas pigment
series are displayed in Fig. 2A.10a, b. Similar to the blue pigment series, equally stronger and
slightly broader absorption was recorded in a spectral range of 460-680 nm, with a triplet band
of unequal intensities at 525, 575 and 615 nm. Except violet and a portion of red, the pigment
absorbed the whole visible spectrum. Hence, the pigment exhibited an intense purple hue, a

combination of blue-violet and red. As per Tanabe-Sugano diagram, this corresponds to a spin
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allowed d-d transition *Ax(F) — “T1(P) of tetrahedrally co-ordinated Co?* ions!® 444, The
spectra also showed low intensity absorptions of spin forbidden d-d transitions *Ax(F) —
2T1(®H) and *Ax(F) — 2T1(%P), at 405 and 445 nm, respectively* 4849 The characteristic peak
splitting and peak broadening of tetrahedral Co®* was also noticed for LiZnixCoxPOa
absorption spectra*? 4647 Moreover, increasing the Co doping from 10 to 40 mol% resulted in
an enhancement in absorption intensity as the optical density increased. More insight on Co?*
geometry was obtained from the absorption profile in the NIR region. A broad absorption was
observed in the 950-2100 nm range, associated with electronic transitions *Ax(F) — *T»(F) and
*Ao(F) — *T1(F) .
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Fig. 2A.9. Absorption spectra of NaZn1xCoxPO4 (0 <x <0.4) in (a) UV-visible and (b) NIR
region

Once the Co doping increased over 40 mol%, a progressive blue shift was noticed in the
absorption onset from 680 to 655 nm, Fig. 2A.10c, d. It absorbed blue, green, yellow and
orange colours in the visible light and reflected the entire violet and red colours back. Since
the pigment began to reflect more red region, a colour change from purple to violet was noticed
in contrast to the previous case. When Co concentration increased from 40 to 60 mol%, the
absorption shoulder at 615 nm began to fade, while a new shoulder peak appeared at 490 nm.
Similarly, a new sharp absorption peak was observed in the NIR region 720-1010 nm, in
addition to the broad peak located at 1560 nm. According to the electronic transitions ascribed
to the three absorptions, *T1g(F) —*T14(P) visible range, *T1g(F) —*Azy(F) at 788 nm and
4T19(F) —*T24(F) at 1560 nm NIR region, it corresponds to octahedrally co-ordinated Co%*
ions. It indicates that after 40 mol% doping, the chromophore geometry switches from

tetrahedral to octahedral, with both coexisting. Furthermore, at 80 mol% doping, the pigment
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contains only Co?" octahedra® ¢, The findings are compatible with PXRD data because the
presence of LiCoPOs secondary phase was observed from 60 mol% doping that contains

octahedrally co-ordinated Co?* ions.
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Fig. 2A.10. Absorption spectra of LiZn1.xCoxPO4 (0 <x < 0.4) in (a) UV-visible, (b) NIR
region and LiZn1xCoxPO4 (0.6 <x <0.8) in (c) UV-visible and (d) NIR region

Fig. 2A.11a, b depicts the absorption spectra of LiMg:1-xCoxPO4 (0 < x < 0.8) pigment
series. The spectra have three major absorptions spread across the visible and NIR regions. An
intense broad absorption at 435-645 nm (visible region) having 3 peaks at 485, 520 and 575
nm. The pigment demonstrated a bright magenta colour because it covers the whole absorption
spectrum except a portion of red and violet wavelengths. As seen in colour parameters, the
combination of violet and red in equal portion produces the magenta colour. Additionally, a
narrow band at 650-950 nm (visible-NIR region) and a broad band at 1010-2450 nm (NIR
region) were observed. The electronic transitions that correspond to these absorptions in a d’

system was described using the Tananbe-Sugano diagram. The spin allowed d-d transitions
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4T19(F)—*T1g(P), *T1g(F)— *Azg(F) and *T14(F)— *T24(F) correspond to absorptions at 435-
645, 650-950 and 1010-2450 nm, respectively®® %8, The observed electronic transitions shed
light on the typical octahedral geometry of the chromophore. The examination of peak
splittings and peak broadening yielded further information on the chromophore structure.
Similar to the previous cases, the triplet splitting of the high energy absorption was attributed
to spin-orbit coupling effect and Jahn-Tellar distortion*® 4’. Even for the multiple phase
compositions (above 40 mol% doping), there was no substantial change in the absorption
profile of magenta pigment series, Fig. 2A.11c, d. However, the absorption intensity increased
with the addition of Co?* concentration and turned violet in the presence of LiCoPO4 secondary
phase. It is unambiguous that all of the prepared compositions in LiMg1.xCoxPOas series have

the same chromophore geometry.
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Fig. 2A.11. Absorption spectra of LiMg1-xCoxPO4 (0 < x <0.4) in (a) UV-visible, (b) NIR
region and LiMg1xCoxPO4 (0.6 <x <0.8) in (c) UV-visible and (d) NIR region
The spectral characteristics and colour analyses emphasized the importance of

chromophore geometry in determining the pigment's colour tone. Because, when comparing
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NaZno9Co01POs4, LiZnog9C001POs and LiMgooCo001POs pigments, having the same

chromophore in same concentration (10 mol%), give rise to three different colours; blue, purple
and magenta. The magenta colour was produced by octahedral Co?* geometry, while blue and
purple were produced by tetrahedral geometry. According to previous reports, a tetrahedral
CoO4 geometry generally develops intense blue and green colours, typical examples are
CoAl,04 and Co?* doped ZnO, respectively® 5. Interestingly, with a tetrahedral geometry,
Co?* in LiZno.sC00.1PO4 exhibited an intense purple colour. Therefore, absorption spectra of
CoAIl204, NaZnp.9C00.1PO4 and LiZno9C00.1PO4 pigments were compared to have more idea

on this observation.
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Fig. 2A.12. (a) Normalized absorption spectra and (b) Tauc plot of CoAl>O4,
NaZno.9C00.1PO4 and LiZno9C00.1PO4
Fig. 2A.12a, showed a comparison of the visible range absorption spectra of CoAl20s4,
NaZno9Co01PO4 and LiZno9Co0o.1PO4. It is noteworthy that there is a profound blue shift
occurred for NaZno.sC0o.1PO4 and LiZne9C00.1PO4 systems compared to CoAl,04. The band
gap calculated from the Tauc plot, Fig. 2A.12b, was 1.80, 1.82 and 1.91 eV, for CoAl;Og,
NaZno9Co01PO4 and LiZne9Co00.1PO4, respectively. Furthermore, the science behind this

fascinating result was sorted out from the structural studies.

2A.4.6. Structural study

Structural details of the chromophore in NaZno.9C0o.1:PO4 and LiZne.9Co0.1PO4 pigments
were studied via Rietveld refinement analysis. The Rietveld refined XRD pattern of
NaZno9Co01PO4 was depicted in Fig. 2A.13a, and the corresponding crystallographic data
were presented in Table 2A.3. The R, factor of refined XRD pattern is 12.37%, which is

acceptable for a monoclinic system®. The constituent ions Na*, Zn** and P>* were occupied in
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three different co-ordination environments in the complex structure of NazZno9C0o1POas. Na*
in NaOsg polyhedra (Nal) and NaOg distorted octahedra (Na2 and Na3), Zn?* in ZnO; distorted
tetrahedra (Zn1, Zn2 and Zn3), and P> in POy tetrahedra (P1, P2 and P3). According to the
refinement results, Co?" ions are accommodated in the Zn(2) tetrahedral site of the
NaZno.9Coo.1POsstructure. Table 2A.4 provides the bond length and bond angle of Zn(2)/Co04
in NaZno.9C00.1POa4. Structural details of the base compound were taken from the report by

Elammari et al., for comparison®3.
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Fig. 2A.13. Rietveld refined PXRD pattern of (a) NaZno.9Co0.1PO4 and (b) LiZng9Co00.1PO4

In comparison to the Zn-O bonds in Zn(2)Og4 structure, the Co doped tetrahedron carries
three shorter and one longer Co-O bonds. The bond length decreased from 1.93-1.95 A to 1.79-
1.87 A. Likewise, considerable variations were observed in the bond angles. The results
demonstrated that the Co substitution induced significant distortion in the geometry of Zn(2)Oa,
Fig. 2A.14a. Main parameter that controlled the bond length was variation in host and dopant
ionic size. Even the slight difference in ionic size between Zn?* (0.60 A) and Co?* (0.58 A)
brought the covalency factor into picture. Smaller the ionic size higher will be the covalency,
in turn shorter will be the metal oxygen bond length®*. Therefore, the decrease in Co-O bond
length led to a shrinkage of Zn(2)/CoQ4 tetrahedra.
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Fig. 2A.14. Co?* coordination environment in (a) NaZnogC0o1POs, (b) CoALOq, (c) Zn2/Co04
and (d) Zn2/Co04 of LiZno9C00.1PO4

In fact, Co?* in CoAl,O4 pigment possesses an ideal tetrahedral geometry, having a bond
length of 1.942 A, Fig. 2A.14b. But, the new blue pigment NaZnosCoo1PO4 comprises a
distorted tetrahedral arrangement, with relatively shorter Co-O bonds. This indicates that the
oxide ligands in NaZno.9Co0.1POs, are closer to the metal ion. It enhances the interelectronic
repulsion between ligand and metal orbitals, increasing the d orbital splitting in Co?*. As a
result, the band gap widens, and the absorption spectra shift to higher energy. Hence, distorted
tetrahedral geometry of Co?* brought 0.02 eV blue shift in the absorption spectrum of
NaZno.9C00.1PO4, compared to CoAl>Os. However, it was insufficient to cause a colour change

in the pigment, therefore, the pigment remained blue.
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Table 2A.3. Crystallographic data for NaZno.9Coo.1PO4

Atoms X y z Occupancy

Znl 0.43650 0.22120 0.40790 1.000
Zn2/Col | 0.11010 0.71300 0.42010 0.900
Zn3 0.91519 0.21582 0.26519 1.000
Nal 0.24460 0.54700 0.25450 1.000
Na2 0.73351 0.53815 0.41150 1.000
Na3 0.72330 0.47100 0.06900 1.000
P1 0.44161 0.81623 0.40235 1.000
P2 0.11057 0.33077 0.42704 1.000
P3 0.92387 0.82590 0.26770 1.000
01 -0.00200 0.47900 0.88670 1.000
02 0.95700 0.24300 0.04090 1.000
03 0.08600 0.23000 0.18480 1.000
04 0.23331 0.33510 0.03191 1.000
05 0.15040 0.50000 0.43980 1.000
06 0.94915 0.33602 0.36189 1.000
o7 0.07300 0.20900 0.50500 1.000
08 0.23000 0.22600 0.36870 1.000
09 0.55300 0.50400 0.19840 1.000
010 0.44400 0.20900 0.19850 1.000
O11 0.72400 0.23700 0.20310 1.000
012 0.55656 0.34216 0.33097 1.000
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Rietveld refined XRD pattern of LiZno9Co00.:PO4 and respective crystallographic data
were displayed in Fig. 2A.13b and Table 2A.5, respectively. The Ry, fitting factor for the fitted

graph is 7.38%. The result was in good agreement with its parent compound a-LiZnPOys, which
consists of three types of tetrahedra PO4 (P1-P8), distorted LiO4 (Lil-Li8) and ZnO4 (Znl-
Zn8), one of each kind, share one corner. In the refined crystal structure, Zn?*/Co?* are

associated with two different crystallographic sites Zn2 and Zn7, forming corner sharing

tetrahedral geometry. Calculated bond lengths and bond angles of the Zn2/CoO4 and Zn7/CoQO4

tetrahedra were tabulated in Table 2A.4. Structural details of LiZnPO4 were taken from the

report by Elammari et al., for comparison®.
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Table 2A.4. Bond length and bond angle of Co?* tetrahedra

Pigment Bond length (A) Bond angle (°)
6 dzn2/co-04 1.83656 (0) Oo10-zn2-04  125.7 (11)
a dzn2/co-05 1.79 (4) Oo10-zn2-05  101.3 (15)
8 dzmoicoor  205(3)  Oowzmeor  110.4 (14)
§ 0dzn2/co-010 1.87 (4) 004-zn2-07 100.5 (9)
3 Oo7-zn2-0s  110.8 (13)
< 0os-zn2-04  108.1 (10)
dzn2/co-084 1.98 (14) Ooss-znz-064  122.602
dzn2/co-062 1.79 (19) 0o84-zn2-052 88.319
dzn2/co-052 1.59 (16) 0084-zn2-022 109.000
- dznaico-022 1.98 (18) 0064-zn2-052 143.595
CDD;, Ooes-zn2-022  102.328
§ 0052-zn2-022 82.254
§ dzn7/co-063 1.67 (16) 0072-zn7-053 101.758
-E dzn7/co-012 1.67 (14) Oo72-zn7-063  115.385
dzn7/co-072 1.78 (19) Oo72-zn7-012  133.761
dzn7/co-05 2.10 (19) 0063-zn7-012 85.310
Oo63-zn7-0s3  111.600
Oos3-zn7-012  108.153
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The Co-O bond length was reduced in LiZno9Co001PO4 due to the difference in bond
covalence, as it was in NaZno.9Coo.1POs. In the case of Zn2/Co0s tetrahedra, two of the four
Co-0 linkages were unusually small when compared to the CoAl;O4 system, Fig. 2A.14c. As
a result, the geometry became significantly more strained, forcing the bond angle to deviate
from the standard 109°28' so that the bond strain could be kept to a minimum, eventually
forming highly distorted tetrahedra. Zn7/CoOs4 tetrahedra were also found in distorted
geometry, where three shorter and one slightly longer Co-O bonds are observed, Fig. 2A.14d.
Hence, the refinement data confirmed the formation of heavily distorted Zn/CoQ4 tetrahedra in
LiZno.9Co00.1POs4. Subsequently, the interelectronic repulsion between ligand and metal orbitals
increased, in turn d orbital splitting. This brought 0.09 eV blue shift in the absorption spectrum
of LiZno.9Co0.1PO4 compared to CoAl.O4. Consequently, the pigment turns from blue to purple

colour.
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Table 2A.5. Crystallographic data for LiZno.9C0o.1PO4

Chapter 2A

Atom X y y4 Occupancy
Zn(1) 0.479(2) 0.210(4) 0.333(2) 1.000
Zn(2)/Co 0.232(3) 0.458(5) 0.328(2) 0.9/0.1
Zn(3) -0.001(3) 0.176(4) 0.328(3) 1.000
Zn(4) 0.266(3) 0.204(4) 0.084(2) 1.000
Zn(5) 0.009(2) 0.050(4) 0.577(3) 1.000
Zn(6) 0.292(2) 0.285(4) 0.582(2) 1.000
Zn(7)ICo 0.264(2) 0.081(4) 0.834(3) 0.9/0.1
Zn(8) 0.040(2) 0.483(4) 0.071(2) 1.000
P(1) 0.567(5) 0.441(8) 0.263(6) 1.000
P(2) 0.037(4) 0.445(8) 0.270(5) 1.000
P(3) 0.080(5) 0.192(9) 0.022(6) 1.000
P(4) 0.098(5) 0.255(8) 0.520(5) 1.000
P(5) 0.287(5) 0.207(9) 0.269(6) 1.000
P(6) 0.328(6) 0.661(8) 0.263(5) 1.000
P(7) 0.353(5) 0.050(8) 0.519(5) 1.000
P(8) 0.320(5) 0.439(9) 0.010(5) 1.000
0(11) 0.101(10) 0.035(17) 0.352(11) 1.000
0(12) 0.693(8) 0.311(16) 0.273(8) 1.000
O(13) 0.063(8) 0.023(14) 0.190(11) 1.000
O(14) 0.516(9) 0.335(17) 0.278(10) 1.000
0(21) 0.468(9) 0.014(15) 0.315(11) 1.000
0(22) 0.128(9) 0.526(16) 0.338(10) 1.000
0O(23) 0.029(9) 0.321(17) 0.244(10) 1.000
0O(24) 0.058(10) 0.552(17) 0.192(10) 1.000
O(31) 0.041(10) 0.291(16) 0.105(10) 1.000
0(32) 0.579(9) 0.227(16) 0.433(11) 1.000
0O(33) 0.149(10) 0.140(16) 0.040(9) 1.000
0O(34) 0.010(11) 0.094(17) 0.003(10) 1.000
0(41) 0.038(8) 0.217(14) 0.457(10) 1.000
0(42) 0.122(9) 0.157(15) 0.606(9) 1.000
0(43) 0.170(8) 0.177(16) 0.502(10) 1.000
O(44) 0.123(9) 0.544(16) 0.028(9) 1.000
O(51) 0.288(9) 0.276(18) 0.185(10) 1.000
0(52) 0.200(9) 0.316(15) 0.351(8) 1.000
O(53) 0.279(10) 0.079(18) 0.259(10) 1.000
O(54) 0.380(11) 0.246(15) 0.344(10) 1.000
O(61) 0.305(10) 0.212(16) 0.694(11) 1.000
0(62) 0.239(9) 0.558(19) 0.243(10) 1.000
0O(63) 0.331(9) 0.793(16) 0.342(11) 1.000
0(64) 0.401(10) 0.577(17) 0.296(11) 1.000
O(71) 0.391(10) 0.203(17) 0.552(11) 1.000
0(72) 0.276(10) 0.007(16) 0.430(10) 1.000
O(73) 0.409(9) 0.090(15) -0.009(10) 1.000
O(74) 0.341(9) 0.031(15) 0.086(10) 1.000
0O(81) 0.407(9) 0.373(15) 0.028(9) 1.000
0(82) 0.358(9) 0.515(13) 0.094(9) 1.000
0O(83) 0.242(9) 0.328(16) -0.003(9) 1.000
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0(84) 0.320(9) 0.457(17) 0.440(10) 1.000
Li(1) 0.63(3) 0.14(4) 0.22(3) 1.000
Li(2) 0.12(2) 0.27(4) 0.23(2) 1.000
Li(3) 0.36(2) 0.16(4) 0.41(3) 1.000
Li(4) 0.46(4) 0.81(5) 0.64(4) 1.000
Li(5) 0.13(3) 0.53(5) 0.46(3) 1.000
Li(6) 0.15(3) 0.06(5) 0.41(3) 1.000
Li(7) 0.38(3) 0.36(4) 0.19(3) 1.000
Li(8) 0.38(3) 0.00(4) 0.70(3) 1.000

2A.5. Conclusions

Three novel inorganic pigment series were synthesized from white monophosphate
compounds NaZnPOs, LiZnPO4 and LiMgPOs4, via solid-state method. Substitution of Co?*
chromophore at the host divalent site developed a deep blue colour in NaZnPOg, an intense
purple colour in LiZnPO4 and a bright magenta colour in LiMgPOa. The phase purity of the
pigments was confirmed up to the doping concentration of 40 mol%. Representative SEM
images from each pigment series indicated a broad particle size distribution, later verified by
DLS analysis. The pigment colour strength was evaluated using CIE 1976 L"a’b” colour scale
and determined the best composition. The composition NaZnosCo0.1PO4 exhibited better
colour parameters than that of commercial CoAl;O4 blue. Based on the Tanabe-Sugano
diagram, ligand field electronic transitions responsible for the specific pigment colour were
identfied from the spectral characteristics. The tetrahedral Co®* was responsible for blue and
purple colours, whereas octahedral Co?" developed magenta hue. The structural comparison of
the chromophore geometry through Rietveld refinement analysis revealed that compared to
CoAl,Qq, the tetrahedral geometry of Co?* in NaZnosCo001POs and LiZnosCoo1PO4 are
distorted. However, the extent of distortion in LiZno.9Co001PO4 was very strong such that it

enhanced the optical bandgap inducing a colour change from blue to purple.
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Chapter 2B
2B.1. Abstract

Beyond aesthetics, exploiting multifunctional capabilities of inorganic pigments for
societal benefit is imperative. The NIR reflectance and anticorrosive properties of the new
inorganic pigment series NaZn1.xCoxPO4 blue and LiMg1.xCoxPO4 magenta were investigated.
Unlike conventional cobalt pigments, NaZno.9C00.1POs and LiMgosC00.2PO4 demonstrated a
superior NIR solar reflectance, 64 and 57%, respectively. Temperature shielding experiments
employing pigment acrylic coatings successfully lowered the interior temperature of the foam
box. The pigment incorporated epoxy coating on steel substrate was highly efficient in
retarding the corrosion process in the marine medium. Precisely, 15 wt% LiMgo.sC00.2PO4
loaded epoxy coating exhibited the highest corrosion resistance, 9.3x10° Qcm?, which is four
order higher than commercial blue and bare epoxy coatings. The XPS analysis established the
anticorrosive mechanism that the phosphatized inhibitive film served as the corrosion barrier
at the defective site. Therefore, the investigations concluded that the synthesized pigments can
be employed as potential multifunctional inorganic pigments for developing anticorrosive

‘cool’ paint for energy-efficient buildings.

2B.2. Introduction

The new inorganic pigment series NaZni.xCoxPOs, LiZn1xCoxPO4 and LiMg1xCoxPO4
exhibited intense blue, purple and brilliant magenta colours, respectively. Geometry and
structural distortion of Co chromophore played a crucial role in their origin of colour.
Meanwhile, the research advancement has brought new dimensions for pigments apart from
aesthetics. In this connection, the IR reflective inorganic pigments, known as ‘cool’ pigments,
evolved as the latest development in pigment technology**. Because IR reflective pigments
coated exterior walls and roofing sheets effectively mitigate the interior heat build-up, thereby
reducing peak electricity demand in summer®1°. Therefore, the present chapter investigates the
IR reflectance property of the synthesized inorganic pigments. Based on the colour demand
NazZn1xCoxPOs blue and LiMg1xCoxPOs magenta pigment series were opted for the

reflectance studies.

The most important part of constructing a potential cool building is the roof coatings,
whether on concrete or metal sheet. In that case, the stability of the roof is crucial to get a
sustainable output from their top ‘cool’ coatings. Unfortunately, it is inferior to metal roofs,
which are subjected to corrosion under long-term exposure to harsh environmental conditions.

In this regard corrosion resistant inorganic pigments are essential for developing anticorrosive
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paints and primers. However, relying on many pigments for each distinct feature can
significantly enhance the cost through a huge workload, excessive material and energy
consumption, etc. In this scenario, a low-cost multifunctional inorganic pigment that

simultaneously serves as a colourant, IR reflective and anticorrosive material would be ideal.

Cobalt pigments often exhibit poor NIR solar reflectance due to the fact that some of
their d-d electronic transition falls in the IR region*!. For example, the commercial Co pigment
CoAl,04 blue has only 29% NIR solar reflectance® 23, In addition, there was also the challenge
of incorporating anticorrosive property into the same pigment. Since ABPO4 is a highly
reflective compound, its reflectance profile can be maintained to a large extent even at high
chromophore concentrations. Simultaneously, the phosphate moiety can introduce a
phosphatization based corrosion protection mechanism as well'*. Hence, the choice of ABPO4
system as the base compound was well justified. In this rationale, the current chapter made an
effort to explore the IR reflectance and anticorrosive properties of the pigment series NaZn;-
xC0xPO4 and LiMQg1xC0oxPOa.

2B.3. Experimental section

2B.3.1. Materials and methods

Acrylic emulsion of the pigment was prepared by dispersing pigment and acrylic binder
in 1:4 ratio, by ultrasonication. The emulsion was brush coated on TiO2 base coated concrete
and Al sheet. IR reflectance studies were carried out on both pigment powder and coatings.
Temperature shielding ability of the pigment coating was analyzed and compared to that of
commercial CoAl>O4 coating using the experimental setup shown in Fig. 2B.1. Two identical
foam model houses with dimensions 15 x 15 x 15 cm were made and roofed with 19 x 19 cm
pigment coated Al sheet. Two thermocouples T1 (top) and T. (bottom) were inserted 2 cm
below the roof and 3 cm above the base, respectively, to monitor the temperature buildup inside
the box. The model houses were kept under IR lamp (Philips, 250 W), by maintaining the
distance between rooftop and IR bulb at 40 cm. The experiment was carried out by continually
exposing the IR lamp on the rooftop for one hour. Average of the temperatures measured at T
and T, gives the interior temperature of the box, was recorded at 10 min. intervals. FLIR C2
thermal imaging camera was used to capture thermal images of the coated surface from the
level of the IR lamp at the same time intervals. Finally, a temperature against time plot was

used to determine the interior and surface temperature trends.
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Anticorrosive performance of the pigment was analyzed by using pigment loaded epoxy
coatings on steel, having composition C = 0.24, Mn = 0.90, Al =0.03, Si = 0.20, Cr=0.04, V
= 0.10, P = 0.08, Cu = 0.06 and remaining Fe. Steel coupons were cut into 4 x 3 x 0.2 cm
dimension and mechanically abraded with SiC paper grade 220 to 1000 subsequently, acetone
degreased and dried. Different wt% (5, 10, 15, 20 and 25) pigment sample was dispersed in n-
butanol-epoxy-polyamide (2:2:1) system by ultrasonication. The dispersion was dip coated on

polished specimens at a dipping rate of 80 mm/min and allowed to cure for 24 h.

IR lamp

R W
1|

40 cm

Commercial blue NaZn, ,Co, PO,
coating coating

Tl—d 4

Foam model house

Data collector
Data collector

Fig. 2B.1. Schematic representation of thermal shielding experimental setup
2B.3.2. Characterization techniques
2B.3.2a. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance (Z) is the frequency-dependent resistance, measured by
applying an alternating current to an electrochemical cell. Impedance is a complex number that
has a real and an imaginary component. It can be represented via two plots, Nyquist and Bode.
The Nyquist plot is a semi-circular plot with the real component (Zrea) On the X-axis and the
imaginary part (-Zimg) on the Y-axis. Bode plot is expressed as log frequency on the X-axis,

the impedance values and phase-shift on the Y, respectively (Fig. 2B.2).
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Fig. 2B.2. (a) Bode and (b) Nyquist plots from EIS

Generally, EIS data are analyzed by fitting to an electrochemical equivalent circuit (EEC)
model*®. The majority of the circuit elements in the model are common electrical elements such
as resistors, capacitors etc. The elements in the model should have a basis in the physical
electrochemistry of the system. When a coated working electrode is immersed in an electrolyte,
an electrical double-layer formation will occur at the metal-electrolyte interface, which acts as
a parallel plate capacitor. The resistance given by the electrolyte between the electrodes is
represented by the solution/electrolyte resistance (Rs), while the resistance offered by the
polymer coat is represented by the coating resistance (Rcoat). Charge transfer resistance (Rct) is
generated at the metal electrolyte interphase via a kinetically regulated electrochemical
reaction. The capacitor on real cells often shows a non-ideal behaviour owing to surface
roughness, “leaky” capacitor, non-uniform current distribution, etc. The capacitance (C) is
treated with an empirical constant (n) with no real physical basis and denoted as constant phase
element (Q). Therefore, the capacitance of a polymer coat and double layer capacitor are

represented as Qcoat and Qai, respectively® 17,

Herein, pigment (CoAl204 and NaZno9Co00.1PO4/ LiMgo.8C00.2PO4) incorporated epoxy
polymer coatings were developed on steel substrate. Further, corrosion resistance of the
coatings was analyzed using a multichannel potentiostat (Autolab) having a three-electrode
corrosion cell. The cell consists of 3.5 wt% NaCl solution as electrolyte, saturated calomel
electrode (SCE), graphite and steel with surface area 1.2 cm?, as reference, counter and working
electrodes, respectively. Open circuit potential was stabilized for 30 min. Electrochemical
impedance spectroscopy (EIS) experiment was performed in the frequency range of 10°-1072
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Hz at 5 mV amplitude AC signal. EIS plots were evaluated by Nova 2.1 software. The

experiments were reiterated five times for each coated specimen.

2B.3.2b. X-ray Photoelectron Spectroscopy (XPS)

XPS is widely used to investigate the composition of a solid surface by irradiating
monoenergetic soft X-rays in vacuum and subsequently analysing the energy of emitted
electrons. Photons have limited penetrating power through a solid material in the order of 1-10
um and they interact with atoms on the surface causing electrons to be emitted by the
photoelectric effect (Fig. 2B.3). The emitted electrons have measured kinetic energies given

by the equation,
KE=hv-BE-¢ (2B.1)

Where,
hv - energy of the photon
BE - binding energy of the atomic orbital from which electron originates
¢ - spectrometer work function

The XPS spectrum is a plot of the number of detected electrons per energy interval
(intensity) versus their kinetic/binding energy. Each element’s unique spectrum provides
quantitative data that can be obtained from peak heights or peak areas. Exact measurement of
peak positions clearly identifies the oxidation state of the element. Further, the shifts in binding
energy indicates bonding interaction with certain atoms, which confirms the formation of
chemical compounds on the surfaces'®. In the present thesis, in order to understand the
corrosion inhibition mechanism of the pigment-loaded epoxy coatings, surface analysis of the
steel specimen after continuous EIS analysis was performed via PHI 5000 Versa Probe II X-

ray Photoelectron Spectroscopy (XPS) using CasaXPS software.

IR and NIR solar reflectance of the prepared pigments and coatings were analyzed by
UV-Vis-NIR spectroscopic technique as described in Chapter 2A. Pigment acrylic coating
thickness was measured using Leica DMRX Optical microscope and epoxy coating thickness
was measured using Dektak XT stylus Profilometer.
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Fig. 2B.3. Principle of XPS technique
2B.4. Results and discussion

2B.4.1. Reflectance property of NaZn1xCoxPO4 and LiMg1-xC0oxPO4

As a result of the rising atmospheric temperature and accelerated UHI effect, the demand
for heat shielding inorganic pigments has been gradually increasing. The NIR reflectance
ability of the synthesized pigment series NaZn1-xCoxPO4 (Blue) and LiMg1xCoxPO4 (Magenta)
was estimated in this backdrop. The obtained NIR and NIR solar reflectance spectra were
illustrated in Fig. 2B.4. Cobalt pigments, in general, are low reflective due to their
characteristic absorption in the NIR range!® > 1%, CoAl,04 and CoCr.04 are two well-known
examples, with NIR solar reflectance R™ values of 29 and 30%, respectively®® 2°. Unlike
traditional colourants, the developed pigment series NaZnixCoxPOs and LiMQ1.xC0oxPO4
displayed promising reflectivity, Table 2B.1. Despite the fact that the reflectance value
decreased as Co concentration increased, both pigment series were able to attain NIR solar
reflectance in the range of 40-70%. The findings confirmed that the developed inorganic
pigments can be considered as potential ‘cool’ roof pigment. The selection of a high reflective
base compound was vital in producing this excellent results. Since the present work was also
emphasizes the colour strength, an optimum composition from each pigment series was decided
based on reflectance (Table 2B.1) and colour parameters (Table 2A.1). It was found to be
NaZno9C001PO4 and LiMgosC002PO4. The blue pigment has b* = -59.21 and R" = 64%, while
magenta pigment offers a* = 26.45, b” = -26.83 and R" = 57%.
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Table 2B.1. Reflectance value of NaZn1.xCoxPO4 and LiMg1-xCoxPO4 pigment series

NIR (%) NIR (%)
NaZnixCoxPOs  at1100 R* (%) | LiMgixCoxPOs  at1100 R” (%)
nm nm

x=0 87 87 x=0 96 95

x =0.025 56 67 x=0.1 74 64

x =0.05 50 65 x=0.2 67 57
x=0.1 49 64 x=04 58 47
x=0.2 32 52 x=0.6 57 45
x=04 37 40 x=0.8 52 40
CoAl204 - 29 x=1 36 27

Table 2B.2 summarises a comparison with literature reports, indicating the uniqueness

of the novel pigment. Although certain reported pigments had better colour or reflectance,

NaZno.9C0o1PO4 Was determined to be the best in terms of colour and R* combined. Apart from

a colourant, the developed blue and magenta inorganic pigments were able to handle different

facet issues through their multiple capabilities. Further, the investigations were extended to

ensure the property of pigment coatings on building materials.
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Fig. 2B.4. (a, ¢) NIR and (b, d) NIR solar reflectance spectra of NaZni.xCoxPO4 and LiMg;-

xC0xPO4 pigment series
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Table 2B.2. Comparison of colour and solar reflectance with reported pigments

Sample a’ b* R"
Y Ino.sMno.103-ZnO -0.88 -40.55 70 %
Sro.8EU0.2CUSI4O10+5 -4.9 -27.5 7222
KosWOs -1.82 -10.23 66
Sro.7Lao.3Cuo.7Li0.3Si4010 10.4 -51.7 66 2
LaGap.sMno Ge 07 14.92 -35.12 29 %
CoCr15Alp504 -20.3 -11.4 43 %
Y Ino.sMnp 203 9.6 -38.9 41 %
20202015005 24 2129 3%
Zno.9C00.1Al204 -3.7 -39.0 63 27
Kaolin-CoAl204 hybrid -8.98 -39.06 60 28
NazZno.9C00.1PO4 10.70 -59.21 64 [Present study]

2B.4.2. Chemical stability

The acid-base stability of the pigments was verified prior to coating preparation. The
pigment samples were treated with acid, base and agueous media for 1 h. Subsequently washed
and dried, and measured the colour parameters, Table 2B.3. The difference in pigment colour
coordinates before and after treatment, AE"a, remained within the industrial limit, AE s < 1

unit, hence confirmed the stability?® 24,
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Table 2B.3. Colour coordinates of NaZno.9C00.:PO4 pigment after chemical treatment

Sample pH L~ a” b* c” h’ A E"ab
NaZno.9C0o.1PO4 - 51.78 10.70 -59.21 60.17 280.01 -
Water 6.6 5165 10.04 -59.11 59.95 279.66 0.68
HNOs3 3.0 5131 987 -58.66 5948 27956 1.10
NaOH 105 5153 10.28 -5891 59.80 279.9 0.57
LiMgo.8C00.2PO4 - 65.19 26.45 -26.83 37.68 314.60 -
Water 6.6 6501 2635 -26.61 3745 31471 0.30
HNO3 3.0 6455 26.10 -26.20 36.98 31489 0.96
NaOH 105 6471 26.12 -2656 37.25 31444 0.64

2B.4.3. Acrylic coatings

The pigment acrylic coatings were prepared on concrete and Al sheet, where coating
thickness was determined from optical images to be 200-250 pum. Both the pigments
successfully retained their colour strength in the coatings as well, Table 2B.4. Photographs of
the coatings were shown alongside the bare substrate in Fig. 2B.5 inset. Similarly, NIR and
NIR solar reflectance property of the coatings were also remarkable. NaZng.9Co0.1PO4 and
LiMgosC002PO4 exhibited R™ greater than 60 and 55%, respectively, Fig. 2B.5. Since bare
concrete and Al sheet had only 44 and 45% reflectance, respectively, it is apparent that the new
pigment coatings considerably enhanced the NIR reflectance ability of these surfaces. As a
result, it can help to reduce the heat build up within buildings to some extent. Hence, the

synthesized pigments can be established as potential coloured ‘cool” pigments.
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Fig. 2B.5. NIR solar reflectance spectra of NaZno.9C00.1PO4 and LiMQo.sC00.2PO4

coatings on (a, ¢) concrete (b, d) Al sheet, respectively, with their bare surfaces (inset:
coating photos)

Table 2B.4. Colour coordinates and reflectance of pigment coatings

Pigment Sample L” a’ b* c* h’ N In?n ?E/SOO (52)
Powder 51.78 10.70 -59.21 60.17 280.25 49 64

NaZno9C001PO4 | Concrete 49.90 1.61 -49.98 50.01 271.85 52 61
Al sheet 4746 6.01 -55.24 5556 276.21 53 62

Powder 65.19 2645 -26.83 37.68 314.60 67 57

LiMgosCoo2PO4 | Concrete 66.48 2482 -21.65 3293 318.91 65 53
Al sheet 6249 27.00 -23.36 35.71 319.14 68 47
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2B.4.4. Temperature shielding study
High solar reflectance of pigment acrylic coatings triggered the investigation to
determine the temperature shielding ability. The experiment was conducted for
NaZno.9C00.1PO4 and LiMgo.sC00.2PO4 coatings using the setup shown in Fig. 2B.1. It was also
compared to commercial Co pigment (CoAl204) coatings. All of the prepared coatings utilized
in the experiment had thicknesses in 200-250 um range. The interior and coating surface
temperature measurements were done using thermocouples and thermal imaging camera,
respectively. The time versus temperature graph was plotted using these observations, Fig.
2B.6.

Interior temperature of the foam boxes rapidly increased during the first 10 minutes,
which was attributed to the instantaneous IR absorption of the coatings and subsequent heat
transfer. Further, the temperature attained an equilibrium, and no significant fluctuation
detected after that, Fig. 2B.6a. In fact, it is entirely dependent on the IR reflectance of the
pigment component in the coating. Because R* of NaZno.9C00.1POs and LiMgosC002POs is
higher than that of CoAl204, both pigment coatings were able to reduce the heat transfer and
interior heat build up. Specifically, the interior temperature of the blue and magenta roofed
houses was around 4 and 7 °C lower than that of the CoAl>O4 roof, respectively. Since the R*
of blue pigment is greater than that of magenta, the blue coating was expected to perform better
than the magenta coating. However, pigment brightness is also an important factor to be
considered. L™ of NaZno.9C00.1PO4, LiMgosC002PO4 and CoAl,O4 coatings are 47, 62 and 40,
respectively. It demonstrates that the AL™ between LiMgosC0o2PO4 and CoAl,Q4 coatings is
higher than that of NaZno.9¢C00.:PO4 and CoAl2O4. Therefore, the magenta coating was able to

provide better temperature reduction than commercial blue.
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Fig. 2B.6. (a) Interior and (b) coating surface temperature comparison of NaZno.9C0o.1:PO4
and LiMgo.sC0o.2PO4 coatings with CoAl204 coatings

Thermal imaging of the coating surfaces was used to further investigate the temperature
shielding ability of pigment coatings. Surface temperature from the thermal images, Fig. 2B.7,
was plotted against IR exposure time and shown in Fig. 2B.6b. The roof surface temperature
followed a nearly similar trend to interior temperature. But unlike in the previous case, instead
of an immediate temperature equilibration, a gradual decrease in temperature buildup rate was
observed. Essentially, a significant temperature reduction of 4 and 7 °C, respectively, was
noticed on blue and magenta coatings compared to CoAl20s. It confirms that both
NaZnp9C00.1PO4 and LiMgosCo0.2PO4 are efficient IR reflective ‘cool’ pigments, which will

be extremely beneficial in lowering the consumption of air conditioners during the summer
season.
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Fig. 2B.7. Photographs of (a) commercial blue, (i) NaZno.9Co0o.1PO4 and (q) LiMgo.sC00.2PO4
coatings on Al sheet, thermal images of (b-h) commercial blue and (j-p) NaZno.9C00.1PO4 and
(r-x) LiMgo.sC00.2PO4 coatings

2B.4.5. Anticorrosive analysis

The corrosion resistant inorganic pigments play an important role in the development of
stable protective coatings for metal substrates. Hence, a sustainable cool coat on metal roofs
essentially requires an anticorrosive base coat support, which eventually makes the coating
expensive. Therefore, it is highly appreciable for a coloured pigment to also function as an
anticorrosive pigment in order to reduce cost. Herein, NaZno.9C0o.1PO4 and LiMgo.8C00.2PO4
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pigments were examined to explore the anticorrosive property. Different wt% pigment loaded
(5, 10, 15, 20 and 25 wt%) epoxy coatings of thickness ~12 um were prepared on steel
substrate. The EIS experiments have conducted on bare and pigment incorporated coatings in
3.5 wt% NaCl. Obtained Nyquist plots were displayed in Fig. 2B.8, and respective

electrochemical parameters were tabulated in Table 2B.5.

The impedance spectrum of bare steel and bare epoxy coating on steel, Fig. 2B.8a, was
fitted with Randles EEC. It is the basic EEC that consists of only two components, Rct and Qai.
Rct of the bare metal substrate obtained from EIS experiment was 1.2x10° Qcm?. Further, an
epoxy protective coating was provided on the metal surface to prevent electrolyte penetration.
The respective EEC include two additional components, Reoat and Qeoar’” 2°. Consequently,

corrosion resistance recorded for the epoxy coating was 1.2x10° Qcm?.

Impedance spectra of NaZno.9sCo0.1PO4 epoxy coatings (Fig. 2B.8b, c) were modeled
with EEC [Qcoat/ (Reoat+Qai/Rct)], shown in the inset of Fig. 2B.8c. The solution resistance Rs is
negligible thus excluded from the circuit. The impedance fitting data tabulated in Table 2B.5
suggests that starting from 2.3x10° Qcm?, the corrosion resistance of NaZnosCo0o1PO4 blue
pigment was reached to a maximum of 8.8x10°% Qcm? at 20 wt% pigment loading, with
minimum Qg 0.016 pFcm™2. One order increase in Rc over bare epoxy coating confirmed that
the new blue pigment can be used for corrosion protection of steel in marine media. The
findings suggest the possibility of a passive film formation at the metal electrolyte interface,
similar to commercial Zn3(POa),, that prevents rapid corrodent penetration®® 3L, However,
resistance drops dramatically over 20% wt% loading, indicating coat saturation. Because,
above the saturation point, pigment particles deceive the coat by developing pores which

facilitates the corrodent attack.
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Fig. 2B.8. Nyquist plots of (a) bare epoxy and bare metal (inset), different wt% (b, c)
NaZno.9C00.1POs4, (d, €) LiMgo.sC002PO4 and (f) CoAl2Os4, loaded epoxy coatings
The Nyquist diagram of LiMgo.sC00.2PO4 incorporated epoxy coatings (Fig. 2B.8d, e)

were modeled with EEC [Qcoat/(Reoat+Qai/Rct)]. Irrespective of the pigment concentration,

magenta coatings exhibited a better performance in corrosion prevention than bare epoxy. The

Rt found to increase from 5 to 15 wt% pigment loading and declined thereafter. The maximum

Ret obtained at 15 wt%, was 9.3x10° Qcm?. The inverse trend in Qi of the coatings, further

substantiated these results. The four order hike in Rt compared to bare epoxy coat implies that
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LiMgo.sC002PO4 is a promising anticorrosive pigment and 15 wt% is the optimum pigment
volume concentration required to fabricate the best anticorrosive coating out of it. The
subsequent increase in pigment content from 15 wt% initiated particle aggregation and pore

formation in coatings, resulting in a decrease in Rt value.

Table 2B.5. EIS parameters from Nyquist plot

Pigment EIS parameters
Sample loading Rooat Qcoat Ret Qui
(Wt%) | (@Qem?) (UFcm?) (Qem?) (UFecm?)

Bare metal - - - 1.2x10° 744
Epoxy - 159.8 4.2 1.2x105  0.028
S 15 5.3x10° 2.8 3.4x105  0.061
Z 20 54x105 053  8.7x10°  0.026
3 25 2.4x10° 21  43x10° 0.034
S 5 6.9x10* 2.9 2.3x105  0.032
% 10 9.6x10* 2.7 3.2x108  0.027
S 15 2.3x10° 16  3.4x10° 0017
£ 20 57x105 015  8.8x10°  0.016
Z 25 1.9x10°5 035  2.8x10°  0.021

S 5 9.3x105  6.05  26x10° 175

o8 10 40x10° 582  53x10°  0.93

8 15 | 31x107 124  93x10°  0.84
gﬁ 20 1.9x10°  3.86  6.4x107  2.15

- 25 9.2x10*  4.81  45x107 247

The anticorrosive analysis results of NaZno.9Coo.1POs and LiMgo.sC00.2PO4 were then
compared with commercial CoAl>04. The CoAlO4 pigment loading in epoxy coating was
varied from 15, 20 and 25 wt%. Corresponding impedance data were fitted with EEC
[Qcoat/ReoattQai/Ret] displayed in Fig. 2B.8f and electrochemical parameters were tabulated in
Table 2B.5. None of the pigment concentrations was able to provide promising corrosion
resistance in saline media. The maximum R 8.7x10° Qcm?, was observed at 20 wt% loading,
which is in the order of bare epoxy coating resistance. At the same time optimum concentration
of NaZnp.9C00.1PO4 and LiMgo.sC002PO4 pigments displayed one order and four order hike,
respectively, in its resistance value compared to CoAl.Os. Therefore, among the prepared
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inorganic pigments, the 15 wt% LiMgo.sC00.2PO4 loaded epoxy coating proved to be the most

corrosion resistant coating on steel in the marine environment.

Stability of the most efficient anticorrosive coating (15 wt% LiMgosCo002PO4) was
analyzed and compared with CoAl>O4 via one month continuous EIS analysis. Fig. 2B.9a,
displayed the Bode plots of 15 wt% LiMgosC002PO4 and 20 wt% CoAl.O4 loaded epoxy
coatings in accordance with Nyquist plots. Phase angle (-0) above 90° at higher frequency range
indicated the consistency of both the coatings. However, their phase angle curve behaviour was
fairly different when they approached the low frequency end. CoAl>O4 possessed two time
constants whereas one time constant for LiMgosCo002POas. The two time constants represents
delamination of the epoxy coat, whereas the one time constant represents coat intactness®®. It
reveals that the incorporated pigment components operate entirely in different manner while in

contact with a corrosive medium.

Additionally, one month continuous electrochemical analysis of 15 wit%
LiMgo.sC002POs coating was performed to figure out a probable corrosion inhibitive
mechanism, Fig. 2B.9b. Resistance of the anticorrosive coat was found to gradually decrease
from 9.3x10° Qcm? to 1.8 x107 Qcm? (10™ day), then to 5.1x10° Qem? (15" day) and 2.3x10°
Qcm? (20" day), in 3.5 wt% NaCl solution. It implies that continuous electrolyte exposure may
have caused the epoxy coating to develop pores, allowing corrossive medium to start
penetrating. However, after 20 days, the resistance remained almost constant at 10° Qcm? until
the experiment was completed. Thus, the stability of magenta pigment incorporated epoxy
coating against marine corrosion was established. This led to the hypothesis that there could be

an active inhibitive mechanism at the metal electrolyte interface.
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Fig. 2B.9. Bode plot of (a) 15 wt% LiMgo.sC00.2PO4 and 20 wt% CoAl204, (b) continuous
study of LiMgo.sC00.2PO4 loaded epoxy coatings
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2B.4.6. XPS surface analysis and anticorrosive mechanism

XPS surface analysis of the steel specimen after continuous EIS analysis revealed the
hypothesised corrosion inhibition mechanism of the pigment-loaded epoxy coating. The
presence of C, O, Mg, P, and Fe elements was confirmed by the survey spectrum shown in Fig.
2B.10a. In addition, deconvoluted XPS spectra of O1s, Fe2p and P2p were displayed in Fig.
2B.10b-d. Three major peaks at 529.4, 530.7 and 532.5 eV, were resolved in O1s spectrum,
attributed to the corrosion products Fes3Os4/ Fe;Os, corrosion intermediates
Fe(OH)./Fe(OH)3s/FeOOH and importantly FePOa, respectively. The high resolution Fe2p
spectrum contains binding energy peaks for corrosion products at 710.7 eV and FePO4 at 712.9
eV. Similarly P2p spectrum also verified the presence of FePO4 on steel surface from the
binding energy peak at 133.3 + 0.3 eV*> 33, Thus, comprehension of XPS findings validated
the phosphatization assisted corrosion inhibition mechanism in 15 wt% LiMgo.sC00.2PO4
loaded epoxy coating. Explicitly, the polymer coat passivation was broken down during
prolonged exposure to corrosive media. Simultaneously, the phosphate protective layer forms
at the metal electrolyte interphase, refusing further corrodant penetration, Fig. 2B.11. The

possible mechanism can be written as follows.

Fe — Fe?" + 2¢ (2B.2)
3Fe?* + 2PO4* + 8H20 — Fes(PO4)3.8H20 + Fe203 + FeO | (2B.3)
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Fig. 2B.10. XPS (a) survey spectrum, fitted high resolution spectrum of (b) O1s, (c) Fe2p and
(d) P2p of inhibitive film beneath the 15 wt% LiMgo.sC002PO4 loaded epoxy coat after
continuous EIS analysis

Besides that, the passive nature of LiMgo.sCo02PO4 pigment precluded NaCl penetration
during the initial days of continuous electrochemical experiment. The active phosphatization
inhibition comes into the picture only when the corrodent destroys this mechanism. The
phosphatization barrier developed at the metal electrolyte interface provides stability to the
coating under continuous exposure to aggressive media. Overall, the passive and active
inhibitive mechanism collaborated in magenta pigment coating, resulting in an efficient and
stable anticorrosive coat for metal roofs. By the virtue of which the necessity of duplex coatings
for a sustainable ‘cool’ coat, which provide NIR reflectance and corrosion resistance

separately, can be avoided.
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Fig. 2B.11. Anticorrosive mechanism in LiMgo.sC00.2PO4 epoxy coating

2B.5. Conclusions

The NIR reflectance property of inorganic pigment series NaZni1.xCoxPOas blue and
LiMg1-xCoxPO4 magenta was analyzed. In contrast to traditional Co pigments, both pigment
series had an excellent reflectance profile with remarkable colour intensity. In terms of colour
and reflectance properties, NaZno.9C0o.1PO4 and LiMgo.sC00.2PO4 were the best compositions
in each pigment series, with 64 and 57% NIR solar reflectance, respectively. The pigment
acrylic coatings on concrete and Al sheet successfully retained its colour and reflectance.
Temperature shielding experiments using the pigment coatings yielded 4 and 7 °C reduction in
interior temperature compared to CoAl>O4. Therefore, the new blue and magenta pigments can
be employed as a potential ‘cool” roof pigment for controlling UHI. Additionally, impressive
corrosion resistance of the pigments furnished a multifunctional perspective for the colourants.
Fifteen wt% magenta pigment loaded epoxy coating showed R¢; 9.3x10° Qcm?, which is four
orders higher than bare epoxy and commercial CoAl>Os. One month continuous
electrochemical analysis of the pigment coating, followed by surface analysis, revealed the
formation of an iron phosphate layer at the metal electrolyte interphase, which is responsible
for the corrosion protection mechanism. Thus, the synthesized inorganic pigments can be
considered as promising candidates for developing multifunctional low-cost paints that could

offer a primer-less anticorrosive cool exterior coat.
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Chapter 3
3.1. Abstract

Bismuth vanadate (BiVO4) gathered great attraction as a yellow inorganic pigment which
could replace the conventional chrome and cadmium yellow. However, its high cost over the
other yellow pigments restricted its usage. Consequently, there exists a huge demand to develop
cost-effective BiVO4 inorganic pigment without compromising its optical properties. The
present work demonstrates an effective strategy to develop low-cost BiVO4 complex pigment.
The citrate-gel synthesis method enabled a decoration of BiVO4 nanoparticles on ZnO white
pigment surface, resulting in an appreciable decrease in BiVO4 content (75 wt%). The
reduction in BiVO4 had a remarkable impact on the economic viability of the new complex
pigment. Similar to pure BiVOg, the developed complex inorganic pigment exhibited excellent
greenish-yellow colour (a” = -6.28, b” = 76.45). An exceptional near infrared reflectance has
been recorded, which is estimated as high as 90%. High reflective coatings of the complex
pigment displayed an outstanding performance in temperature shielding experiment, achieving
a reduction of 8 °C in the interior temperature, compared to the commercial yellow pigment
coating. Moreover, the findings demonstrate that the developed complex pigment could be a

potential replacement for BiVO4 yellow.

3.2. Introduction

Conventional yellow inorganic pigments PbCrOa, CdS, Pb.Sh.07, As,Sz are outstanding
candidates in terms of colour intensity and cost, despite the presence of highly toxic metal
chromophores like Pb, Cr, Cd, Sh and As in their composition®. Among these, BiVO4 yellow
stands out due to its non-toxicity and high NIR reflectivity?S. It has been used in coatings,
ceramics, plastics and inks for the last two decades. However, owing to the presence of
expensive Bi metal, the cost of BiVOs is really high, seriously limiting its widespread
consumption. Therefore, a consistent demand is emerging to develop a cost-effective BiVO4

pigment without compromising its excellent properties.

The routine way of approach towards achieving cost-effective pigment is, to reduce the
expensive component in the material composition. It can be achieved either by developing
substitution or hybrid pigments. Partial replacement of host by transition or lanthanide
chromophores leads to substitution pigments and pigment particles supported by a relatively
cheaper and readily available substrate material give rise to hybrid pigments. Among which
hybrid pigment synthesis is essentially the more efficient strategy to reduce cost of expensive

pigments without negotiating its properties. Hybrid materials are generally known for their
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advantage to acquire the properties of its constituents, offering a broad range of applications.
A good number of BiVO4 hybrid pigments have already been reported that brought significant
reduction in amount of costly component in the composition. Guan et al. synthesized the core-
shell BaSO4@BiVOg4 architecture, where they achieved 83 wt% reduction in BiVO4 content
maintaing good colour strength. But the preparation of core-shell morphology is very tedious,
and thus the strategy will not be suited for bulk production®. Different research groups have
introduced BiVO4 nanoparticles decorated clay minerals such as attapulgite rods, sepiolite,
montmorillonite, halloysite and kaolin sheets’*!. All the hybrid pigments exhibited an
exceptional colour strength, particularly the attapulgite-BiVO4 hybrid, with just 60 wt%
BiVO4. However, its processing temperature still remains high, increasing the pigment cost.
Meanwhile, BiVO4 coated mica-TiO. sheets, developed by Yuan et al., demonstrated good
thermal shielding performance, achieving 4.5 °C decrease in inner surface temperature?. The
Si0,-BiVO4 hybrid pigment saved 72 wt% BiVO4 resource with good colour'®. Marcia et al.
published a similar report on BiVOs-incorporated hollow ZnO particles, however they lack
comprehensive information on chromaticity and reflectance properties!*. Many substituted
pigments have also been reported, including (Bi, Ca, Zn, La)VVO4 by Wendusu et al., (Bi, Ca,
Zn)VO4 by Masui et al., Ce doped BiVO4 by Nevesa et al. with bright yellow hue* > 6,

However, the majority of such works have focused only on pigment properties rather than cost.

In this scenario, there is an excellent incentive for developing a profitable material combo
for cost-effective BiVOs yellow pigment. Current work illustrates the synthetic strategy to
prepare a BiVO4 complex pigment employing cheaper and readily available white pigments
(WP), ZnO/ TiO2/ SiO2/ Al203 as supporting material. BiVOs particles have grown on WP
surface via citrate-gel method that followed a single step firing. The work also comprises an
extensive study on morphology, chromatic and reflectance properties of the prepared complex
pigment. Eventually, thermal shielding performance of the pigment coating was evaluated and

compared with commercial yellow paint, to demonstrate its cool nature.

3.3. Experimental section
3.3.1. Materials and methods

BiVO4-WP complex pigment was synthesized by citrate-gel method, Scheme 3.1.
Analytical grade chemicals Bi(NO3)3.5H.O (99%), NH4VO3 (99%), ZnO (99.9%), Al20s
(99%), SiO2 (99.5%), TiO2 (99%) and citric acid monohydrate (99%) were purchased from

Merck and used as received without further purification.
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Fifty ml Bi(NOz3)3.5H20 (3 mmol) and 20 ml citric acid monohydrate (6 mmol) solutions

in distilled water was mixed by continuous stirring. Subsequently added 50 ml NHsVO3
solution dropwise under vigorous stirring. The resultant yellow solution was heated at 150 °C
for 1 h after the slow addition of WP. Obtained solid xerogel ground well, afterwards calcined
at 500 °C for 3 h under air atmosphere. Different compositions of BiVOs-ZnO complex
pigment was prepared by varying BiVOs wt% as 10, 15, 25 and 50. Weight of ZnO in complex
pigment with respect to BiVVO4was shown in parenthesis, 10%BiV0Os-ZnO (9 g), 15%BiVOs-
ZnO (5.6 g), 25%BiV04-Zn0O (3 g) and 50%BiV04-Zn0O (1 g), were denoted as 10%BVZ,
15%BVZ, 25%BVZ and 50%BVZ, respectively. Similarly varied the substrate from ZnO to
Al>;03/ SiO2/ TiO2 in the composition 25% BiVO4-ZnO and denoted as 25%BVA, 25%BVS,
25%BVT, respectively. In addition, 25%BVZ mixed pigment was prepared by mechanically
mixing BiVO4 and ZnO in 1:3 ratio and calcined at 500 °C. Further, acrylic coatings of
25%BVZ was developed on concrete and Al sheet. Thermal shielding ability of 25%BVZ
coating was compared with commercial yellow coating, as described in Experimental section,

Chapter 2B. The coating thickness was calculated from optical images.

-~ 7
-~ 7

NH,VO; soln. wp

Bi(NO;);.5H,0 Precursorsolution
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180 °C
)
L
o
- .’ - 7
500°C,3 h After 1 h
BiVO,complex pigment Xerogel Combustion

Scheme 3.1. Citrate-gel synthesis of BiVO4 complex pigment

3.3.2. Characterization techniques

Thermal analysis of the precoursor mixture was carried out using TG/DTA in air
atmosphere. Phase formation of the synthesized complex pigments were confirmed by PXRD
analysis (details provided in Chapter 2A). The pigment composition was determined by
PANalytical Epsilon 3 Energy Dispersive X-ray Fluorescence spectrometer (EDXRF) analysis.
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Morphology studies and composition analysis were done using SEM and EDS analysis. The
acrylic coating thickness was measured using Optical microscope and epoxy coating thickness
was determined using Profilometer. High-Resolution Transmission Electron Micrographs
(HRTEM) were recorded on JEOL JEM F-200 microscope operated at 200 kV. Particle size
was measured by DLS technique. UV-vis-NIR Spectrophotometer was used to carry out the
optical studies (details given in Chapter 2A). XPS analysis was performed to identify the

electronic modifications in the material (details given in Chapter 2B).

3.4. Results and discussion

3.4.1. Thermal and X-ray diffraction analysis

Cost-effective BiVOs complex yellow pigments were developed by growing BiVOs
nanoparticles on top of commercially available inexpensive WP via the citrate gel method. The
obtained xerogel after the combustion reaction was initially subjected to TGA analysis. As
shown in Fig. 3.1a, four weight losses were observed at 30-80, 80-140, 140-320 and 320-410
°C. The water content in the sample was removed initially up to 80 °C, followed by the
elimination of absorbed water molecules between 80-140 °CY’. The nitrate and citrate
functional group decomposition was observed till 320 °C, subsequently the carbon skeleton
oxidation®® °, The major part of nitrate and citrate removal occurred during the combustion
reaction itself. Then, rest of the decomposition was done in the calcining process as noted in
the TGA plot. Based on which the xerogel was calcined at different temperatures 300, 400 and
500 °C for 3 h duration and analyzed the corresponding PXRD patterns to confirm the

temperature at which phase pure compound is achieved.

The formation temperature was optimized in order to obtain the monoclinic scheelite (m-
s) phase of BiVOas, which is responsible for the well-known vivid yellow colour’. The
corresponding PXRD patterns in Fig. 3.1b, clearly displayed well-defined crystal plane
reflections of ZnO and m-s BiVO;4 at each calcining temperature. However, when heated to
300 and 400 °C, Bi,O3 impurity phase was observed at 20 = 24.40° (marked as *)?. Further,
the impure phase was completely eliminated at 500 °C, which set the formation temperature.
The pigment compositions confirmed from EDXRF analysis, Table 3.1. It is worth noting that
the citrate gel route was able to significantly reduced the synthesis temperature and time of
BiVO4 to 500 °C for 3 h, which was instead prepared via solid state method at 800 °C for 6 h

prolonged heating with intermediate grinding®: 22,
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Fig. 3.1. (a) TGA curve and (b) PXRD pattern of 50%BVZ complex pigment at different
calcining temperature along with its constituents

Fig. 3.2a presented the PXRD patterns of different BVZ complex pigment compositions.
The m-s BiVOs phase (marked *) was indexed using JCPDS 14-0688, confirming the
formation of BVZ complex pigment. Similarly, BiVVO4 phase formation was also ensured in the
remaining pigment compositions 25%BVA, 25%BVS and 25%BVT, Fig. 3.2b-d. In contrast
to ZnO, the BiVO4 peak intensity was observed to rise when the composition was changed from
10%BVZ to 50%BVZ. The observation implies that BiVO4 was successfully encapsulated on
ZnO substrate to form BVZ complex pigment. Because typically precursors Bi** and (VO4)*
are expected to deposit over pristine WP, allowing the free growth of yellow BiVOs at 500 °C.
Therefore, the extent of surface coverage on WP substrate was enhanced on increasing the
concentration of BiVOa4. Consequently, X-ray exposure of ZnO became relatively lower than
that of BiVOs, resulting in reduced ZnO peak intensity and vice versa for BiVOa.
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Fig. 3.2. PXRD patterns of (a) different compositions of BVZ complex pigments, (b)
25%BVA, (c) 25%BVS and (d) 25% BVT complex pigments along with its constituents
Table 3.1. EDXRF data of different BVZ complex pigments

Constituents | 10%BVZ 15%BVZ 25%BVZ 50%BVZ

ZnO 86.60 84.32 75.57 51.12
Bi2Os 8.82 11.36 17.37 36.54
V205 3.07 3.08 5.85 12.06

3.4.2. Chromatic properties

CIE 1976 L"a’b” system was used to evaluate the prepared pigment colour and results
were summarized in Table 3.2. The best colour values among BVZ complex pigments were
identified in 25% and 50%BVZ compositions, which are equivalent to pure BiVOa. The yellow
colour parameter b” = 76 with a slight negative a” provided an exceptional greenish yellow hue
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for both the 25% and 50%BVZ samples. Additionally, colour purity of the pigment was

confirmed by its chroma C” > 75 and hue angle 85-95°. Meanwhile, a small colour change from
greenish yellow to orange yellow was visible in 10% and 15%BVZ samples, as seen in the
photograph in Fig. 3.3. Therefore, the a* parameter shifted towards the positive axis.
Furthermore, b” value of the pigments dropped significantly due to lower BiVO4 content. Since,
it demonstrated the best colour strength with the least amount of BiVOs, 25%BVZ was chosen
as the best composition in BVZ complex pigment series. Further, the supporting substrate in
25%BVZ was switched from ZnO to Al>Os/ SiO2/ TiO2, while maintaining the same BiVO4
concentration. With nearly comparable colour tones to 25%BVZ (b* > 72), 25%BVS and
25%BVT were stood out as excellent candidates. However, the estimated colour values
confirmed that ZnO was indeed the best choice among the selected WP to develop BiVO4
complex pigment through the citrate gel method. Finally, via 25%BVZ complex pigment, a
substantial cost reduction was accomplished by minimizing the expensive BiVO4 content (75
wt%), without compromising the colour strength. To highlight the importance of citrate-gel
method 25%BVZ colour parameter was compared with equivalent mixed pigment. Because of
the random distribution of BiVO4 and ZnO, the yellow parameter b” seems to be significantly

smaller for mixed pigment than for complex pigment.

Fig. 3.3. Photos of (a) BiVOs, (b) 25%BVZ, () 25%BVA, (d) 25%BVS and () 25%BVT
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NIR (%)

Sample L" a’ b* o h° at 1200nm R* (%)
BiVO4 8243 425 76.26 76.38 86.80 76 73
10%BVZ 90.87 2.88 4181 4191 86.05 98 91
15%BVZ 86.79 4.92 5350 53.73 84.74 99 92
25%BVZ 91.53 -6.28 76.45 76.78 94.78 98 90
50%BVZ 89.06 -1.34 76.64 76.65 91.01 95 89
25%BVA 89.15 -3.83 7290 73.00 93.02 88 85
25%BVS 89.84 -2.67 7241 7246 92.12 92 86
25%BVT 87.42 -3.88 6242 6254 93.56 91 86
Mixed pigment 92.73 -3.45 47.88 48.00 94.13 95 9

3.4.3. Morphology and particle size analysis

The morphology of 25%BVZ pigment sample was examined by SEM analysis, Fig. 3.4a.

Highly agglomerated pigment particles were observed in the micrographs because of the free
growth of BiVVO4 over the ZnO surface. Additionally, the SEM-EDS plot (Fig. 3.4b), estimated
the weight percentage of BiVOa in the complex pigment to be 25%, which corroborated the

pigment composition (Fig. 3.4b inset). The uniform distribution of constituent elements Bi, V,

O and Zn in SEM elemental mapping further substantiated the pigment homogeneity, Fig. 3.4c-

f.
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Fig. 3.4. (a) SEM image, (b) SEM-EDS and (c-f) SEM elemental mapping of 25%BVZ

TEM image in Fig. 3.5a shows well dispersed granular 25%BVZ nanoparticles of
average particle size 25 nm. The high-resolution image revealed that 2 to 5 nm size BiVOa4
nanocrystals are decorated over ZnO nanoparticles, Fig. 3.5b, to form the complex pigment.
The Selected Area Electron Diffraction (SAED) pattern and lattice fringes provided more
information regarding the crystallinity of the pigment, Fig. 3.5¢c-d. The d spacing
corresponding to ZnO (101) plane was marked in the lattice fringes obtained in HRTEM image,
Fig. 3.5d, which is matching with the PXRD data. The pigment stoichiometry and particle size
distribution were further analyzed via TEM-EDS and DLS measurements, respectively, Fig.
3.6a, b. A narrow size distribution curve with an average particle size of 204 nm, Fig. 3.6b,
was noted for 25%BVZ. As seen in HRTEM image, it is attributed to the bulk pigment sample

formed by the agglomeration of monodispersed primary particles.
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Fig. 3.5. (a, b) TEM images, (c) SAED pattern and (d) lattice fringes of 25%BVZ, diffraction

pattern shown in the inset
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Fig. 3.6. (a) TEM-EDS and (b) DLS curve of 25%BVZ
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3.4.4. UV-Vis-NIR spectral studies

The UV-Vis absorption spectrum of 25%BVZ in Fig. 3.7a illustrated an intense broad
absorption band from 300-500 nm range. It is a combination spectrum of its constituent species
BiVO4 and ZnO, which supports that both the constituents were present without any chemical
modifications in the synthesized complex pigment. The absorption at 395-500 nm is the
characteristic absorption of BiVO, attributed to the charge transfer transition from valence
band formed by the complex orbitals Bigs and Oz to the conduction band Vg orbital®,
Similarly, the = — ©” electronic transitions in ZnO from the valence band to the conduction
band (Ozp — Znaa) is responsible for the absorption at 350 nm* 2426, The 25%BVZ exhibited
a blue shift in the absorption spectrum when compared to pure BiVOs. Consequently, the
calculated bandgap using the Tauc plot was increased from 2.5 to 2.6 eV, Fig. 3.7b. Therefore,
pigment began to reflect the green region in the visible spectrum and hence the a” was shifted
from positive to negative axis. It strictly confined the absorption spectrum within the violet-

blue region, resulting in a pure and bright greenish yellow pigment.
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Fig. 3.7. (a) Absorption spectra and (b) Tauc plot of 25%BVZ

The blue shift in absorption spectrum was associated with the electronic modification in
BiVOs moiety. It was confirmed from the XPS results shown in Fig. 3.8. Presence of
constituent elements Bi, V, Zn and O were identified in the survey spectrum. The high
resolution O1s, V2p spectra exhibited a positive shift in binding energy, whereas the Bi4f
spectrum shown a negative shift?’. The positive shift indicates the reduction in electron density,
and vice versa. The change in electron density of valence and conduction band thus enhanced
the bandgap, leading to the blue shift in absorption spectrum. In addition, the result also
substantiated that the BiVVO4 nanocrystals are successfully anchored on top of ZnO substrate in

the complex pigment.

98



Chapter 3

' o1
1500004 @ s (b) ¥ s
- < [
£120000 - o Lo
= - (.
z s| 25% BVZ L
E 90000+ & = S
Z 60000+ g
2 =
= 30000~
0
L} L} L} L} L} v L) L L) L] L) L)
0 200 400 600 800 1000 526 528 530 532 534 536
Binding energy (eV) Binding energy (eV)
¥ i 11 Bidf
(©) 5162 eV Vip (d)  1586eY 1639 Vil

| |
[N] 1
Lt ' i
’A. =‘ (] i
S |25% BVZ .| 25% BV . &
. “ 1 11
G = ] o
3\ z} [ i
= ‘@7 ' 11
z 164,
: '
z -
-

510 513 516 519 522 525 1S3 156 159 162 165
Binding energy (eV) Binding energy (eV)

Fig. 3.8. (a) XPS survey spectrum of 25%BVZ, comparison in high resolution XPS spectra of
(b) O1s, (c) V2p and (d) Bi4f of BiVO4 and 25%BVZ

3.4.5. Reflectance analysis

The synthesized complex pigment exhibited a substantial enhancement in the reflectance
profile compared to that of pure BiVOs, Fig. 3.9. NIR reflectance and NIR solar reflectance
(R”) of 25%BVZ was found to be 98% and 90%, Table 3.2, respectively. The peculiar particle
morphology allowed enough room for the infrared rays to get reflected from both BiVO4 and
ZnO surfaces. Therefore, the synergy of BiVO4 and highly reflective ZnO brought considerable
improvement in the NIR reflectance property of complex pigment, transforming it into an
exciting ‘cool’ roof pigment. The mixed pigment also had an excellent reflectance profile
because of the presence of BiVO4 and ZnO in the composition. However, due to the lack of

morphological benefit, its colour strength is relatively poor.
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Fig. 3.9. (a) Reflectance and (b) NIR solar reflectance spectra of 25%BVZ
3.4.6. Chemical stability
Before application studies, stability of 25%BVZ complex pigment was ensured in
aqueous, acid and base mediaZ®. The obtained colour parameters before and after the chemical
treatment enumerated in Table 3.3. The difference in colour values between the treated and
untreated sample stayed well within the industrial limit, AE s < 1 unit?®®3!, Hence, it was
confirmed that the BiVOs nanocrystals anchored ZnO is intact in aggressive media, thus

chemically stable.

Table 3.3. CIE colour coordinates of 25%BVZ after chemical treatment

Sample pH L” a’ b* oy h’ A E"ab

25%BVZ - 9153 -6.28 76.45 76.78 94.78 -
Water 6.6 9145 -599 76.22 76.45 95.01 0.38
HNO3 3.0 9110 -6.08 7585 76.09 94.93 0.76
NaOH 105 9096 -595 76.01 76.24 95.02 0.79

3.4.7. Coating studies

The complex pigment coatings were developed on concrete block and Al sheet. NIR solar
reflectance spectra of the bare and pigment coated substrates were displayed in Fig. 3.10.
Photographs of the coatings were shown in the inset of respective solar reflectance graphs.
Results suggests that colour strength and saturation of both the coatings are excellent, almost

overlaps with that of pigment powder. Moreover, the pigment coatings are highly NIR solar
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reflective in nature even though the binder inclusion slightly reduced its reflectance, Table 3.4,

which demonstrates the quality of the synthesized complex pigment.

Table 3.4. Colour coordinates and reflectance of pigment coatings

* * * * 0 N I R a.t R*
Sample L a b C h 1100 nm (%) (%)
25%BVZ 9153 -6.28 76.45 76.78 94.78 98 90
Concrete 85.74 -3.97 76.97 77.07 96.62 77 75
Al sheet 8193 -764 70.09 7051 93.37 73 70

<100 (a) Bare concrete 1004 (b) Bare Al sheet

25% BVZ coated concrete 25% BVZ coated Al sheet
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Fig. 3.10. NIR solar reflectance spectra of 25%BVZ coated (a) concrete block and (b) Al

sheet, along with their bare surfaces (photographs of the coatings shown in inset)

3.4.8. Thermal shielding analysis

Thermal shielding performance of 25%BVZ coating was compared with commercial
yellow coating via experimental setup shown in Fig. 2B.1. The coating thickness determined
from the optical images was found to be 200-250 pum. The one-hour experiment reveals that
the interior and coating surface temperatures rise dramatically during the first ten minutes.
Then it was slowed and stabilized in the next 30 minutes, Fig. 3.11. A significant reduction
was recorded in the temperature buildup of 25%BVZ coating with respect to commercial
coating. The estimated interior temperature difference and the coated surface temperature
determined from thermal images was ~ 7 °C, Fig. 3.12. Both the results establishes that
25%BVZ is an exceptional ‘cool’ pigment with a promising ability to reduce the heat buildup

inside the buildings. The overall results confirmed that the new complex pigment 25%BVZ
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can be an excellent alternative to BiVO4 yellow pigment since it retained the general properties
of the core pigment with a substantial reduction in material cost.
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Fig. 3.11. (a) Interior and (b) coating surface temperature profile comparison of 25%BVZ

and commercial yellow coatings

Fig. 3.12. Photographs of (a) commercial yellow and (i) 25%BVZ coatings on Al sheet,
thermal images of (b-h) commercial yellow and (j-p) 25%BVZ coatings
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3.5. Conclusions

BiVO4 based complex pigment was successfully synthesized by using commercially
available inexpensive WP, such as ZnO/ Al,Os/ SiO2/ TiO2 as a supporting substrate through
the citrate-gel method. The X-ray diffraction analysis ensured the complex pigment formation,
in which 25%BVZ was found to be the best composition with colour strength equivalent to
pure BiVOs. Morphological investigation of 25%BVZ via HRTEM revealed that 2-5 nm size
BiVO4 nanocrystals are decorated on ~25 nm ZnO particles to form the complex pigment. The
unique morphology rendered excellent colour strength for the complex pigment even with 75
wt% reduction in BiVO4 concentration. The synergy of ZnO with BiVO4was highly promising
in enhancing the solar reflectance of the pigment from 76 to 90%. The thermal shielding
experiment displayed 7 °C reduction in interior and surface temperature for 25%BVZ compared
to commercial yellow paint coating. The results demonstrated the development of a new cost-

effective complex pigment as an alternative to expensive BiVOs yellow.
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Transformation of ZnFe;O4 brown towards a versatile
pigment for energy efficient buildings



Chapter 4
4.1. Abstract

The present work demonstrates a multifunctional brown inorganic ferrite pigment series
that is free of highly toxic elements via the solid-state ceramic method. The partial replacement
of chromophore Fe3* by AI** in the pigment composition ZnFe19Alo104 induced structural
distortion in its octahedral geometry, causing compressive stress inside the crystal unit cell.
Even 5 mol% of AI** incorporation could promote the pigment reflectance profile 25 units
higher than the parent system, especially with significant colour improvement. The acrylic
coating of the pigment on Al sheet and concrete was equally well in displaying good colour
strength and reflectance property. A significant temperature reduction (~2.5 °C) was obtained
for ZnFe1.9Al0.104 coating compared to ZnFe>Os. The pigment outperformed commercial toxic
anticorrosive pigments, chromates and phosphates with an outstanding Ret = 4.1x10° Qcm?.
The stability of 20 wt% pigment loaded epoxy coating on steel activates through the combined
action of Zn(OH), and FeOOH film mechanism. Since the pigment exhibits intense colour,
high NIR solar reflectance and robust corrosion resistance properties, it is indispensable to

employ it as a high-performance multifunctional pigment.

4.2. Introduction

Inorganic dark pigments are favoured over light pigments owing to their aesthetics and
ease of maintenance. In fact, it is more beneficial because different colour shades can be
achieved in convenience by dilution. Spinel ferrites are an exciting class of non-toxic dark
inorganic colourants that exhibit high thermal and chemical stability’. Mostly, variations of
black and brown colours are available in ferrite pigments® . Charge transfer transition from
0% to Fe®* results in broad absorption in the visible spectrum, derived its attractive colour
tones* °. However, subsequent ligand field transitions at NIR region made it a strong solar heat
recipient, which brings the urban heat island effect into action® °. As a result, considerable

effort has been made in the last few decades to enhance the NIR reflectivity of ferrite pigments?
7-9

Brown is a customary colour choice for roofs and exterior wall coatings. In this regard,
ZnFe>Oq4 is a highly recommended inexpensive ferrite pigment free of toxic elements. Several
innovations have been tried on this ceramic pigment to address NIR reflectivity issues, with
the majority of them compromising its colour intensity while achieving their target. Liu et al.,
attempted to incorporate Mg?* at the Zn?* site of ZnFe,Os, obtaining 58% R” for the compound

Zno.sMgo.4Fe204°. The report by Suwan et al., on Ni-doped ZnFe;Os, with the composition
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Zno.oNio.1Fe,04, demonstrated significantly better R* ~ 63%?!!. Unfortunately, the colour
parameters for all of these compositions have deteriorated as compared to the parent ferrite.
Elakkiya et al., made a similar effort synthesizing ZnAlo 7sFeo2Ceo.0204, With a very high R”
80%, however the colour was found to be rather faint brown'2. Surprisingly, the majority of
these studies chose to partially replace the Zn?* site of ZnFe,O4 with different metal ions. At
the same time, it was evident from the spectral features that transitions in Fe3* are responsible
for the low reflectance of ferrites in the NIR region®. Hence, it would be perfect to modify the
Fe®* site of ZnFe,04 to improve the NIR reflectance without affecting colour.

To develop a stable NIR reflective coating on a metallic roofing sheet under oscillating
aggressive climatic conditions, the pigment must also be corrosion resistant. Fortunately,
ZnFe204 is known for its outstanding anticorrosive property; however, beyond preliminary
studies, comprehensive research on the pigment in coatings is limited'>8, Thus, it will be a
massive transformation for ZnFe;O4 to enhance NIR reflectivity alongside exploiting its

anticorrosive property to develop a sustainable cool coating.

Herein, by replacing the Fe3* site of ZnFe,Os with different metal ions, a rational
approach was followed to improve the reflectance profile of ZnFe>O4 in the NIR region without
losing colour strength. The best composition from the synthesized compounds was chosen and
studied for structural and optical properties. Further, its corrosion resistance behaviour was
evaluated. The colour, reflectance, stability and temperature shielding performance of the
prepared acrylic coatings were commendable. Therefore, the present work provides a new
insight to overcome the drawbacks of ZnFe,O4, simultaneously exploiting its multifunctional

properties to escalate the market value.

4.3. Experimental section

4.3.1. Materials and methods

Solid-state method was used for ZnFe; oMo 104 (M = A", Si**, Ti**, La®** and Y3*) and
ZnFeixAlxO4 (0 < x < 0.8) pigment synthesis. Extra pure ZnO (99.9%), Fe203 (99%), Al,O3
(99%), SiO2 (99.5%), TiO2 (99%), La203 (99.9%) and Y203 (99.99%) were purchased from
Merck. Stoichiometric amounts of precursors mixed homogeneously by 3 h grinding in ethanol
medium and calcined at 1100 °C for 4 h in air atmosphere. An acrylic coating of ZnFe;.9Alp.104
pigment was prepared on concrete and Al sheet. Thermal shielding ability of the coating was
analyzed and compared with commercial brown pigment coating, as described in Experimental

section, Chapter 2B!'*?°. Thickness of all the prepared coatings were measured from optical
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images. The pigment ZnFei9Alo.104 was analyzed for anticorrosive property by developing
epoxy coatings on steel, loaded with respective pigment powder, as described in Experimental

section, Chapter 2B.

4.3.2. Characterization techniques

Phase purity and crystal structure determination of the prepared pigment series was done
by PXRD analysis (details given in Chapter 2A). Morphology and particle size distribution
were identified through SEM and HRTEM analysis. Composition analysis and particle size
measurements were carried out using EDS and DLS techniques, respectively. Optical studies
were performed using UV-Vis-NIR Spectrophotometer (details given in Chapter 2A). The
pigment acrylic coating thickness was measured using Optical microscope and epoxy coating
thickness was measured using Profilometer. The anticorrosive analysis of the pigments were
done through a multichannel potentiostat (Autolab) and respective corrosion mechanism was

identified from XPS analysis (details given in Chapter 2B).
4.4. Results and discussion

4.4.1. Synthesis of ZnFe>.xMxO4 pigment series and structural studies

Metal ions such as AIP*, Si**, Ti**, La®" and Y3* have been introduced at the Fe®* site of
ZnFe204, anticipating an improvement in NIR reflectance without colour deterioration. The
criteria for selecting these metal ions as dopants were such that they were all excellent
candidates for providing high NIR reflectance®?*. Fig. 4.1a illustrates the powder XRD results
of all doped samples, including the base compound ZnFe,04. Except for La®** and Y** doped
ferrites, PXRD patterns showed the formation of a highly crystalline single-phase compound
that matched the parent system ZnFe>O4. Major peaks were well indexed to a cubic structure
using JCPDS 022-1012. The ionic radii of Fe3*, Si**, A", Ti**, Y3* and La** are 0.645, 0.4,
0.535, 0.605, 0.9 and 1.032 A, respectively®. Since, Si**, AI**, Ti** ions are smaller than Fe%*
ion, they have successfully replaced Fe®* ion in the crystal lattice and developed phase pure
compounds?. Because of the substantially greater ionic size of La®" and Y?*, the extent of
doping was relatively low, leading to the formation of impurity phases LaFeO3 (JCPDS 075-
0541) and YFeOs (JCPDS 073-1345), respectively, (marked *). When smaller ions replace the
larger ions, the unit cell experiences a reduction in dimensions and volume, resulting in a higher
angle shift in X-ray diffraction patterns and vice versa?’. As expected, Si**, A", Ti** doping
resulted in a decrease in cell parameter, volume (Table 4.1) and a shift in XRD patterns (Fig.

4.1b) although no significant variations are observed for La®* and Y** doping. This can also

110



Chapter 4

substantiate the inconsistency of substitution due to ionic radii mismatch between host and

guest ions.
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Fig. 4.1. (a) PXRD patterns and (b) peak shift in PXRD patterns of ZnFe,-xMxOs (M = AI**,
Si**, Ti**, La® and Y3*)

Table 4.1. Cell parameters of synthesized ferrite pigments

Sample aﬁ'gtrggteer Volume Crystallite  Strain E)lli::iiati(g;]
" i (A)  sizeD(m) @)X o inem?

ZnFez04 8.4430 601.8529 139.52 1.48 5.13
ZnFe19Alo104 8.4371  600.5920 139.51 1.48 5.13
ZnFe1.9Sio104 8.4366  600.4852 116.28 1.85 7.39
ZnFe19Ti0.104 8.4405 601.3184 145.36 1.49 4.73
ZnFe19La0.104 8.4436 601.9812 145.27 1.48 4.73
ZnFei19Y0.104 8.4443 602.1309 96.83 2.22 10.66
ZnFe18Alo 204 8.4330  599.7169 111.62 1.85 8.03
ZnFe16Al0.404 8.4144 595.7574 93.04 2.23 11.55
ZnFe1.4Alo604 8.4052 593.8054 79.75 2.60 15.72
ZnFe1.2Alo804 8.3799  588.4594 62.05 3.34 25.97

NIR reflectance analysis of the prepared pigment samples were performed and the
obtained spectra are displayed in Fig. 4.2a. All the compounds have exhibited a substantial
enhancement in the reflectance profile, because of potential metal ion substituents in the host
lattice. Simultaneously, it is essential to investigate the colour strength of the synthesized

pigments, photographs exhibited in Fig. 4.2b. Because, introducing such metal ions can
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seriously dilute brown colour of ZnFe>O4 pigment, which will be detrimental to its quality. In
terms of colour and reflectance, AI®* appeared to be the best choice among phase pure
substituted pigments when compared to the other compounds (Table 4.2). The pigment
ZnFe1.9Alo104 provided rich brown hue, a combination of strong red with feeble yellow, with
colour parameters a” = 25 and b” = 31. Moreover, a hue angle closer to 45° falls in the reddish
brown region with a superior colour saturation C* ~ 40, further validating its selection.
Subsequently, ZnFe>xAlxOs pigment series was developed, emphasizing colour and

reflectance properties, and an optimum composition was chosen.

100 (a) (b)
_ 804
X
o 604
g ZnFeZO4 ) .
£ 40- ZnFe, Al O, ZnFe,0, ZnFe;4Al) Oy  ZnFe,,Siy;0,
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ZnFemY(“OJ
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Fig. 4.2. (a) NIR reflectance spectra and (b) photographs of ZnFe,.«MxO4 (M = A", Si**,
Ti**, La® and Y3
The PXRD patterns of synthesized pigment series ZnFezxAlxOs (0 < x <0.8) was shown
in Fig. 4.3a. The diffraction peaks up to 60 mol% doping, are well matched to the parent cubic
ZnFe>O4 with a spinel structure and indexed using JCPDS 022-1012. Beyond which, AlFeOs
(JCPDS 08-2154) observed as an impurity phase (marked *).
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Table 4.2. Colour and reflectance values of ZnFe>xMxO4 (M = AP, Si**, Ti**, La®* and Y3*)

Ssample L~ a b o (5:)
ZnFe,0s | 3893 2246 2505 3364 4811 25 34
ZnFeioAlo:Os | 4654 2505 31.01 39.86 5106 50 58
ZnFeioSioiOs | 45.14 2534 3424 4260 5349 43 51
ZnFeioTioiOs | 39.54 2223 2098 3057 4333 34 41
ZnFeislaoiOs | 37.72 2159 19.37 29.00 4189 40 44
ZnFeioYoiOs | 42.86 2301 2362 3298 4574 42 48
ZnFeisAlo20s | 46.82 2428 3008 38.66 5109 48 56
ZnFeicAlosOs | 47.08 2279 3022 3583 5298 51 59
ZnFersAlogOs | 5121 22.65 31.96 3917 5467 53 61
ZnFeisAlosOs | 5327 21.38 31.66 3820 5596 53 61

In comparison to the parent system, the addition of AI®* ions generated a shift in
diffraction peaks to higher diffraction angle. For example, Fig. 4.3b illustrates the shift of
PXRD peaks corresponding to (220) and (311) Miller planes. It suggests that a larger fraction
of AI** was able to successfully replace Fe®* in ZnFe,04%. However, when smaller AI** (0.535
A) incorporated at larger Fe®* (0.645 A) site of ZnFe2O4 crystal, a lattice strain was developed
into the system?. As dopant concentration increased, so did the induced lattice distortion, the
lattice periodicity and crystal symmetry tend to decrease. It was identified from the PXRD
patterns, which exhibited a shift in Bragg reflections, depletion in peak intensity and peak
broadening, Fig. 4.3b°. The calculated lattice parameter and unit cell volume from PXRD
patterns also accounts for the developed compressive strain in the ZnFe2O4 unit cell. Both cell
parameter and cell volume decreased steadily as AI** concentration increased, Table 4.1. The
average crystallite size, calculated by Scherrer equation, D = KA cos 6, was declined from
139.5 to 62 nm, because, AI** incorporation increases the nucleation rate which restricts the
crystal growth?®. Further, the induced lattice strain (g) and dislocation density (5) were
calculated using the formula, € = B cos 6/4 and § = 1/D?, respectively*® L. Both of these factors
demonstrated the strain and defects exerted by the dopant ion on the parent crystal lattice, which
began to increase with AI** content.
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Fig. 4.3. (a) PXRD and (b) peak shift in PXRD of ZnFe1-xAlxO4 (0 < x < 0.8)

The crystal structure modification due to AI** doping was understood through Rietveld
refinement analysis of the composition ZnFe1.0Alo.104. The refined XRD pattern with Rp factor
3.6%, and corresponding crystal structure were shown in Fig. 4.4, and the obtained
crystallographic data was tabulated in Table 4.3. Calculated bond length and bond angle
revealed that Zn?* and Fe3* exists in a nearly perfect tetrahedral and octahedral geometries,
respectively, in the ZnFe,O4 structure. However, after AI** substitution, Fe-O bond length in
FeOe structure was significantly reduced. This created a compression in the FeOe octahedra
resulting in a structural distortion, Fig. 4.4¢. This reduction in bond length eventually became

the root cause of the compressive strain throughout the ZnFe; 9Alo.104 crystal structure.
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Fig. 4.4. (a) Rietveld refined XRD pattern and (b) crystal structure of ZnFe1.9Alo104, (c) bond

length variation in FeOs octahedron after AI** doping

Table 4.3. Crystallographic data and structural parameters of ZnFe1.9Alo.104

X y z Occupancy

Fel 0250 0.250 0.1250  0.621 _
G |2l 01250 01250 01250 0379 5 - geg O1-Zn2-01 = 109.47(19)
& | Fe2 05000 05000 05000 0689 O1-Fe2-01 = 91.64(11)
S [ 2Zn2 05000 05000 05000  0.311 ' O1-Fe2-O1 = 88.36(11)

Ol 02535 0.2535 0.2535 _ 1.000

Fel 0.250 0.1250 0.1250  0.621
G |2Zn1 01250 01250 0.250  0.379 01-2n2-O1 = 109.4712(0)
< | Fez 05000 05000 05000 0620  ZN-O=189083 L o0
2| zn2 05000 05000 05000 0311  Fe-0=205585 '
L | O1 02551 0.2551 0.2551 1.000 O1-Fe2-O1 = 87.5902(0)
™| AlL 05000 05000 05000  0.069
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4.4.2. Morphology and particle size analysis

The SEM images of ZnFe204and ZnFe1 9Alo.104 pigment samples were illustrated in Fig.
4.5a, d. Both micrographs show particles of irregular morphology with little agglomeration.
The ZnFe,04 possess smooth surface particles, whereas AI®* doping resulted in slightly rough
surface particles. In addition, the observed microparticles were nearly uniform in size with
relatively narrow size distribution. ZnF,O4exhibited a size distribution of 0.9-1.8 um, whereas,
comparably smaller particles with narrower size distribution 0.2-1 pm, was noted for
ZnFe19Alo104, Fig. 4.5b, e. The EDS analysis confirmed the presence of constituent elements
Zn, Fe, Al and O. Further, the elemental compositions of ZnFe;Os and ZnFe19Alp.104

determined by EDS analysis showed close agreement with calculated values, Fig. 4.5c¢, f inset.
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Fig. 4.5. (a, d) SEM images, (b, €) DLS curves, (c, f) SEM-EDS of ZnFe,04 and
ZnFe1.9Al0.104, respectively

Morphology and size distribution from TEM images, shown in Fig. 4.6a, d, were
consistent with SEM results. ZnFe>O4 displayed a broad particle size distribution, meanwhile
it was narrowed down after AI** doping, Fig. 4.6b, e. In addition, average particle size was also
reduced after the doping process, from ~1 to 0.5 um. The HRTEM images in Fig. 4.6c, f,
displayed the highly ordered lattice fringes. The d-spacing measured for the lattice planes
(220), (311) and (400) of ZnFe19Alo104, was found to be smaller than that of ZnFeOa. It
validated the unit cell shrinkage observed in the ZnFe19Alo104 lattice as a result of AP
substitution. Because the dopant insertion disrupted the host crystal lattice, the particle growth

was affected, giving rise to smaller particles.
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Fig. 4.6. (a, d) TEM images, (b, e) particle size distribution curves, and (c, f) HRTEM images
of ZnFe>04 and ZnFe19Alo.104, respectively

4.4.3. Optical and chromatic properties

Optical properties of the pigment series ZnFezxAlxO4 (0 < x < 0.8) were investigated by
UV-Vis-NIR absorption spectroscopy. The resulting absorption spectra in Fig. 4.7a, displayed
three major absorptions at 200-655 nm, 685-935 and 988-1417 nm region. The intense broad
peak at 200-655 nm is a combination of two absorption bands having Amax at 293 and 423 nm.
The absorption lies in UV region correspond to the charge transfer transitions involving Zn?*
orbitals®. Further, strong absorption at high energy part of the visible spectrum was originated
from Oz, — Fesq charge transfer transition, Fig. 4.7b > 3234 Starting from the UV region, the
absorption edge extended to orange colour in the visible spectrum, leaving the entire low
energy red rays to get reflected. The remaining absorptions at 785 and 1182 nm were attributed
to intra-atomic d-d transitions in Fe**. However, according to Tanabe-Sugano diagram, all the
d-d transitions from Fe3* high-spin d® electronic configuration in an octahedral field are both
spin and Laporte forbidden. Hence, intensity of these absorptions is found to be very low in
comparison to the charge transfer transition. The forbidden transitions correspond to the peaks
at 785 and 1182 nm are 6A;g — “T1g and ®A1q — *Tog, respectively > 3234,
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Fig. 4.7. (a) UV-Vis-NIR absorption spectra, (b) schematic representation of charge transfer
transition and (c) photographs of ZnFe;xAlxOs (0 < x < 0.8)

When AI®* replaced Fe®*, intensity of the absorption profile reduced due to a drop in
chromophore concentration and the colour dilution effect caused by the dopant. Further
detailed analysis revealed that compared to 293 nm peak, the absorption associated with Fe®*
(423, 785 and 1182 nm) exhibited a significant intensity drop. Apart from which, the absorption
due to charge transfer transition in chromophore was slightly blue shifted with increase in Al

substitution. It must be related to the structural strain imposed during the doping process.
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Table 4.4. Colour comparison of ZnFe1.9Alo.104 with literature reports

Sample L" a’ b* R" (%) Ref.
LaFeo9Alo.103 63.16 13.87 27.58 - o
Zno.sMgo.1Fe204 48.06 14.16 9.91 51 1o
Zno.oNig.1Fe204 31.75 18.43 12.18 61 1
5 wt% Pr doped ZnFeoOs | 39.7 261 259  60.1 34
Zno.7Nio3Fe204 43 17 20 - %
MgFe204 4519 20.26 26.74 - 36
ZnFex04 37.34 15.04 11.67 - 36
BiFeOs/mica titania 5342 1587 21.06 57.3 37
Bio.sLao2FeOs 4235 17.96 22.13 - 38
Lao3Bio3sThossYOs 55.34 1492 23.14 78.7 39
Bio.g5Sro.15Fe03 4557 20.38 26.23 - 40
Cuo.9Mno 1Al204 50.14 1154 13.08 - 4
La>Ce1.8Pro.207 5429 16.16 19.18 84 42
Ce:Pr:Fe-2:0.2:0.1 41.03 18.89 17.13 82.7 43
SrYosCe1204 428 19.7 365 - 44
BasZnosMn1 sFezsOe0 27.81 21.11 9.67 - 45
ZnFe1.9Al0104 46.54 25.05 31.01 58 Present study

The CIE 1976 L"a"b" colour parameters of the pigment series was summarized in Table
4.2. The combination of parameters a” (red) and b” (yellow) determined the intense brown
colour of the pigment series, Fig. 4.7c. This observation was reinforced by hue angles closer
to 45-50° and high colour saturation. The brown colour intensity tend to decrease with increase
in amount of AI** added, as indicated by the increase in L™ from 38 to 53. For ZnFe1.9Al104,
a and b” increased in proportion to the base compound, resulting in improved colour strength.
Later, a” and b” tend to decrease and increase, respectively, implying a drop in red tinge along
with the rise in yellow. Fortunately, it did not end up in a colour change in the pigment series,
rather than a gradual fading of brown tone.

4.4.4. Reflectance properties
Inorganic brown is a customary choice for buildings and roofs. But, being very dark
shade, attaining a high NIR reflectance for brown pigment is always challenging. In an attempt

to overcome this limitation, the new inorganic brown pigment series ZnFez.xAlxO4 (0 <x <0.8)
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was prepared. The NIR and NIR solar reflectance spectra of the pigment series was displayed
in Fig. 4.8a, b. The base compound recorded 25 and 34%, NIR and NIR solar reflectance,
respectively. When AI®* replaced Fe3*, a substantial improvement in the reflectance profile of
the pigment series was monitored. It was able to increase the reflectance value R* up to 61%
while maintaining the phase purity. The two forbidden transitions of Fe** in the NIR region are
accountable for the low reflectance of ZnFe2Oa4. Intensity of these absorptions was marginally
lowered by replacing Fe** with AI**, which resulted in an improvement in reflectance profile.
Since colour strength is slightly fading with addition of AI**, ZnFe19Alo104 was chosen as the
best composition in the pigment series. An enhancement in reflectance from 34 to 58% without
losing the intense brown colour established the pigment ZnFe1.9Alo104 as an efficient ‘cool’

roof pigment for exterior coatings.
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Fig. 4.8. (a) NIR reflectance, (b) NIR solar reflectance spectra of ZnFe,xAlxO4 (0 < x <0.8)

Generally, a deep brown colour was defined as a“ and b* nearly in 1:1 ratio with L < 50.
However, too low or too high L™ will affect the reflectance or colour strength of the pigment,
respectively. As a result, high magnitude a“ and b”, L™ just below 50 will be ideal for an intense
brown tone. Comparative colour analyses with some of the reported pigments were shown in
Table 4.4,%11 3% Because of the high magnitude colour co-ordinates of suitably maintained
proportion, ZnFe1.9Alo.104 is undoubtedly the best candidate over the other compositions. Most
of the pigments described in Table 4.4 obtained high reflectance by sacrificing colour strength.
Unlike others, ZnFe19Alo104 was able to achieve a comparatively high R* = 58% with no

colour fade.
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4.4.5. Applications
The stability of the synthesized pigment was analyzed in different aggressive media, such
as acid, base, and water. A pre-weighed pigment sample was vigorously stirred for 1 h in
different media, subsequently dried, weighed and measured the colour property, Table 4.5.
There was no significant colour difference between the pre-treated and treated samples, and

the estimated AE " did not deviate from unity. Hence, the pigment stability has been validated
46, 47

Table 4.5. Colour coordinates of ZnFe1.9Alo.104 after acid/alkali treatment

Sample pH L” a’ b* o h’ AE"ab
ZnFe1.9Al0.104 - 4654 2505 31.01 39.86 51.06 -
Water 6.6 4651 2496 3094 39.75 5111 0.12
HNO3 3.0 4579 2439 3055 39.09 5139 1.09
NaOH 105 4592 2421 30.71 3911 51.74 1.08
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Fig. 4.9. Comparison in NIR solar reflectance spectra of ZnFe1.9Alo.104 coatings on (a)
concrete block and (b) Al sheet with their bare surfaces

Colour deliverability is another issue for most inorganic pigments, thus it was established
through developing coatings on conventional building substrates. The pigment emulsion was
brush coated over concrete block and Al sheet, which were then dried and analyzed for colour
and reflectance properties. Obtained results were tabulated in Table 4.6 and solar reflectance
graphs were illustrated in Fig. 4.9a, b. Dark colours, in general, suffer from severe colour
deterioration while coating. But, in the case of ZnFe19Alo104, the coatings seemed brighter

than the pigment powder, as evidenced by an increase in L". Furthermore, calculated colour
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parameters and solar reflectance revealed no substantial decline in colour strength or
reflectance. Thus, it is unquestionably an outstanding choice as a replacement for the current
brown pigment in the market.

Table 4.6. Colour coordinates and reflectance of pigment coatings

Sample L” a” b* o h’ gllli)gz "% (;)
ZnFe19Alg104 | 4654 25.05 31.01 3986 51.06 50 58

Concrete 57.75 2050 32.67 3856 57.89 44 50

Al sheet 49.71 2141 3179 38.33 56.04 42 52

4.4.6. Temperature shielding performance

The improved reflectance property of ZnFe1.9Alo.104 over ZnFe>Oa, enforced to carry out
the temperature shielding experiment. The pigment coatings with thickness 0f 200-250 um was
employed for roofing foam boxes. The temperature against time plot for the experiment
exhibited an abrupt rise in interior temperature during the initial 20 minutes followed by
stabilization, Fig 4.10a, b. Apparently due to immediate IR absorption and heat transfer to the
interior at the beginning and subsequent equilibration of the process. After 1 h of experiment

it was delighted to observe nearly 2.5 °C drop in temperature beneath the ZnFe1 9Alo.104 coated

roof.
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Fig. 4.10. Comparison in (a) interior temperature and (b) surface temperature build up
between ZnFe>O4 and ZnFe;.9Alo.104 coatings roofed foam box
A very similar trend was observed in the case of surface temperature build-up. Thermal

images of the coating surfaces were illustrated in Fig. 4.11. The temperature versus time plot
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in Fig. 4.10b, showed ~2.5 °C reduction in temperature on ZnFe1.9Alo.104 coating surface when
compared to ZnFe;O4. Overall, ZnFe1.90Al0104 coating is extremely beneficial in reducing the

heat generation caused by NIR rays. Therefore, switching from traditional brown to new cool

brown coating can have a great impact on energy conservation in large constructions.

;

Fig. 4.11. Photographs of (a) commercial brown and (i) ZnFe1.9Alo.1O4 coatings on Al sheet,
thermal images of (b-h) commercial brown and (j-p) ZnFe1.9Alo.104 coatings

4.4.7. Anticorrosive studies

The corrosion resistance feature of the coating material has a significant impact on the
stability of metal coatings. Unlike traditional duplex coating, which uses a reflective layer over
an anticorrosive base, a single layer anticorrosive cool coating can substantially conserve
energy, money and time. This motivated a thorough investigation of the anticorrosive property
of the developed ZnFe19Alo.104 brown inorganic pigment. Herein, the corrosion resistance of
ZnFe19Al0.104 was investigated on steel in marine medium. Epoxy coatings of thickness ~12
pum have been prepared with different pigment loadings (5, 10, 15, 20 and 25 wt%). Further,
EIS experiments have been performed and respective Nyquist plots of bare epoxy and pigment
incorporated epoxy coatings on steel in 3.5 wt% NaCl were shown in Fig. 4.12.
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Fig. 4.12. Nyquist plots of (a, b) 5 and 25 wt% (EEC in inset), (c, d) 10 and 15 wt% and (e, f)
20 wt% ZnFe204 and ZnFe1.9Alo.104 loaded epoxy coatings, respectively
The electrical equivalent circuit (EEC) used to fit all the impedance spectra of ZnFe04
and ZnFe19Alo104 epoxy coatings are [Reoar (Qcoat + Qi Ret)] shown inset of Fig. 4.12a, b.
The electrochemical parameters from impedance fitting were tabulated in Table 4.7.
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Table 4.7. EIS parameters from Nyquist plots

Pigment EIS parameters
Sample I?V?I?oi/r;)g Rooat Quoat Rt Qal
(Qem?)  (UFcm?) (Qem?)  (UFcm?)
5 2.6x10° 0.18 6.2x10° 0.004
S 10 1.3x10° 0.34 3.1x107  0.002
@ 15 1.8x10° 0.02 8.1x107 0.002
N 20 6.7x10* 0.008 1.9x10°  0.008
25 1.6x10° 0.31 3.2x10%  0.006
5 2.8x10° 0.14 2.8x108 0.03
O; 10 2.1x107 0.016  6.8x10"  0.004
< 15 13x107 006  14x10°  0.011
% 20 0.8x107 0005  41x10°  0.002
25 2.2x10° 0.23 7.4x108 0.03

The incorporation of pigment powder resulted in a substantial improvement in epoxy
coat resistance on metal surface, of the order of 10° to 107 Qcm?. This suggests that the material
has the potential to be used as an anticorrosive pigment. More information was gathered by
evaluating the obtained Rt values. Both the ZnFe>O4 and ZnFe1.9Alo.104 pigments exhibited a
similar trend in corrosion resistance, with the latter showing a slight improvement. The 5 wt%
pigment loading gave rise to a one order increase in Rt from 10° to 10° Qecm?. Further increase
in loading up to 20 wt% demonstrated a consistent one order improvement in corrosion
resistance. At 20 wt% loading, ZnFe2O4 and ZnFe1.9Alp104 had maximum Re = 1.9x10° and
4.1x10° Qcm?, respectively, which dropped down to 10° Qcm? at 25 wt%. The key conclusion
from EIS results, is that synthesized ferrite pigments exhibit outstanding resistance against mild
steel corrosion in marine medium. In addition, the trend in resistance value revealed a resistive

mechanism that works best at 20 wt% loading.
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Fig. 4.13. (a) Bode plot of continuous one-month electrochemical study of 20 wt%
ZnFe19Alo.104 loaded epoxy coating, (b) comparison in corrosion resistance of
ZnFe1.9Alo.104 with commercial anticorrosive pigments

Table 4.8. EIS parameters from continuous electrochemical analysis

Corrosion resistance (Qcm?)

Sample
1tday 5""day 10" day 15""day 20" day 25" day 30" day

ZnFe1oAlo10s | 4.1x10° 1.1x10%® 5.1x107 2.4x107 1.4x10" 1.1 x10" 1.1 x107

A one-month continuous electrochemical investigation on steel in marine environment
ensured the stability of 20 wt% pigment loaded coating. Table 4.8 summarized the findings,
while Fig. 4.13a depicted the Bode plot of the continuous analysis. From day 1 to day 10, the
resistance value depleted in the order of one, 10° to 108 Qcm?, then 108 to 107 Qcm?. However,
the resistance 10" Qcm? remained persistent until the last day of the experiment, establishing
stability of the anticorrosive coating. According to the literature, the stability of ferrite pigment
coating is subjected to the production of a barely soluble passive hydroxide film on the metal
surface during immersion in saline medium, which can operate as an inhibitive barrier and
prevent corrosion*®. Hence, XPS analysis was performed on the metal surface obtained after
the continuous electrochemical analysis, to determine the presence of hydroxide inhibitive
layer. Meanwhile, a comparative analysis in corrosion resistance of ZnFe9Alo.104 with zinc
and chromate based commercial anticorrosive pigments revealed to be quite promising, Fig.
4.13b. Though the critical pigment volume concentration is slightly on the higher side,
replacing harmful chromium ions from the material composition while maintaining R of the

same order is invaluable, (Table 4.9).
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Table 4.9. Corrosion resistance comparison with commercial pigments

Sample CPVC Els
(Wt%) | Rc(cm?) | Qai (UFcm™2)
Zinc chromate (ZnCrQOa) 15 8.5 x 10° 0.001
Zinc tetroxy chromate (ZnCrOa. 4 Zn(OH),) 10 4.8 x 10° 0.0015
Zinc phosphate (Zns(PO4)2) 20 2.2 x10° 0.002
ZnF19Al0104 20 4.1 x 10° 0.002

4.4.8. XPS surface analysis

XPS surface analysis of coat removed steel strip provided a clear idea on the compounds

formed beneath the pigment loaded epoxy coating. The presence of O, Zn, Fe, and Al elements

were detected in the survey spectrum, Fig. 4.14a. High resolution deconvoluted XPS spectra

of Ols, Zn2p and Fe2p were showed in Fig. 4.14b-d. In Ols spectrum, the binding energy

peak at 531.1 eV belongs to iron oxyhydroxide (FEOOH) and 532.5 eV peak attributed to

Zn(OH): species. The Zn2p and Fe2p spectra, Fig. 4.14¢, d, further confirmed the presence of
Zn(OH), and FeOOH with binding energy peaks at 1021.8 and 711.9 eV, respectively*’ *°.

Zn 2p)

(a) 40004 (b) O1s
300004 L
g ‘5 3500+
- (=]
20000+ )
i 230001
o =
é 10000 - «2 2500 4
E —_—
0- 20004
0 200 400 600 800 1000 528 531 534 537 540
Binding energy (eV) Binding energy (eV)
87004 (¢) J Zn2p 2500+ (d) Fe2p
- > 2450 -
‘g zpm ‘g
§ 8400 8 2400 -
z z
28100+ g 250
2 2
o= = 23004
7800 - 22504

L) L]
1020 1030

LJ L)
1040 1050

Binding energy (eV)

L] LJ L} L L) LJ L)
705 710 715 720 725 730 735
Binding energy (eV)

Fig. 4.14. XPS (a) survey spectrum, high resolution deconvoluted spectrum of (b) Ols, (¢)

Zn2p and (d) Fe2p of inhibitive film beneath the 20 wt% ZnFe;.9Alo.104 loaded epoxy coat

after continuous electrochemical analysis
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Based on XPS results the corrosion inhibition mechanism involved in the prepared ferrite
pigment loaded epoxy coating was explained as follows. The passive nature of the pigment
buried in epoxy matrix initially serves to prevent the elecrolyte from reaching the metal surface.
However, long-term interaction with NaCl solution triggers the resistive mechanism in the
pigment by creating an alkaline environment at the metal-electrolyte interface. That is the
hydroxyl ions generated at the cathode reacts with the metal ions in the ferrite pigment (Zn>*

and Fe*") to form corresponding metal hydroxides, (eq. 4.1-4.4).

Anodic oxidation : Fe — Fe*" + 2¢ 4.1)
Cathodic reduction : Oz + 2H20 + 4e — 40OH" 4.2)
Zn** + 20H  — Zn(OH)2  (slightly soluble) (4.3)
Fe’*+ 30H  — Fe(OH); — FeOOH (passive) (4.4)

The sparingly soluble zinc hydroxide complex formed in between pigment coating and
metal substrate inhibits corrosion reaction in chloride environment. This stable passivating
barrier contributed to the remarkable corrosion resistance of ZnFe1.9Alo.104. Furthermore, the
synthesized ferrite pigment protects the steel surface by producing an amorphous passive
FeOOH layer in combination with zinc hydroxide*® °1:52, Therefore, both Zn(OH), and FeOOH
production subsidize to the anticorrosive mechanism of ZnFei19Alo104, Fig. 4.15. This

qualifies it as an efficient candidate for protecting steel from marine corrosion.

Cl.

OH"

Electrolyte

Ferrite coating

Metal

Fig. 4.15. Anticorrosive mechanism in ZnFe1.9Alg104 epoxy coating
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4.5. Conclusions

A low-cost multifunctional brown inorganic pigment was synthesized based on AI®*
substituted ZnFe2Oa. The best composition, ZnFe1 9Alo.104, in the pigment series, ZnFez.xAlxO4
(0 < x < 0.8), exhibited colour co-ordinates, a“ = 25.05, b" = 31.01 and NIR reflectance R" =
58%, which is higher than the reported brown pigments. AI** substitution at the Fe3* site
brought reduced Fe-O bonds in FeOs octahedra, resulting in unit cell shrinkage, thereby lattice
distortion, and a decrease in crystallinity and crystal symmetry. The charge transfer transition
O2p — Fesq and d-d forbidden transitions in Fe** chromophore were responsible for the brown
colour of the pigment. Temperature reduction of approximately 2.5 °C was achieved for
ZnFe19Alo104 over ZnFe 04 coating, confirming the potential of the pigment as a cool
colourant. Under marine conditions, the anticorrosive performance (Rt = 4.1x10° Qcm?) of the
pigment was appreciably higher than the toxic chrome pigments with respectable stability. The
passivating Zn(OH). and FeOOH layers formed at the metal electrolyte interface deploy the
inhibitive mechanism involved in the pigment epoxy coating. Therefore, the new

multifunctional pigment could be an efficient replacement for commercial brown pigment.
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Chapter 5
5.1. Abstract

The present study illustrates the development of an environmentally benign, intense
orange inorganic pigment by substituting Si** metal ion at the Bi®* site of BisV2011 via the
solid-state method. The partial replacement of Si** induced a strain in the crystal lattice of the
compound, which resulted in a substantial improvement in the visible light reflectance. A
reduction in oxygen deficiency in the lattice structure facilitated the colour tuning of the
pigment series from brownish red to orange and then to yellowish orange. The composition
Bi3sSio2V2011+5 exhibited a bright orange hue with colour coordinates a“ = 39, b* =34 and L"
= 52. Furthermore, the NIR solar reflectance of the pigment was 86%, which is superior to the
reported and commercial orange pigments. Compared to commercial pigment coatings,
Bis.8Sio2V2011+s5 achieved a temperature reduction of 2 °C inside a foam model house. An
exceptional corrosion resistance of 1.6x10° Qcm? was registered by the pigment loaded epoxy
coating with good stability. The corrosion inhibition mechanism of the pigment operates
through the hand-in-hand working of passive Bi-O and Si-O, active FeOOH and vanadate
moiety. On the whole, the new multifunctional orange pigment has the potential to be a viable

replacement for the toxic commercial pigments in the market.

5.2. Introduction

Inorganic orange pigments have a long history of being one of the most attractive
colourants. The pigments a-AssSs and As2Ss are a couple of ancient orange colourants derived
from natural minerals. Mostly, it has been utilized in paintings and cloth colouring® 2. However,
the introduction of stable synthetic pigments with good weatherability and tinting strength,
such as CdS-CdSe (cadmium orange), Fe-Oz-FeO(OH) (bayferrox orange 960) and Zn, Sn
rutile, has streamlined their application in exterior coatings®. Unfortunately, the presence of
toxic metals As, Cd and Se hindered its consumption to a great extent*. Subsequent research
for an environmentally benign alternative with equivalent colour strength is still in pursuit.
Reports from Bae et al., and Yuan et al.,, provided two impressive compositions,
SraMn(CuosZnos)Og and BigeLao4FeOs, respectively’ °. Nevertheless, it falls far short of
commercial pigments in terms of colour strength, necessitating more investigations and fine

adjustments in future.

Unlike the traditional pigments, the contemporary inorganic colourants focus not only on
the colour but also features like NIR reflectance, corrosion resistance, luminescence,

hydrophobicity, etc®®. In the context of rising UHI and concomitant increase in energy

136



Chapter 5

consumption in urban buildings, the current work focuses on the NIR reflectance property of
the pigment, which is well-known to mitigate the problem to some extent!®!4 Since the
commercial pigments offer high NIR reflectance, developing a better candidate with good
colour intensity is highly challenging. Recently, Wendusu et al., succeeded in improving the
red colour of BisV,011 pigment by introducing suitable dopants at the Bi** site and subsequent
heating at O, atmosphere. Reduction of the intrinsic oxygen deficiency in the crystal lattice

brought the desirable colour change in the pigment®.

Inspired by the work, a set of metal ions was substituted at the Bi®* site of BisV201;1 to
shift its brownish-red colour to bright orange. Since BisV20u1 is a highly reflective pigment,
the selection of the dopants was made in such a way that it should enhance its reflectance
profile. Meanwhile, the pigment was also analyzed for anticorrosive property, which is
essential for the sustainability of the exterior roof coating under constant climate changes'® 7.
Overall, the current study establishes a new environmentally friendly, intense orange ‘cool’

inorganic pigment for the development of a stable roof coating.

5.3. Experimental section

5.3.1. Materials and methods

The pigment series BisoMo1V2011 (M = Si**, AP, Ti*, Y3 and La®*) and Bis
xSixV2011+5 (0 < x < 0.6) were synthesized by solid-state method. Extra pure Bi2Os (99%),
V205 (99.9%), SiO2 (99.5%), Al.O3 (99%), TiO2 (99%), Y203 (99.99%) and La,0z (99.9%)
were purchased from Merck and used without further purification. Stoichiometric amounts of
precursors were ground in an ethanol wetting medium and calcined in air atmosphere at 800
°C for 4 h. An acrylic coating of Bis.sSio2V2011+5 pigment was prepared on concrete and Al
sheet. Subsequently, evaluated the thermal shielding ability of the acrylic coatings and
compared with commercial orange pigment coating, (described in Experimental section,
Chapter 2B)*® 17, Anticorrosive property of the pigment was analyzed by developing pigment
(Bis.8Sio.2V2011+5) incorporated epoxy coatings on steel in 3.5 wt% NaCl solution (described
in Experimental section, Chapter 2B). The thickness of acrylic and epoxy coatings of the

pigment were maintained throughout the experiments for better comparison.

5.3.2. Characterization techniques

Phase determination of the synthesized pigment series was done by PXRD analysis
(details given in Chapter 2A). Morphology and particle size distribution were identified
through SEM and HRTEM analysis. EDS was conducted for pigment composition and DLS
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for particle size measurement. Optical studies were performed using UV-Vis-NIR
Spectrophotometer (details given in Chapter 2A). The coating thickness was measured using
Optical microscope (for acrylic coatings) and Profilometer (for epoxy coatings). A
multichannel potentiostat (Autolab) was used to study the anticorrosive property and respective

corrosion mechanism was identified from XPS analysis (details given in Chapter 2B).

5.4. Results and discussion

5.4.1. Synthesis of Bis-xMxV2011 pigment series

A new non-toxic orange inorganic pigment was developed by introducing different metal
ions Si**, AP, Ti**, La®" and Y3 at the Bi®" site of BisV2011. Fig. 5.1a shows the PXRD
patterns of the synthesized pigments. BisV2011 exists in three polymorphs, a-monoclinic, -
orthorhombic and vy-tetrahedral'®2°. All the prepared compounds were crystallized in low
symmetric monoclinic structure with a C2/m space group. It was validated by the two exclusive
features in the PXRD pattern. The peak splitting at 46° is the characteristic of a monoclinic
BisV20u1, as illustrated in the inset of Fig. 5.1b%L. However, it was not clearly evident for AI%*,
La** and Y** doped systems, which could be due to the relatively low intensity of the diffraction
peak. Furthermore, the absence of a peak at 19.64° indicated that the structure is not
orthorhombic but rather monoclinic. The major peaks were indexed using JCPDS 082-1481,
confirming that the dopants had successfully incorporated in place of the host ion. Meanwhile,
traces of monoclinic BiVO4 phase were visible in the PXRD patterns at diffraction angles
18.89, 28.95 and 44.80°, as indicated by * in Fig. 5.1a. The occurrence of monoclinic BiVO4
phase as an impurity during the synthesis of BisV2011 has also been described in previous
literatures®?. The ionic radius of the Bi®* is 1.03 A, whereas all of the dopants except La®* have
a smaller radius®®. As a result, when compared to BisV>011, the new pigment compositions
have displayed a shift in the PXRD patterns towards higher diffraction angle. Thus, the
corresponding crystal lattices undergo a shrinkage. At the same time, no apparent change in
the pattern was seen for Bis glao.1V2011, since the ionic radius of La®* and Bi** are comparable,
Fig. 5.1b%.
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Fig. 5.1. (@) PXRD and (b) peak shift in PXRD patterns of BizoMo.1V2011 (M = Si**, AP,
Ti**, La®* and Y3*) (peak splitting at 46° inset)

5.4.2. Optical and chromatic properties

Optical and chromatic properties of the pigments BisoMo.1V2011 (M = Si**, AI¥*, Ti*,
La®* and Y 3*) were determined by UV-Vis-NIR spectroscopic analysis. The obtained UV-
visible DRS of the pigments were shown in Fig. 5.2. The pigments exhibited a strong
absorption in the entire violet-green region and reflected the orange-red colours. Consequently,
the pigments displayed different shades of orange-red colour. A charge transfer transition from
the hybrid Bies-O2p to V3g orbital is responsible for its visible light absorption®®. Fig. 5.3
depicted the photographs of the prepared compositions. The bandgap of each pigment was
estimated from the respective DRS using the Kubelka—Munk function, f(R) = (1-R)%/2R, where
R is the reflectance and enumerated in Table 5.1%% 2. Despite the fact that there is no
substantial change in the optical band gap, the percentage reflectance of the pigments was
found to vary from each other. The orange-red colour was reflected more efficiently by Si*
and Ti*" doped pigments than by all other compositions, including BisV-011. As a result, the
pigments Biz 9Sio.1V2011+5 and Biz oTio.1 V201145 appeared saffron and reddish-orange colours,

respectively, Fig. 5.3.
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Fig. 5.2. UV-Visible reflectance spectra of BizoMo1V2011 (M = Si**, AP, Ti**, La**, Y3*)

CIE 1976 L"a™0" colour parameters of the pigments were summarized in Table 5.1.
BisV011 is a dark brownish-red pigment with a lightness of less than 45 and a*, b” values in
the twenties. Hence, the dopants were chosen in such a way that it should be able to enhance
the colour strength and lightness of the pigment. Among synthesized pigments, only Si** and
Ti** doping resulted in a considerable colour change from brownish red. The colour parameters
and lightness value of these pigments were greatly enhanced over the parent system. However,
the Si** doped pigment outperformed the other candidate by increasing its redness from 25 to
36, and yellowness from 21 to 29. Furthermore, the particular composition has the highest

colour saturation and its hue angle perfectly lies in the red region.

Bi,V,0y Bi3oSip1 V204145 BizeAlyV,0y  BizgTigV,04145  BizolagV,0y  BiseY,,;V,0y

Fig. 5.3. Photographs of BizosMo1V2011 (M = Si**, AI¥*, Ti**, La®>" and Y3*) pigments

BisV2011 belongs to the Aurivillius structure, which is an intrinsic oxygen deficient
species?®. When higher valence cations (Si** and Ti**) are substituted at the Bi®" site, in order
to maintain neutrality and stability, the system lowers the oxygen deficiency. This will partially
eliminate the impurity energy levels generated due to the oxygen deficit, increasing the

reflectance in orange-red region. Furthermore, the lattice shrinkage induced in the
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Bi3.9Si0.1V2011+5 crystal structure as a result of an ionic size mismatch between the host and
guest ions affected the pigment hue by modulating the width of the valence band®. Because
the ionic radius of Si** is smaller than that of Ti**, the degree of lattice strain exerted by the
former will be greater, resulting in a disparity in band width. Eventually, Bi39Sio.1V2011+s
reflected the orange-red colour better and exhibited a vivid saffron colour. Moreover, a
parameter of the pigment was superior to the commercial orange PY 216. As a result, even
though Ti** doping produced a better outcome than the base compound, given the high a* value
and greater probability of resulting in an orange colour pigment, more emphasis was paid to

the synthesis of BisxSixV2011+5 pigment series.

Table 5.1. CIE colour coordinates of BizgMo1V2011 (M = Si**, AP, Ti**, La®* and Y3*)

Sample L* a” b* (o h’ E¢ (eV)
BisV2011 4323 2568 21.81 33.69  40.03 2.10
Bi3.9S10.1V2011+5 52.53 36.08 29.15 46.38  38.93 2.09
Bi3.9Alo.1V2011 48.15 26.19  27.78 38.18  46.67 2.04
Bi3.9Ti0.1V2011+5 51.29 30.69 2888 42.14 43.26 2.16
BizoLao.1 V2011 53.09 26.85 31.08 41.07  49.17 2.14
Bi39Y0.1V2011 49.66 23.94 22.99 33,19 4383 2.08
PY 216 62.55 3488 59.09 68.62 5944 -

5.4.3. XPS analysis

The XPS analysis of the pigment powder provided more details on the lattice changes in
Bi38Si02V20i1+5. The presence of constituent elements Bi, Si, V, O and C can be seen in the
survey spectrum, Fig. 5.4a. Peaks at 529.5 and 532.8 eV in the high-resolution deconvoluted
Ols spectrum, Fig. 5.4b, were assigned to lattice oxygen and oxygen vacancy in the
Bi3.8S10.2V2011+5 moiety. In addition, a shoulder peak appeared at 530.4 eV gives an indication
of the decrease in oxygen vacancy. Similar results were also observed in the high-resolution
V2p spectrum, Fig. 5.4c. In addition to the peaks at 516.5 and 523.9 eV, which correspond to
V2pz2 and V2p1s2, respectively, a shoulder peak at 517.8 eV indicated the presence of a slight
excess oxygen in the lattice’® 2. It could be due to the incorporation of high valence cation at
the Bi®* site. Interestingly, the presence of a very low concentration of Bi®* species was also
detected in the high resolution Bi4f spectrum, Fig. 5.4d. The findings revealed that Si**
substitution at Bi®* site could able to reduce the oxygen deficiency in BisV,01, crystal lattice,
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giving rise to a significant change in pigment hue from dark brownish red to bright reddish-

orange.
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Fig. 5.4. XPS (a) survey spectrum, deconvoluted high-resolution spectra of (b) O1s, (c) V2p
and (d) Bi4f of BizgSio.2V2011+3

5.4.4. Synthesis of BisxSixV2011+5 and optical studies

Fig. 5.5 demonstrates the PXRD patterns of the synthesized pigment series Bia-
xSixV2011+5 (0 <x <0.6). Diffraction peaks of each composition were completely matched with
its base compound and the major peaks were indexed using JCPDS 082-1481. Hence, it was
confirmed that the compounds crystallized in monoclinic structure with a C2/m space group.
The peak splitting at 46° and absence of the peak at 19.64° provided additional proof for the
monoclinic phase formation (inset of Fig. 5.5b). Since, the ionic size of Si** is smaller than
Bi®*, a gradual peak shift towards higher diffraction angle was noticed as doping increased,
Fig. 5.5b. Furthermore, a monoclinic BiVVO4 phase was observed in all the compositions, which

found to increase while increasing the Si** doping, marked * in Fig. 5.5a.
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Fig. 5.5. (a) PXRD and (b) peak shift in PXRD patterns of BizxSixV2011+5 (0 < x <0.6)

According to the DRS showed in Fig. 5.6, the BisxSixV2011+5 (0.1 < x < 0.6) pigment
series reflected the orange-red colours in the visible spectrum more effectively than BisV,O1;.
It is because of the fact that the introduction of Si** decreased the oxygen deficiency in
BisV201: and lattice size of the crystal structure. As a result, the pigment series exhibited an
excellent colour modulation from brownish red to saffron, then to bright orange and ultimately
to yellowish orange. Fig. 5.7 shows photographs of the BisxSixV2011+5 (0.1 < x < 0.6) pigment
series. The CIE colour coordinates of the pigment series was summarized in Table 5.2. The
colour properties of the new pigments were significantly improved when compared to
BisV2011. The redness a” was increased from 25 to 39 while the yellow shade b* was increased
from 22 to 40. Although there is a significant increase in a” value at 2.5 mol% doping, the
further addition of Si** did not yield the expected increase. This is due to the fact that Si** is
not a chromophore and hence has no direct influence on the pigment colour. Hence, beyond
improving the colour strength (a* value) through disturbances in crystal lattice, further addition
of Si** contributed in diluting the colour intensity to orange and orange-yellow. Additionally,

the presence of yellow BiVVO4 phase may also have an effect on this colour change.
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Fig. 5.6. UV-Visible reflectance spectra of BisxSixV2011+5 (0 < x < 0.6) pigment series

The 5 mol% Si** doped sample found to be the ideal orange pigment in the synthesized

pigment series. The estimated colour coordinates of the composition a* =39, b* =34 and L" =

52, held its colour at orange with good brightness. Furthermore, it was superior to the

commercial orange in terms of colour. Therefore, the composition Bi3sSip2V2011+5 was

selected as the best candidate in the pigment series and taken for further studies.

Fig. 5.7. Photographs of BisxSixV2011+5 (0 < x < 0.6) pigment series

Table 5.2. CIE colour coordinates of Bis-xSixV2011+s (0 < x < 0.6) pigment series

Sample L* a b* o h’ Eg (eV)
BisV2011 4323 2568 21.81 33.69  40.03 2.10
Bi3.9Si0.1V2O11+5 52.53  36.08 29.15 4638 3893 2.09
Bi38Si02V2O011+5 52.01 38.89 3412 51.74 41.26 2.16
Bi36Si0.4V2011+5 5277  39.04 3506 5247 41.92 2.20
Bi3.4Si0.6V2011+5 52.80 39.59 39.88 5620  45.20 2.18
PY 216 62.55 3488 59.09 68.62 59.44 -
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5.4.5. Morphology and particle size analysis

The SEM images of BisV2011 and BiszgSio2V2011+5 pigment samples were demonstrated
in Fig. 5.8a, d. BisV2011 did not have a well-defined morphology, whereas Si** doped BisV2011
exhibited a crumpled paper-like shape. Meanwhile, neither of the pigment particles has
agglomerated. Particle size is very crucial in maintaining the dispersibility, adhesiveness and
filling property of the pigment to establish a consistent paint formulation ?2. The particle size
distribution obtained from the DLS analysis was consistent with the observed micrographs.
Bi4V2011 had a fairly broad size distribution with an average particle size of 5 um, Fig. 5.8b.
At the same time, after Si doping the size distribution turned relatively narrower and average
size was reduced to 3.2 um, Fig. 5.8e. The presence of constituent elements Bi,V, O and Si
was identified in the EDS spectrum of the respective samples. Further, the calculated and
observed elemental composition of BisV2011 and Biz gSio2V2011+5 pigments are found to be in

close agreement, Fig. 5.8c, f.
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Fig. 5.8. SEM images of (a) BisV2011, (d) Bis.sSio2V2011+s5, DLS curves of (b) BisV2011, (e)
BizgSio.2V2011+5 and SEM-EDS spectrum of (¢) BisV2011, (f) BizsSio.2V2011+5 pigments

5.4.6. Reflectance properties

PY 216 is a highly reflective material with an NIR solar reflectance of 80%. Therefore,
it is very essential that the replacement pigment must have a nearly identical or better
reflectance profile. Fig. 5.9a, b illustrates the UV-Vis-NIR and NIR solar reflectance spectra
of BisxSixV2011+5 (0 <x < 0.6) pigment series. Bismuth compounds are often highly reflective
compounds?® 2°. Hence, though BisV2011 pigment seemed dark reddish brown in colour, it

showed a reflectance above 70%. Unlike colour, the incorporation of Si** had a positive impact
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on reflectance property of the pigment. As the Si** concentration increased, the solar
reflectance went up from 72 to a maximum of 88%, Table 5.3. Among which, the composition
Bi3gSio2V2011+5 demonstrated 86% NIR solar reflectance. Hence, the pigment can be used as

an efficient ‘cool’ pigment in exterior wall and roof coatings.

Table 5.3. Reflectance value of Bis-xSixV2011+5 (0 < x < 0.6) pigment series

NIR (%) * o
Sample at1100nm R (7o)
BisV,011 76 72
Bi3.9Si0.1V2011+s 89 87
Bi38Si02V2011+s 88 86
Bi3.6Si04V2011+s 90 88
Bi3.4Si0.6 V201145 90 88
Zn, Sn rutile 79 80
1004 (a) < 804,(b) —BiV,0,
& Bi}.‘)SiO.]vZOII-Hi
3 80- 3 60 — Bi,S,,V,0,,,
: E Bi3.7Si0.3VZOl|+8
:é 60 < —BiV,0, éﬁ 40 4 Bi, iy ,¥,0,..s
é 40 = Bis.‘)Sio.leOlm E
E - Bi3.88i0.2V20l|+§ % 20 il
20 “ - Bi3.7Si0.3VZOll+8 ;
e Bis,GSiOAVzOl 1+5 E 0 il
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Fig. 5.9. (a) UV-Vis-NIR reflectance and (b) NIR solar reflectance spectra of Bi4-xSixV2011+s
(0 <x <0.6) pigment series

The Si** substitution boosted the reflectivity of BisV2011 significantly without affecting
its colour. Colour parameters and reflectance values of the reported pigments and commercial
orange were compared with those of Bi3 §Sio2V2011+5, Table 5.4. The new pigment ranks top
among these pigments. Interestingly, the dark shade of BisV,011 became an advantage in
achieving good colour strength due to probable colour dilution imposed by Si*" substitution at
the Bi** site. Therefore, in the current scenario of UHI, Bi3 §Sio2V2011+5 orange is an extremely
essential pigment as an environmentally friendly option with high reflectivity and outstanding

colour intensity.
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Table 5.4. Colour and reflectance comparison of Biz gSio.2V2011+5 With literature reports

Sample L* a” b* R* Ref.

PY 216 62.55 34.88 59.09 80  Present study
Bayferrox orange 539 234 423 57 !
SrsMn2(Cuo5Zno5)O9 64 19.8 52.3 83 !
Bi15Zr0503+5 68 34 69 - 30
BiFeo.8Alo2O3/mica-titania 62.27 15.16 37.88 53 3
Bi2sFeo4YOs 54 20 32 65 32
Alo.92Fe0.0sPO4 56.54 16.89 29.79 73 33
Bio.sLao4FeOs 61.92 2352 21.04 72 >
N-doped Mgo7Feo3TiO3:5 | 55.02  20.89 23.51 54 34
BixCe 5 Tios07 7236  13.38 34.49 65 35

Bi3.8Si0.2V2011+5 52.01 38.89 34.12 86  Present study

5.4.7. Applications

The pigment stability was investigated in acid, basic, and aqueous media prior to coating
tests. Each medium was applied to a pre-weighed amount of pigment powder for 1 h. It was
then filtered, dried and the colour coordinates were measured, Table 5.5. The colour
parameters revealed no significant colour variation between the pre-treated and treated

samples. The estimated AE s, found to be well below unity, hence, confirmed the stability®®: %'

Table 5.5. Colour coordinates of BisgSio2V2011+5 after acid/alkali treatment

Sample pH L* a* b* c h’ AE"ap
BisgSiosVaOnss | - 5201 38.89 3412 5174 4126 -
Water 6.6 51.87 3875 3393 5151 4121 0.26
HNO3 3.0 5166 3851 33.65 5114 4114 0.53
NaOH 105 5171 3863 3381 5133 4119 051

Acrylic coatings of BisgSio2V2011+5 pigment were developed on concrete and Al sheet,
and investigated its colour and reflectance properties. The results were summarized in Table
5.6, and the corresponding solar reflectance spectra were presented in Fig. 5.10. The coatings
(inset of Fig. 5.10) exhibited better brightness and colour parameters than the pigment powder,

demonstrating that the pigment could successfully maintain its colour strength in the coatings
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as well. Meanwhile, a substantial enhancement was noticed in the NIR solar reflectance of the
coatings around 95%. Therefore, the new orange pigment BisgSio2V2011+5 Can be an

outstanding ‘cool’ pigment to replace the toxic commercial orange.
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Fig. 5.10. Comparison in NIR solar reflectance spectra of BizgSio2V2011+5 coatings on ()
concrete block and (b) Al sheet with their bare surfaces

Table 5.6. Colour coordinates and reflectance of pigment coatings

Sample L* a“ b* Cc h’ g Ill}()gzo% (};j)
Bi38Si02V2Or11+5 | 47.94 38.89 34.12 51.74 41.26 88 86
Concrete 57.79 41.36 42.12 59.03 45.51 99 96
Al sheet 5891 41.09 4396 60.18 46.93 97 93

5.4.8. Temperature shielding performance

The temperature shielding experiment was carried out in foam boxes with roofing made
of PY 216 and Bi3sSi02 V201145 acrylic coated Al sheet. (Fig. 2B.1). The coating thickness was
maintained between 200-250 um for better comparison. Further, temperature against time
graphs for interior and coating surface temperature were plotted based on 1 h duration
measurements, Fig. 5.11a, b. The temperature buildup pattern under commercial and
BisgSio2V2011+5 coated roofs was very similar throughout the course of experiment. However,
repeated measurements confirmed that BissSio2V2011+5 coating was able to reduce

approximately 2 °C interior temperature when compared to PY 216 coating.
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Fig. 5.11. Comparison in (a) interior temperature and (b) surface temperature build up
between commercial orange and BisgSio.2V2011+5 coatings roofed foam box
A comparable result was obtained in the case of coating surface temperature
measurements. Thermal images of both coatings at 10 minute intervals were provided in the
Fig. 5.12. The corresponding graph revealed that the heat build up on BisgSio.2V2011+5 coating
surface was approximately 2 °C lower than that of commercial orange due to its superior
reflectance property. Both the results demonstrated that the use of BisgSio2V2011+5 Orange
pigment in exterior paints can significantly reduce the cooling energy consumption in
buildings. Therefore, considering the increasing demand for orange hue, it is highly

recommended to replace the toxic commercial pigment with the new Biz gSio.2V2011+s5 Orange.
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Fig. 5.12. Photographs of (a) commercial orange and (i) BizgSio.2V2011+5 coatings on Al
sheet, thermal images of (b-h) commercial orange and (j-p) Biz.gSio.2VV20O11+s coatings

5.4.9. Anticorrosive studies

Environmentally friendly vanadates are currently being looked at as a potential
replacement for harmful chromates and phosphates in anticorrosive coatings® *. (Y.E. Bhoge
et al.,). Therefore, a comprehensive investigation was conducted to evaluate the anticorrosive
property of the new Biz gSio.2V2011+5 Orange inorganic pigment. The experiment was performed
on a pigment incorporated epoxy coating on steel in 3.5 wt% NaCl solution through EIS. A
series of epoxy coatings were prepared by varying the BisgSio.2V2011+5 concentration (5, 10,
15, 20 and 25) and the results were compared with that of the PY 216 coatings. In Fig. 5.13,
Nyquist plots of commercial pigment and BizsSio2V2011+5 integrated epoxy coatings were
displayed, with the corresponding EEC in the inset. The electrochemical parameters from
impedance fitting were summarized in Table 5.7.
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Fig. 5.13. Nyquist plots of (a, b) 5 wt% (EEC in inset), (c, d) 10 and 15 wt%, (e, f) 20 and 25
wt% commercial orange and BisgSio.2V2011+5 loaded epoxy coatings, respectively
In presence of 5 wt% pigment loading itself the epoxy coating displayed a significant

response in the EIS analysis for both commercial and Biz gSio2V2011+5 orange. The Rt recorded

was one order higher than that of bare epoxy coating. On every successive 5 wt% addition, a

consistent increase in resistance by one order was noticed for commercial pigment coating. The

maximum Re = 1.4x10° Qecm?, was obtained at 20 wt% pigment loading. In the meantime,

BisgSio2V2011+5 incorporated epoxy coating exhibited superior performance over commercial
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pigment. The Rc: enhanced from the order of 10° to a maximum of 10'° Qcm?. Regardless the
fact that the highest corrosion inhibition was obtained at same PVC (20 wt%), the
corresponding resistance was one order higher (Rt = 1.6 x 10'° Q cm?) than that of commercial
sample. The findings suggest that the synthesized pigment can be utilized as an efficient
anticorrosive pigment for steel protection in marine medium. The pigment loading above 20
Wt% caused a decrease in corrosion resistance to Re: = 9.1x10° Q cm?, which must be attributed
to the inhomogeneous distribution of pigment particles in epoxy matrix and consequent
agglomeration. The key inference from the EIS data is that both pigments are active in
inhibiting corrosion on steel in marine medium, but the new vanadate pigment outperformed

the commercial orange since it is a non-toxic candidate with high corrosion resistance.

Table 5.7. EIS parameters from Nyquist plots

Pigment EIS parameters
Sample | loading Reoat Qcoat Ret Qu
Wt%) | @Qem?)  (Fcm?)  (Qem?)  (uFcm?)
5 5.7x10%  3.0781  1.2x10° 23162
© 10 2.4x102  0.0018  6.3x10”  0.0016
§ 15 3.2x10°  0.0621  1.5x10®  0.0013
- 20 2.7x10?  0.0081  1.4x10°  0.0008
25 1.4x10°  0.0032  1.9x10®  0.0013
. 5 9.4x10* 04712  1.8x10°  0.0295
§ 10 6.0x10°  0.0227  2.3x10”  0.0041
2 15 7.1x106  0.0033  5.1x10°  0.0109
i?; 20 7.1x10"  0.0018  1.6x10%  0.0022
@ 25 6.6x107  0.0051  9.1x10°  0.0341
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Fig. 5.14. (a) Bode plot of continuous one-month electrochemical study of 20 wt%
Bi3gSio2V2011+5 loaded epoxy coating, (b) comparison in corrosion resistance of
Bi3gSio2V2011+5 with commercial anticorrosive pigments

Table 5.8. EIS parameters from continuous electrochemical analysis

Corrosion resistance (Qcm?)

Sample 1st 5th 10th 15th 20th 25th 30th

day day day day day day day

BissSio2V2011+5 | 1.64x101° 1.57x10%° 1.55x10° 1.50x10° 1.16x10 1.06 x10° 9.4 x10°

The Bode graphs in Fig. 5.14a provided quantitative information on the changes that
occurred at the metal-electrolyte interfaces during a one-month continuous electrochemical
study on steel in marine environment. Table 5.8 summarizes the findings, which confirmed the
stability of 20 wt% BisgSio.2V2011+5 pigment loaded epoxy coating. The corrosion resistance
remained nearly constant (Rct ~ 10%° Q cm?) until 25 days, ensuring that the coat was highly
intact and free of corrodent attack. Later, only a marginal decrease to 9.4x10° Qcm? was seen
on the day the experiment was completed. Overall results guaranteed the stability of
Bi3gSio2V2011+5 incorporated anticorrosive coating in NaCl medium, confirming that the new
orange pigment is an exceptional anticorrosive pigment. Moreover, in terms of corrosion
resistance, the existing anticorrosive inorganic pigments in the market lag far behind the new
Bi3gSio2V2011+5 orange, Fig. 5.14b (values are given in Table 4.9). Therefore, it would be an
ideal substitute for those toxic pigments. Furthermore, XPS surface analysis was performed on
the metal strip acquired after the continuous electrochemical examination to establish the

nature of inhibitive mechanism in the new pigment.
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5.4.10. Anticorrosive mechanism

The XPS surface analysis of coat-removed steel strip, obtained after continuous
electrolyte exposure, provided a preliminary idea of the compounds developed beneath the
pigment-loaded epoxy coating. Presence of O, Bi, Si and Fe elements were detected in the
survey spectrum, Fig. 5.15a. The high-resolution deconvoluted XPS spectra of Ols, Bi4f, Si2p
and Fe2p were given in Fig. 5.15b-e. Element V was not detected by XPS, most likely due to
its extremely low concentration on the metal surface. The low intensity BE peak at 529.8 eV
in the Ols spectrum is attributed to the corrosion products Fe;Os3, whereas the high intensity
peak at 531.8 eV is ascribed to iron oxyhydroxide (FEOOH) species. Peaks at 159 and 164.3
eV in the deconvoluted Bi4f spectra correspond to Bi-O bonds (Bi»03/Bi0,)*. Similarly,
presence of Si-O interaction (SiO2/SiO) was revealed by the high intensity peak at 102.14 eV
in Si2p spectrum®.. The corrosion intermediates (710.6 eV) and FeOOH (724.9 eV) were

further corroborated by the Fe2p spectra, which aligned with the O1s spectrum,

Based on XPS results, the corrosion inhibition mechanism of BizgSio2V2011+5 pigment
loaded epoxy coating was proposed. The passive nature of the pigment buried in epoxy matrix
initially serves to prevent the elecrolyte from reaching the metal surface. However, long-term
contact with NaCl solution activates a resistive mechanism in the pigment by establishing an
alkaline environment at the metal-electrolyte interface. That is, the hydroxyl ions generated at
the cathode reacts with the metal ions to form metal hydroxides, further resulting in an

oxyhydroxide passive amorphous layer (eg. 5.1-5.3).

Anodic oxidation : Fe — Fe?* + 2¢- (5.1)
Cathodic reduction : Oz + 2H20 + 4e- — 40H" (5.2)
Fe** + 30H — Fe(OH)3 — FeOOH (passive) (5.3)
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Fig. 5.15. (a) XPS survey spectrum, high resolution deconvoluted XPS spectrum of (b) Ols,
(c) Bi4f, (d) Si2p and (e) Fe2p of inhibitive film beneath the 20 wt% Bi38Si02V2011+5 loaded
epoxy coat after continuous electrochemical analysis

More evidence was obtained from a one week immersion test (ASTM G-31 standard)
employing 20wt% BizgSio2V2011+5 loaded epoxy coating®?. A cross mark was made on the
coating to induce the corrosion process. The SEM-EDS and elemental mapping results of the
metal strip after the immersion test was given in the Fig. 5.16. The epoxy coating appeared as
a smooth surface and the cross mark observed as a channel in the SEM image, Fig. 5.16a. The
EDS and elemental mapping (Fig. 5.16b-f) performed on the cross mark detected the presence
of V alongside Fe, O and Si. Under chloride environment, the passive amorphous oxyhydroxide
layer developed on the metal substrate facilitated the inhibition process. In addition, the barrier
property of Si-O and Bi-O species at the metal-electrolyte interface serve to prevent further
corrodent penetration*>#*. Most importantly, the role of active vanadate species is undeniable

in achieving a very high Re:.
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Fig. 5.16. (a) SEM image, (b) SEM-EDS and EDS mapping profile of Bi38Sip2V2011+5
incorporated epoxy coating after immersion test, (c) Fe (green), (d) O (white), (e) V (red) and (f) Si
(blue)

A schematic representation of the anticorrosive mechanism involved in BizgSio2V2011+5

pigment coating was shown in Fig. 5.17. The collective action of passive barriers Bi-O and Si-
O initially prevents electrolyte penetration and delays the corrosion process. However, the
continuous electrolyte exposure destroys this passive barrier, allowing corrosion to initiate,
which is where the active FEOOH and vanadate inhibitors come into action. The vanadate
moiety plays a pivotal role in maintaining an extraordinary anticorrosive property and stability
of BisgSio2V2011+5 orange pigment over an extended period of time* %6, Eventually, the
association of passive and active participants in the pigment loaded epoxy coat makes it
suitable for long term application. Therefore, the developed pigment can be strongly
recommended for replacing commercially available harmful anticorrosive chromates and

phosphates.

156



Chapter 5
Metal Interface Bulk

0% %
S
e @ |
Y| ¥
1
|
|
|
|

)

NaCl
Bi-O
© Sio

L Vanadate layer

Fig. 5.17. Anticorrosive mechanism of BizgSio.2V2011+s incorporated epoxy coating

5.5. Conclusions

An environmentally friendly, intense orange inorganic pigment series was synthesized
by incorporating Si** at the Bi®* site of BisV20u1 crystal lattice. The pigment series exhibited
different shades of reddish-orange colours. Among these the composition BizgSio2V2011+s
displayed an intense orange hue, with colour coordinates a“ = 39, b = 34 and L™ = 52. The
colour parameters revealed that the new pigment is better than the reported and commercial
orange pigment. A lattice distortion and charge mismatch generated by the incorporation of
Si** helped to reduce the inherent oxygen deficiency in BisV2011, consequently improving the
reflection of orange-red region in the visible spectrum. XPS results further verified the
minimization of oxygen deficiency in the compound. The pigment demonstrated a phenomenal
NIR solar reflectance of 86%, which was greatly improved in its acrylic coatings.
Biz8Si02V2011+5 coating achieved a temperature reduction of 2 °C compared to commercial
orange in a specially designed experimental setup, substantiating that the new pigment can be
employed as an excellent ‘cool’ roof pigment. The pigment incorporated epoxy coating
exhibited an outstanding corrosion resistance with Ret = 1.6x10'° Qcm? on steel in marine
conditions. Its superior stability was contributed by the combination of passive and active
mechanisms from Bi-O, Si-O and FeOOH, vanadate moieties in the pigment composition,
respectively. Therefore, the new multifunctional high-performance BizgSio2V2011+5 pigment is

recommended as a potential replacement for the present toxic candidates in the market.
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Summary and future scope of the thesis

Multifunctional inorganic pigments for cool coating application

N

—— - - — -

N o e e o -

Global temperature rising has been bothering the scientific community for the past
several decades. The recent acceleration in its trajectory is rather frightening, with UHI playing
a significant role because of increasing urbanization. IR reflective inorganic pigment coatings,
widely known as ‘cool’ coatings, have shown tremendous success in mitigating UHI and hence
summer cooling energy demand. Understanding the drawbacks of the existing commercial and
reported IR reflective inorganic pigments, the current thesis focused on developing low-cost,
non-toxic, intense colour and IR reflective inorganic pigments for cool coating applications.
The composition of the pigment was also designed to give the anticorrosive property since the
stability of the cool coat is essential in defining its sustainable output.

Inorganic phosphate pigment with the general formula ABPO4 was synthesized via the
solid-state method, where A and B are monovalent and divalent cations, respectively. The A
and B sites were varied to prepare three base compounds: NaZnPQOa, LiZnPO4 and LiMgPOa.
Introduction of Co?* chromophore at the B site of each pigment resulted in three different
colour pigments, NaZn1.xCoxPO4 blue, LiZn1.xCoxPO4 purple and LiMgi-xCoxPOs magenta.
Spectroscopic investigations of the pigments confirmed the tetrahedral geometry of the
chromophore is responsible for the blue and purple colour, whereas octahedral geometry is the
reason for the magenta hue. Despite having the same chromophore geometry, the Rietveld
refinement structural analysis revealed that considerable distortion of the Co?* geometry in
LiZn1xCoxPOs is responsible for the colour divergence from NaZnixCoxPOas. Further, the

pigment series of blue and magenta was collected for IR reflectance investigation.
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The acrylic coatings of the best composition from each pigment series, NaZno.9C0o.1PO4
and LiMgogC00.2PO4, exhibited good reflectance property with substantial temperature
reduction compared to commercial pigment. The corrosion resistance properties of these
pigments were also tested by preparing pigment loaded epoxy coatings on steel in the marine
medium. An active mechanism involving FePO4 film formation at the metal electrolyte
interface is responsible for the anticorrosive property of the pigment.

BiVO; is a non-toxic yellow pigment, but its use has been severely constrained because
of its high price. BiVO4 and the less expensive white pigment ZnO were combined to develop
a complex pigment to reduce the pigment cost. The specific morphology of the complex
pigment, BiVO4 nanocrystals decorated spherical ZnO nanoparticles, helped to maintain nearly
the same colour strength as pure BiVOs with improved IR reflectivity. The new complex
pigment reduces the expensive BiVOs component by 75 wt%. Furthermore, compared to
commercial yellow, acrylic coatings of the complex pigment exhibited a 7 °C temperature drop
in the thermal shielding experiment.

Transformation of ZnFe»Os from a dark brown colourant to a highly reflective
multifunctional pigment was achieved by the substitution of AI** at the Fe®* site. The cation
doping has brought a slight distortion in the octahedral geometry of Fe** chromophore,
resulting in a reduction in forbidden transition intensity, and consequently, enhancement of the
pigment reflectance profile. The pigment composition ZnFe19Alo104 showed excellent
corrosion resistance with good stability that works through a hydroxide film deposition at the
metal electrolyte interface. Excitingly, the corrosion analysis results were comparable to the
toxic commercial anticorrosive pigments.

An intense orange pigment was developed from a brownish-red BisV-011, where Si*
was doped at the Bi** site by the solid-state method. The introduction of Si** could slightly
reduce inherent oxygen deficiency in BisV2011 crystal lattice, thereby improved the reflectance
in orange-red region. The composition BisgSio2V2011+5 displayed a better colour and
reflectance properties than commercial orange pigment. Most importantly, the corrosion
resistance of the same pigment was outstanding, with exceptional stability, which is superior
to the commercial pigments. An active and passive mechanism together supported the stability
of the pigment coating in the marine medium. Overall, the thesis highlights the development
of outstanding multifunctional inorganic pigments that can be implemented as a potential

alternative for commercial pigments in cool coating applications.
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Future scope

e Cost reduction by fine tuning the synthetic strategies
e Exploration of nano architecture for enhancement in reflectance and corrosion resistance
e Accelerated weatherability studies of the prepared pigments

e Commercial validation of colour, reflectance and corrosion resistance
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Title of the thesis: Design and development of multifunctional inorganic pigments for

cool coating applications

The thesis focuses on developing non-toxic, cost-effective, intense colour, IR reflective
and corrosion resistant multifunctional inorganic pigments for cool coating applications. Thesis
comprises five chapters. Chapter 1 gives a brief idea of the current status of global temperature
rise, the UHI phenomenon, factors affecting and consequences of UHI. Later, it discusses the
importance of cool coatings and IR reflective inorganic pigments in mitigating the issue finally,
the need for a multifunctional inorganic pigment. Chapter 2 is divided into two sections, where
Chapter 2A deals with the synthesis and colour analysis of three inorganic phosphate pigment
series having blue, purple and magenta colours. Further, structural studies have performed to
develop a correlation between the colour and tetrahedral geometry of the chromophore through
Rietveld refinement analysis. Chapter 2B involves the IR reflectivity investigation of the blue
and magenta pigment series. Subsequently, the best composition from the series was selected
for thermal shielding and anticorrosive analysis. In Chapter 3, a complex yellow pigment was
developed by combining BiVO4 and ZnO via the citrate-gel method. The peculiar morphology
of the complex pigment, BiVO4 nanocrystals decorated on ZnO spherical particles, was able to
reduce the weight percentage of costly BiVOs by 75% without compromising its colour
strength. Synthesis of a high IR reflective ZnFe,O4 brown pigment series was discussed in
Chapter 4. The incorporation of AI** at the Fe3* site has brought a substantial enhancement in
the reflectance profile of ZnFe>O4 without any colour deterioration. The pigment also had
excellent corrosion resistance with good stability. Chapter 5 describes the development of an
intense orange pigment from a dark brownish-red BisV2011. In addition to colour, Si*
substitution at the Bi** site has brought significant enhancement in IR reflectance and high
corrosion resistance with exceptional stability. The developed multifunctional inorganic

pigments can be used as an alternative to the current pigments in the market.
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ARTICLE INFO ABSTRACT

Bismuth vanadate (BiVO,) gathered great attraction as a yellow inorganic pigment which could replace the
conventional chrome and cadmium yellow. However, its high cost over other yellow pigment restricted its usage.
Therefore, there is a huge demand is existing to develop cost-effective BiVO, inorganic pigment without com-
promising its optical properties. In this work, we demonstrate an effective strategy to develop low-cost BiVO,
complex pigments. Nano particles of BiVO, decoration on white pigment are achieved by the citrate-gel method.
An appreciable decrease in BiVO, content (75%) has been observed. The reduction in the BiVO, have shown a
remarkable impact on the economic viability of the new complex pigment. The developed complex inorganic
pigment exhibited excellent greenish-yellow colour (a* = —6.28, b* = 76.45), which is similar to pure BiVO,.
An exceptional near infrared reflectance has been recorded, which is estimated as high as 90%. High reflective
coatings of developed complex pigment displayed significant response for temperature shielding experiment,
could achieve reduction of 8.4 °C in the interior temperature, compared to the commercially available yellow
coating. Moreover, the present work demonstrates that developed complex pigment could be a potential re-

Keywords:

Citrate-gel method
Complex pigment
Cost-effective

NIR solar reflectance
BiVO, yellow
Thermal shielding

placement for BiVO, yellow pigment.

1. Introduction

Solar radiation fall on earth surface consists of 45% infrared (IR),
50% visible and 5% ultraviolet (UV) rays. Absorption of IR rays radiate
heat energy and leads to heat island effect in heavily constructed urban
sectors. Urban heat island effect (UHI) is the phenomenon of tem-
perature accumulation in an urban area compared to the surrounded
rural region due to human activities [1]. Beside UHI, global warming
and atmospheric pollution also play a significant role in atmospheric
temperature rise. Uncomfortable interior building temperature, elec-
tricity over consumption via space cooling appliances and shorter roof
life are the primary concerns of this issue [2]. Reports suggest that
increase of peak electricity load varies between 0.45 and 4.6% for rise
in each degree of atmospheric temperature. Some of these problems
have successfully addressed by employing exclusive ‘cool pigment’
coatings on exterior walls. Inorganic pigments which can reflect a high
percentage of NIR rays from sunlight classified as ‘cool pigments’ [3-7].
Conventional yellow inorganic pigments like PbCrO,4, CdS, Pb,Sb,0,

As,S3 are excellent, intense colour inorganic pigments, though the in-
clusion of toxic metal chromophores is alarming [8]. Among which,
BiVO, yellow stands out because of its non-toxicity and high NIR re-
flectance property [9-12]. It has been started to use over the last two
decades in coatings, ceramics, plastics and inks. However, its con-
sumption rate has been limited because of the very high cost. The main
bottleneck for the widespread usage of this nontoxic yellow pigment is
its cost because of the presence of expensive Bi content. Therefore, it is
very much interested to develop a cost-effective BiVO, pigment without
compromising its excellent properties.

Conventional cost-effective approach for pigment synthesis involves
reduction of the expensive component in the material composition. It is
achieved either by developing complex pigments or substitution pig-
ments. Pigment particle supported over a relatively cheaper and readily
available material describe complex pigments, whereas substitution of
transition or lanthanide metal chromophore in the host lattice, involved
in substitution pigments. It believed that complex pigment is a very
effective strategy to reduce the cost of the expensive pigments without

Abbreviations: BVO, BiVO,; WP, White pigments; BVZ, BiVO,~ZnO complex pigment; BVS, BiVO,4-SiO, complex pigment; BVA, BiVO,-Al,03 complex pigment;

BVT, BiVO,4-TiO, complex pigment
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compromising its properties. Complex materials generally have an ad-
vantage that it can acquire the properties of its constituents, offering a
broad range of application. Recently, a couple of hybrid BiVO, pig-
ments brought attention that, core-shell architecture BaSO4@BiVO,4 by
Lin Guan et al. and nano-decorated BiVO, on attapulgite rods [13,14].
A significant reduction in BiVO,4 content with good colour strength
achieved by core-shell morphology. However, a detailed study on its
NIR reflectance and thermal shielding performance of coatings are yet
to explore. Even though superior colour strength with NIR reflectance
above 80% achieved for nano BiVO,-attapulgite, its processing tem-
perature and cost are still on the higher side. BiVO, coated mica-TiO,
sheets developed by Lin Yuan et al., exhibited good thermal insulation
performance, attained a 4.5°C decrease in inner surface temperature
[15]. On the other hand, there are many substituted compounds also
reported, Wendusu et al. (Bi, Ca, Zn, La)VOy,, Toshiyuki Masui et al. (Bi,
Ca, Zn)VO4, M C. Nevesa et al. Ce doped BiVO, are some of them
having great yellow hue [16-18]. However, the majority of these works
are not focused on the cost reduction point of view.

In this scenario, there is an excellent incentive for developing a
profitable material combo for cost-effective BiVO, yellow pigment.
Current work illustrates a synthetic strategy to develop a complex
pigment, employing cheaper and readily available white pigments (WP)
ZnO, TiO,, SiO, and Al,O3 as supporting material. BiVO, particles are
allowed to grow on white pigment surface through a citrate-gel method
followed by a single stage firing. BiVO,4 incorporated hollow ZnO par-
ticle is previously reported, but detailed studies were lacking on its
chromatic and reflectance properties [19]. The present study deals a
detailed investigation on morphology, chromatic and reflectance
properties of various BiVO,4 based complex pigments. Solar thermal
shielding performance of the developed pigment was evaluated and
compared with commercial yellow paint, to demonstrate cool coating
nature.

2. Experimental
2.1. Materials and methods

BiVO, complex pigment synthesised by the citrate-gel method.
Analytical grade chemicals purchased from Sigma-Aldrich, were used as
received without further purification. Three mmol BiVO, precursor
solution was prepared for the synthesize of BiVO,~ZnO complex pig-
ment, in which, 50 ml solution of Bi(NO3)3.5H>O (3 mmol) and citric
acid monohydrate (6 mmol) were prepared in distilled water and mixed
under continuous stirring. Subsequently, 50 ml NH,VO3 solution was
added dropwise under vigorous stirring. The resultant yellow solution
heated at 150 °C for 1 h after the slow addition of WP. It was dried to
get solid xerogel form and ground well, afterwards calcined at 500 °C
for 3 h under air atmosphere. BiVO,~ZnO complex pigment loaded with
different wt% BiVO, have synthesized by changing the weight of WP.
Weight of WP has shown in parenthesis, 50% BiVO,~ZnO (1 g), 25%
BiVO4-ZnO (3 g), 15% BiVO4~Zn0O (5.6 g), 10% BiVO,~ZnO (9 g) and
denoted as BVZ-1, BVZ-2, BVZ-3 and BVZ-4, respectively. Among which
BVZ-2 exhibited best colour strength, hence rest of the complex pig-
ment combinations with Al,O3, SiO, and TiO, have also prepared at
25 wt% BiVO,, represented as BVA-2, BVS-2, BVT-2 respectively and
pure BiVO, as BVO. Further, BVZ-2 mixed pigment prepared by the
physical mixing of BVO and ZnO in 1:3 ratio followed by calcination at
500 °C and compared with BVZ-2 complex pigment.

BVZ-2 has used for coating applications on concrete block and Al
sheet. Pigment (3 g) and acrylic binder (3 g) 1:1 ratio dispersion (50%
pigment volume concentration) has prepared by ultrasonication, which
was painted over the TiO, base coated concrete block and Al sheet
[20-22]. Thermal shielding performance of BVZ-2 and commercial
yellow coatings were compared by constructing an experimental setup,
schematic diagram shown in Fig. A1 [23]. Initially, BVZ-2 and com-
mercial yellow coatings were prepared on 19 X 19 cm Al sheets by the
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same procedure described above. Coated Al sheets were roofed on two
different foam boxes (size = 15 x 15 x 15 cm) without any air gap and
then exposed under IR lamp (Philips,250 W) for 1h. Rooftop and IR
lamp kept at a distance (h) of 40 cm. A thermocouple fixed 2 cm below
the coated roof, and temperature variation was recorded at 10 min in-
tervals using a temperature sensor. Same experiment was followed
using commercial yellow coated Al sheet.

2.2. Characterization

Synthesised complex pigments characterized by Powder X-ray
Diffraction analysis using Philips X'pert Pro diffractometer, Ni-filtered
Cu-Ka (A = 0.154060 nm) radiation. Data were collected by step
scanning over a 20 range from 10 to 75° with a step size of 0.03° and
20 s counting time at each step. Morphology studies were done using a
Scanning Electron Microscope (SEM) JEOL JSM-5600 model. Pigment
coating thickness was measured using optical microscope. Energy
Dispersive X-ray Spectroscopy (EDS) was conducted using a silicon drift
detector X-MaxN attached with a Carl Zeiss EVO SEM apparatus. High-
Resolution Transmission Electron Micrographs (HRTEM) were recorded
on a FEI (Tecnai 30 G2 S-TWIN, The Netherlands) operating at an ac-
celerating voltage of 300 kV. Particle size measured by Dynamic Light
Scattering experiment using Malvern Instruments Zeta sizer nano Zis
Model No: ZEN 3600. UV-vis-NIR Spectrophotometer (Shimadzu UV-
3600 with an integrating sphere attachment, ISR-2200) used for the
optical studies of pigment samples and coatings with Barium sulfate as
a reference for UV-Vis range (300-700 nm) and polytetra-
fluoroethylene (PTFE) for NIR range (700-2500 nm). The parameter C*
(chroma) represents saturation of the colour and defined as
C* = /(a*)? + (b*)? the hue angle, h® is expressed in degrees and
ranges from O to 360° and is calculated by using the formula
h°® = tan~!(b*/a*). The NIR solar reflectance (R*) in the wavelength
range from 700 to 2500 nm was calculated according to ASTM standard
number E891-87 as reported elsewhere [24-26]. Further measurement
details are described in our previous report [27].

Lol r@i()d ()
201 d@)

700

R* =

where r(\) is the experimentally obtained spectral reflectance (Wm™2),
and i(A) is the solar spectral irradiance (Wm ™2 nm~!) obtained from
ASTM standard E891-87.

3. Results and discussion
3.1. PXRD analysis

Cost-effective BVO complex yellow pigments have developed by
incorporating commercially available inexpensive WP via citrate gel
method. Calcination temperature for the synthesis was optimised to
obtain monoclinic scheelite crystal structure (m-s) BVO, which is the
well-known vivid yellow pigment [14]. Temperature optimization has
carried out for the composition BVZ-2 from 300 to 500 °C at a dwell
time of 3h, and the corresponding PXRD pattern was analysed, ex-
hibited in Fig. 1a. Well-defined crystal plane reflections of ZnO and m-s
BVO obtained at each temperature. However, an impurity peak at
20 = 24.40° identified at 300 and 400 °C (marked as *), which corre-
spond to the Bi,O3 phase [28]. Further, elevation to 500 °C it is found
that the impure phase is disappeared, hence fixed it as the optimum
synthetic temperature. It is worth noting that the particular synthetic
route could reduce the BVO processing temperature to 500 °C for 3 h,
which was rather prepared via solid state route at high temperature
800 °C and long dwell time 6 h including intermediate grinding [29,30].

Fig. 1b shows the PXRD of synthesised complex pigments with
different compositions of BVO and ZnO. The m-s BVO (marked *) phase
is indexed using JCPDS file no.14-0688. Hence, confirmed the
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Fig. 1. PXRD pattern of (a) temperature optimization of BVZ complex pigment (b) BVZ with different compositions.

Fig. 2. SEM image of pristine (a) ZnO and (b) BVZ-2 complex pigment.

formation of BVZ complex pigment. Phase formation of rest of the
pigment combinations BVS-2, BVA-2 and BVT-2 have also ensured from
the respective PXRD graph, shown in Fig. A2. The XRD peak intensity of
BVO and ZnO in BVZ has strictly followed the expected trend, viz from
BVZ-1 to BVZ-4 with a decrease in BVO content it has shown a pro-
portional decrease in BVO peak intensity and vice versa for ZnO. In-
teresting observation is that (121) diffraction peak intensity of BVO in
complex pigments have slightly decreased particularly for BVZ-2, BVS-2
and BVT-2. Typically, precursors Bi** and (VO,)* expected to deposit

over pristine WP allowing free growth of yellow BVO at 500 °C. Con-
sequently, the extent of BVO coverage proportionally intensifies the
XRD peaks. Hence, the decreasing peak intensity in XRD attributed to
limited surface coverage on WP could be due to lower BVO to WP wt%
ratio and aggregating nature of BVO particles.

3.2. Morphology and particle size

In order to have a detailed understanding of the morphology of

Fig. 3. EDS mapping profile of BVZ-2 complex pigment, (a) SEM image, (b) Bi (green), ¢) V (white) (d) Zn (red) and (e) O (greenish yellow). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 1
DLS particle size of precursor WP and complex pigments.

Precursor WP Particle size (nm) Complex pigment Particle size (nm)

Zn0O 184 BVZ-1 197
BVZ-2 204
SiO, 227 BVZ-3 212
BVZ-4 224
TiO, 177 BVS-2 345
BVT-2 228
Al,O3 229 BVA-2 581

complex pigments SEM analysis was conducted. The aggregation due to
the free growth of BVO over WP formed a coral-like morphology,
particularly for BVZ-2, shown in Fig. 2 and A3. However, unlike a
perfect surface coverage, it was decorated discontinuously throughout
the WP surface. Calculation of average particle size from the SEM image
appeared difficult due to agglomeration. Subsequently, DLS particle
size of all the precursor WP and respective complex pigments have
shown in Table 1. Average particle size of the complex pigments ranges
from 150 to 600 nm, 204 nm particularly for BVZ-2 (Fig. A4), which is
excellent in terms of coating application. Elemental mapping of BVZ-2
pigment has displayed in Fig. 3, where the distribution of Bi, V, O and
Zn elements illustrates the successful formation of the complex pig-
ment. Further, compositional confirmation has obtained from EDS plot
(Fig. A5) in which weight percentage of BVO in the synthesised com-
plex pigment estimated to be 25%, Table 2.

TEM image Fig. 4a shows the presence of well dispersed homo-
geneous BVZ-2 nanoparticles having granular shape with an average
particle size between 15 and 25 nm. The particle size from DLS attrib-
uted to the bulk particle, whereas HRTEM reveals the size of mono-
dispersed primary particles. SAED pattern displayed in Fig. 4b indicated
the high degree of crystallinity of the pigment material. Excitingly, BVO
particles formed over ZnO composed of randomly distributed
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Fig. 5. UV-Vis absorption spectrum of BVZ-2 compared with its constituents.

nanocrystallites with diameter 2-5nm, Fig. 4c. Ordered fringes corre-
sponding to the crystalline planes of ZnO observed from the HRTEM
image shown in Fig. 4d. The lattice spacing measured to be 0.24 nm
corresponding to (101) plane of ZnO match with PXRD. EDS in Fig. A6
confirmed high purity and stoichiometry of BVZ-2 as well.

3.3. UV-Vis-NIR absorption properties

UV-Vis absorption spectrum of BVZ-2 has depicted in Fig. 5, shows
two broad, intense absorption bands, which composed of BVO and ZnO

(b)

BiVO,

(121) ———=5>
_—

-

Fig. 4. (a), (c) TEM image, (b) SAED pattern and (d) crystal lattice of BVZ-2 sample, diffraction pattern shown in the inset.
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Table 2

EDS analysis of complex pigments.
Element Weight % Element Weight % Element Weight %
BVZ-2 BVS-2 BVA-2
O K 20.01 O K 53.12 O K 46.72
VK 4.39 VK 3.15 VK 4.27
Zn K 55.53 Si K 29.82 Al K 28.94
Bi M 20.07 Bi M 13.91 Bi M 20.08
Total 100.00 Total 100.00 Total 100.00

absorption profile, validates that both the constituents were present
without any chemical modifications in the synthesized complex pig-
ment. Absorption at 395-500 nm is the characteristic absorption of BVO
attributed to the charge transfer from valence band formed by complex
orbitals Bi6s and O2p to the conduction band V3d orbital [31]. BVO
absorption extended slightly towards the blue region of the visible
spectrum, which is the reason for the +ve a* value of the material.
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BVZ-2 shown slightly blue-shifted absorption band to that of BVO,
where the bandgap calculated for BVZ-2 and BVO was 2.49 and
2.40 eV, respectively. It could be due to the ZnO secondary phase and
surface defects in the material [32,33]. It strictly confined the absorp-
tion spectrum in violet-indigo region, allow to have a brighter and pure
yellow colour for the pigment. Absorption at 350 nm can be assigned to
the w — x* electronic transitions of ZnO from the valence band to the
conduction band (O2p — Zn3d) [19,34-36].

3.4. Chromatic and reflectance properties

Colour co-ordinates of all the prepared pigments have measured
using CIE 1976 L*a*b* system and summarised in Table 3. Compounds
BVZ-1 and BVZ-2 were observed to be the best compositions since it
precisely matching with BVO in their colour quality. Colour co-ordi-
nates b* > 76 with a slight negative a* provided exceptional yellow
hue for both BVZ-1 and BVZ-2. Moreover, 85-95° hue angle and
C* > 75 colour purity were also supportive of its vibrant yellow colour,
photograph displayed in Fig. 6. Visible light absorption of the devel-

Fig. 6. Photographs of (a) BVZ-2, (b) BVS-2, (c) BVA-2, (d) BVT-2 complex pigments and (e) BVZ-2 mixed pigment.

Table 3
Colour co-ordinates of synthesized complex pigments.

Sample L* a* b* Cc* h° NIR reflectance* (%) at 1100 nm NIR Solar reflectance R* (%)
BVO 82.43 4.25 76.26 76.38 86.80 75.94 73.51
BVZ-1 89.06 -1.34 76.64 76.65 91.01 95.37 89.40
BVZ-2 91.53 -6.28 76.45 76.78 94.78 98.33 90.18
BVZ-3 86.79 4.92 53.50 53.73 84.74 99.64 92.43
BVZ-4 90.87 2.88 41.81 41.91 86.05 98.13 90.71
BVS-2 89.84 —2.67 72.41 72.46 92.12 92.43 85.86
BVA-2 89.15 —-3.83 72.90 73.00 93.02 87.75 85.45
BVT-2 87.42 —-3.88 62.42 62.54 93.56 90.98 85.79
BVZ-2 mixed pigment 92.73 —3.45 47.88 48.00 94.13 94.99 93.67
Core shell BaSO,@BiV0,'? 74.92 —8.32 76.26 76.71 96.23 - -
BiVO, coated mica — TiO,'® 83.09 4.07 53.07 53.16 - - -
100 4 100 ——BVO
———BVZ-2
e
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Fig. 7. (a) NIR reflectance, (b) NIR solar reflectance spectra of BVZ-2 compared with BVO.
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Fig. 8. TGA graph of BVO and BVZ-2.

oped BVO outer layer holds the key for such an exquisite observation.
Comparing with literature reports BVZ-2 exhibit excellent colour in-
tensity and superior brightness with L* = 91.53, Table 3. Further, re-
duction in BVO content reflected on cost of the material, which fa-
voured the selection of BVZ-2 than BVZ-1. While decreasing BVO wt%
again colour of the pigment found to decrease sharply in the case of
BVZ-3 and BVZ-4. It estimates the minimum BVO content required to
develop quality BVZ complex pigment. Hence, it was not preferred to
opt BVZ-3 and BVZ-4 over BVZ-2 even though a decrease in BVO
component lead to a reduction in cost. BVS-2 and BVA-2 also displayed
good colour strength (b* > 72), suggest them as good contenders for
BVO. The closeness in the magnitude of b* value with BVO let BVZ-2 be
the standout candidate among all other compositions.

Compared to BVO, exposed ZnO surface in BVZ-2 enhanced the NIR
reflectance and NIR solar reflectance to 98% and 90% respectively,
Fig. 7, which transformed it into exciting ‘cool’ roof pigment. Therefore,
the synergistic effect of BVO and ZnO was incredible to develop low-
cost, high-performance BVZ complex pigment. Complex BVZ-2 and
mixed pigment with same compositions have compared for colour and
reflectance. By dilution effect, where ZnO occasionally shield the BVO
particles, mixed pigment shown a dull yellow colour (Fig. 6e),
b* = 47.88 (Table 3) [7,37,38]. Moreover, it justifies the significance
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Table 4
CIE L*a*b* colour co-ordinates of BVZ-2 complex pigment after chemical
treatment.

Sample pH L* a* b* c* # AE*,,
BVZ-2 - 91.53 —6.28 76.45 76.78 -

Water 7.00 91.45 -5.99 76.22 76.45 0.38
HClL 3.05 90.88 —5.86 76.30 76.52 0.78
HNO; 3.17 91.10 —6.08 75.85 76.09 0.76
H,S04 3.18 90.92 —5.62 75.69 75.89 1.17
NaOH 10.52 90.96 —5.95 76.01 76.24 0.79

of synthetic strategy of present complex pigment.
3.5. Thermal and chemical stability

Thermal behaviour of complex pigment has analysed by TGA
measurement carried out between 30 and 900 °C temperature range, as
shown in Fig. 8. Negligible weight loss observed up to 150 °C for BVZ-2
and BVO pigments, attributed to the removal of adsorbed water mole-
cules [39]. Subsequently, two step weight loss has observed for the
parent BVO pigment, from 150 to 620 °C and 620-900 °C. Further, it is
interesting to notice that, 2% overall weight loss was calculated for
BVZ-2 whereas 3.6% for BVO, which indicate the thermal stability is
slightly improved for the complex pigment. Presence of thermally stable
ZnO supportive matrix could influence the temperature stability of the
BVZ-2 complex pigment. Moreover, further growth in BiVO4 nano
crystals can occur at temperature higher than the formation tempera-
ture. Both contribute to the decrease in weight loss for BVZ-2. The
chemical stability of BVZ-2 ensured in aqueous, acid and base media
[23]. Colour co-ordinate measurements after the chemical treatment
enumerated in Table 4. The colour difference with the untreated sample
stayed well within the industrial limit AE*,, < 1 unit [24-26]. Hence
confirmed the chemical stability of the synthesised complex pigment
BVZ-2.

3.6. Coating studies

Coating applications have performed to establish the quality of the
BVZ-2 complex pigment. A conventional concrete block and Aluminum
sheet were chosen as coating substrates. NIR solar reflectance spectra of
the bare and pigment coated surface have displayed in Fig. 9. As seen,
both the coatings have exhibited excellent colour saturation with sig-
nificant improvement in NIR solar reflectance to that of its bare surface,
25% and 31% for Al sheet and concrete block respectively, Table 5. It
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Fig. 9. Comparison of NIR solar reflectance (R*) of (a) bare and pigment coated concrete block, (b) bare and pigment coated Al sheet (inset shows photographs of

coatings).
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Table 5

Solar Energy Materials and Solar Cells 200 (2019) 109999

CIE L*a*b* colour co-ordinates and NIR solar reflectance of BVZ-2 pigment coatings.

Sample L* ax b* NIR reflectance (%) at 1100 nm Solar reflectance R* (%)
BVZ-2 91.53 -6.28 76.45 98.33 90.18

Al sheet coating 81.93 —7.64 70.09 73.43 70.00 (44.87)

Concrete coating 85.74 —-3.97 76.97 77.21 75.31 (43.72)

NB: R* of the respective bare surface given in bracket.
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Fig. 10. Temperature shielding comparison of BVZ-2 and commercial yellow
pigment coatings. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 11. Digital image of (a) Commercial yellow and (b) BVZ-2 coatings on Al
sheet, thermal image of (c) commercial yellow and (d) BVZ-2 coatings. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

demonstrates the quality of the synthesised complex pigment BVZ-2.

Appendix B. Supplementary data

3.7. Thermal shielding performance

Thermal shielding performance of the complex pigment BVZ-2 was
studied using experimental setup shown in schematic diagram Fig. Al.
BVZ-2 and commercially available yellow coatings have prepared for
comparison. Average coating thickness of BVZ-2 and commercial
yellow measured from the respective optical image as 272 and 220 pum,
together with TiO, it was 316 and 416 pm, respectively, Fig A7. A
thermocouple placed 2 cm below that of roof surface allowed accurate
measurement of temperature rise inside the foam box due to IR ab-
sorption. Time-dependent temperature measurement up to 1h shows
that there is a steep increase in the temperature rise within the initial
10 min, followed by a gradual increase and then stabilised within
30min (Fig. 10). Estimated temperature rise below BVZ-2 pigment
coated Al roof found to be 8.4 °C lower than that of commercial yellow
paint coated roof, which proves the efficiency of the developed complex
pigment. Moreover, a thermal image of commercial yellow and BVZ-2
Al roof coatings have captured using FLIR C2 Thermal Imaging camera,
after 1 h continuous exposure of IR rays shown in Fig. 11. The surface
temperature readings at the selected points display 11.5 °C lower tem-
perature for BVZ-2 coating, which establishes the better reflectivity and
‘cool’ nature of the developed complex pigment. Overall results suggest
that complex pigment BVZ-2 can be an excellent alternative to BVO
yellow pigment since it retained the general properties of core pigment
with a substantial reduction in material cost and improvement in
thermal stability.

4. Conclusions

BVO based complex pigment has successfully synthesized em-
ploying commercially available inexpensive WP as a supportive
partner. PXRD ensured the complex pigment formation, and SEM ana-
lysis revealed the peculiar coral-like morphology. HRTEM studies show
that 2-5nm particle size BVO decorated over ZnO support. The nano-
particle decoration rendered excellent colour property with reduced
BVO loading than that of pure BVO. Therefore, it is noteworthy that, the
present study is able to bring down 75% of the costly BVO component
without compromising its colour and NIR reflectivity. Thermal
shielding experiment shows around 8.4 °C reduction in the interior
temperature in relation to the commercial paint coated roof. Results
illustrate the successful synthesis of a promising new cost-effective BVO
complex pigment.
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Fig. A.1. Schematic representation of experimental setup for thermal shielding performance of pigment coatings.
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Fig. A.2. PXRD pattern of (a) BVS-2, (b) BVA-2 and (c) BVT-2 complex pigments.
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Fig. A.3. SEM image of pristine (a) SiO», (c) Al;03, (e) TiO, and (b) BVS-2, (d) BVA-2, (f) BVT-2 complex pigments.
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Fig. A.4. DLS particle size distribution of BVZ-2 complex pigment.
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Fig. A.5. SEM-EDS of (a-b) BVZ-2, (c-d) BVS-2 and (e-f) BVA-2 complex pigments.
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Fig. A.6. HRTEM-EDS of BVZ-2 complex pigment.

Fig. A.7. Optical image (a) BVZ-2 and (b) commercial yellow coat on Al sheet.
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An enormous attention has been paid to cobalt aluminate (CoAl,04) blue pigments owing to their significant hue
of blue colour. Nevertheless, several serious disadvantages, such as high cost due to the high cobalt consumption
and poor solar reflectance, are associated with this pigment. Therefore, the development of cost effective and
sustainable blue pigments with reduced Co content and improved solar reflectivity is a major focused area in
pigment research. Herein, a new series of multifunctional blue coloured inorganic pigments with low cobalt
content were prepared via the solid-state method. The structural and spectroscopic evaluations were indicated
that the strong blue colour could be generated because of the distorted tetrahedrally organized cobalt chro-
mophore. This structural distortion of the chromophore geometry was linked to the covalency and electron af-
finity factors. Colour (b* = —59.21) and solar reflectance (R* = 64%) measurements of the optimized
composition (NaZng9Cop1PO4) was observed to be superior than the commercially available CoAl,O4 blue
pigment. Meanwhile, the optimized pigment loaded epoxy coated steel substrate in marine medium exhibited
impressive corrosion resistance properties. The anticorrosive mechanism, further established through the XPS
results, validated that the phosphatized inhibitive film served as the barrier for corrosion. The estimated Co
content in NaZng 9Cog,1PO4 was found to be around 10 times lower than the CoAl204 blue pigment indicating the
cost-effective nature. The optimized pigment was able to retain its optical properties in the prepared acrylic
coatings on Al sheet and concrete block. Further, the temperature shielding studies ensured a reduction of ~4 °C
in comparison with CoAl;04 coatings. Therefore, the developed multifunctional blue pigment could be employed
for the economic production of blue exterior paint for anticorrosive cool roof coatings.

1. Introduction pigments such as TiOy, ZnO, BiVO4 etc. have the NIR reflectance over

80% [8-11]. It is important to note that metallic roofing sheets partic-

Inorganic pigments are greatly admired throughout the history of
mankind owing to their potential usage in paints, inks, glazes etc as
colourants [1-3]. Meanwhile, the research advancement has brought
new dimensions for pigments apart from its aesthetics. In this connec-
tion, the near-infrared reflective (NIR) inorganic pigments, known as
cool pigments, evolved as the latest development in the area of pigment
technology. The NIR reflective paints coated on the exterior walls as well
as on the roofing sheets can effectively mitigate the interior heat
build-up thereby reduce peak electricity demand in summer. It is worth
to mention that the rise in atmospheric temperature due to Urban Heat
Island effect and global warming were major concern behind the
thought of NIR reflective pigments [4-7]. Some well known cooling

ularly iron rich alloys exhibit severe corrosion problem on long-term
exposure to the environmental conditions. In this connection corrosion
resistant inorganic pigments are very useful for the making of anticor-
rosive paints and primers. In this class, PbCrOg4, Cry03, Zn3(PO)4 etc. are
the prominent candidates with the corrosion resistance property
because of their combined active and passive inhibition mechanisms
[12-14]. For constructing a durable cool roof coating, anticorrosive
paints are extremely important. Presently, the multilayer coating pro-
tocol in which the cool paint over the anticorrosive primer is followed to
get the desired properties. However, this technology is associated with
severe drawbacks including large material consumption, enormous
workload, long working durations, and exceptionally high expense. In
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Fig. 1. (a) PXRD pattern of NaZn; CoxPO4 (0 < x < 0.2), (b) Rietveld refined PXRD pattern of NaZng 9Cog.1PO4.

this scenario, the rise of demands for the multifunctional inorganic
pigments having NIR reflectivity and anticorrosivity is natural.

The blue colour has a long history of eternal fascination due to its
unique dimension that carried in the arts, science and culture. There
were massive efforts in various directions to explore a stable blue colour
in history. Azurite (Cu3(COs3)2(OH)5), Egyptian blue (CaCuSizO1¢),
Chinese blue (BaCuSi4O1p), lapis lazuli (Na,Ca)g[SiAlO4]¢(S,SO4),
prussian blue (Fe4[Fe(CN)gl3), ultramarine (NayAlgSigO24S3) are among
the major landmarks in the quest, in which most of the pigments are not
employed for long owing to the serious durability issue [15-17].
Currently, CoAl,04 blue (Pigment Blue 28) spinal-type material has
considered as the most accepted pigment in the market, due to its
excellent chemical and thermal stability, many applications in ceramic,
glass, plastics and paint industries. However, the pigment is not the ideal
choice for a good solar reflective and anticorrosive coating [18]. In
addition, the preparation of CoAl;O4 pigment suffers various disad-
vantages such as large consumption (~33 wt%) of scarce and expensive
Co and high processing temperature (~1200 °C), that leads to high
production cost [19-21]. Recent report by Smith et al., revealed a new
pigment, Mn doped YInOs, which exhibited an intense blue hue but the
cost is still debatable [22]. In this context, it is important to develop a
low-cost blue pigment with reduced cobalt content without compro-
mising its colour properties.

Herein a new inorganic pigment series of Co doped NaZnPO4 has
been introduced. The optimized phase pure composition exhibited deep
blue colour, excellent solar reflectance (R*) and corrosion resistance
property. For checking the market potential, the comparative studies
were performed between the optimized composition and the commer-
cially available Co blue (CoAl;0O4). The optimized composition revealed
superior colour tone, reflectance property, corrosion resistance and
temperature shielding ability than those of Co blue. Further, the esti-
mated Co content in the pigment composition and synthesis temperature
was significantly lower than that used in CoAl;O4, which could even-
tually reflect in the material cost. Thus, the synthesized blue inorganic
pigment could be an excellent candidate to modulate a multifunctional
exterior and interior coatings.

2. Experimental section
2.1. Materials and methods

For the synthesis, extra pure NayCO3 (99%), ZnO (99.9%),
NH4H2PO4 (>98%) and CoCOg3 (99.99%) were purchased from Merck.
Stoichiometric amounts of precursors homogeneously mixed in ethanol
wetting medium and calcined at 500 °C for 3 h followed by 800 °C for 5
h [23].

Anticorrosive performance of the pigment was analyzed by using
pigment loaded epoxy coatings on steel, having composition C = 0.24,

Mn = 0.90, Al = 0.03, Si = 0.20, Cr = 0.04, V = 0.10, P = 0.08, Cu =
0.06 and remaining Fe. Steel coupons were cut into 4 x 3 x 0.2 cm
dimension then mechanically abraded with SiC paper grade 220 to 1000
subsequently acetone degreased and dried. Different wt% (15, 20 and
25) of pigment sample was dispersed in n-butanol-epoxy-polyamide
(2:2:1) system by ultrasonication. The dispersion was dip coated on
polished specimens at a dipping rate of 80 mm/min and allowed to cure
for 24 h.

Acrylic emulsion of pigment was prepared by dispersing pigment and
acrylic binder in the ratio of 1:4, by ultrasonication. The emulsion was
coated on TiO4 base coated concrete and Al sheet. IR reflectance studies
were carried out on both concrete and Al sheet coatings, temperature
shielding performance was investigated by means of an experimental
setup shown in Fig. A1l and compared with CoAl,O4 pigment (com-
mercial blue). Two identical model houses have constructed out of foam,
having dimensions (size = 15 x 15 x 15 cm), roofed with 19 x 19 cm Al
sheet pigment coatings. Model houses were exposed to IR lamp (Philips,
250 W) for 1 h and temperature measurements were done using two
thermocouples T1 (top) and T2 (bottom) in each. The distance between
rooftop and the IR lamp was maintained at 40 cm with fixed T1 and T2 of
2 cm below the roof and 3 cm above the base, respectively. Surface
temperature was analyzed in the same experiment using FLIR C2 ther-
mal imaging camera. Thickness of all the prepared coatings were
measured using profilometer.

2.2. Characterization techniques

Synthesized pigments were characterized by Powder X-ray Diffrac-
tion (PXRD) analysis using Philips X’pert Pro diffractometer, Ni-filtered
Cu-Ka (A = 0.154060 nm) radiation. The XRD data were collected by
step scanning over a 20 range from 10 to 70° with a step size of 0.03° and
20 s counting time at each step. The Rietveld refinement analysis was
carried out employing the software GSAS-II. Morphology studies were
done using a Scanning Electron Microscope (SEM) JEOL JSM-5600
model. The distributions of particle sizes were measured by Dynamic
Light Scattering experiment using Malvern Instruments Zeta sizer nano
Zis Model No: ZEN 3600. UV-Vis-NIR Spectrophotometer (Shimadzu
UV-3600 with an integrating sphere attachment, ISR-2200) used for the
optical studies of pigment samples and coatings with barium sulfate as a
reference for UV-Vis range (300-700 nm) and polytetrafluoroethylene
(PTFE) for NIR range (700-2500 nm). The parameter C* (chroma)
(@)? + (b*)?
the hue angle, h° is ranges from 0 to 360° and calculated using the
formula h® = tan!(b*/a*). The NIR solar reflectance (R*) between
wavelength 700-2500 nm was calculated according to ASTM standard

number E891-87 as reported elsewhere [24-26]. Further measurement
details are described in our previous report [23].

represents saturation of the colour and defined as C* =
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Table 1
Rietveld data and experimental conditions for data collection.
Formula NaZnPO, [28] NaZng ¢Cog 1PO4
Symmetry Monoclinic Monoclinic
Space group P21/n P21/n
Unit cell a=8.65600A,b=8.10600A, a—8.66944 A, b—=8.13078 A, c
parameters ¢ = 15.26000 A&, p = 89.8000° = 15.27168 A, p = 89.7897°
Volume 1070.719582 A® 1076.483132 A®
Z 12 12
Dc 3.38 gem 3 3.39 gem 3
Radiation Cu Kol = 1.54059 A Cu Kol = 1.54060 A
Measuring 10° < 20 < 80° 10° < 20 < 80°
range
R, factor 1.9% 12.37%
e — duw TR
2500 .
hoo 1(A)d(4)

Where r()) is the experimentally obtained spectral reflectance (Wm_z),
and i(A) is the solar spectral irradiance (Wm’2 nm’l) obtained from
ASTM standard E891-87.

The comparative corrosion resistance studies of CoAl,04 and
NaZng 9Cog 1PO4 were performed using a multichannel potentiostat/
galvanostat (Autolab) having a three-electrode cell in which saturated
calomel (SCE) and graphite act as the reference and counter electrodes
respectively. Steel with surface area 1.2 cm? was acted as the working
electrode in 3.5 wt% NaCl solution. Open circuit potential was stabilized
for 30 min. Electrochemical impedance spectroscopy (EIS) was
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conducted in the frequency range of 10°~10~2 Hz and AC signal of 5 mV
amplitude. EIS Nyquist plots were analyzed by Nova 2.1 software. Ex-
periments were reiterated thrice for each coated specimen.

3. Results and discussions
3.1. PXRD analysis

The PXRD of the series of inorganic pigments, NaZn;.4CoxPO4 (0 < x
< 0.2), are illustrated in Fig. 1a to identify the phase and study the effect
of Co doping on the NaZnPO, crystal lattice. All the prepared samples
are found to be crystalline in nature, as indicated by the sharp diffraction
peaks, and crystallized in monoclinic crystal structure with P21/n space
group. The perfect match in XRD patterns between the parent and Co
doped compounds ensured the phase purity. Further, the major peaks
are indexed in accordance to JCPDS 79-0217 of NaZnPO4 phase, which
confirms that the Co?* ions are successfully incorporated in to the Zn?*
sites within the host lattice [27].

Rietveld refinement analysis for the composition NaZng ¢Cog 1PO4
has been carried out to study the crystal structure, employing the data of
NaZnPOy4 reported by L. Elammari et al. [28]. The refined XRD pattern is
shown in Fig. 1b, and the calculated structure refinement parameters are
tabulated in Table 1. In the complex structure of NaZng ¢Cog ;PO4, Na™,
Zn?* and P°* ions are occupied in three different sites, as displayed in
Fig. 2. These sites are as follows; Na™ in NaOg polyhedra (Nal) and NaOg
distorted octahedra (Na2 and Na3), Zn?t in ZnQy4 distorted tetrahedra
(Znl, Zn2 and Zn3), and P°" in POy tetrahedra (P1, P2 and P3). The

Fig. 2. Crystal structure of NaZng 9Cog 1PO4.

(a)

1.946 A

Fig. 3. Coordination environment of (a) Zn(2)O4 in NaZnPO,4 and (b) Zn(2)/Co04 in NaZng 9Cog 1PO4.
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Fig. 4. (a), (b) SEM images of unmilled and milled NaZngoCop1PO4, (c) particle size comparison of unmilled and milled NaZng¢Co1PO4, (d) EDS of

NaZn0'9C00'1PO4.

results derived from the refinement calculations speculated that in
NaZng ¢Cog.1PO4 monoclinic structure, Co?* ions are associated with the
Zn(2) tetrahedral site. Detailed crystallographic data, respective bond
length and bond angle of Zn(2)O4 and Zn(2)/CoO4 tetrahedra are
tabulated in Table A1 and A2, respectively. The Co doped tetrahedron
carry three shorter and one longer Co-O bonds than that of Zn(2)O4
structure. In addition, significant deviations are noted down in the bond
angles.

The observations evaluate that the substitution effect brought sig-
nificant distortions in the Zn(2)O4 geometry by the reduction in Co-O
bond length, Fig. 3. The major factors that influence the bond length
could be variation in ionic size and electron affinity of the host and
dopant ions. Even the slight difference in ionic size between Zn?t (0.60
}o\) and Co®* (0.58 ;\) can bring the covalency factor into picture. Smaller
the ionic size higher will be the covalency, in turn shorter will be the
metal oxygen bond length [23]. Moreover, the electron affinity (Zn = 0
kJ/mol; Co = 63.7 kJ/mol) and bond length are inversely related.
Overall, shortening of Co-O bond length led to a shrinkage of Zn
(2)/Co04 tetrahedron. However, this shrinkage of Zn(2)/CoO4 tetra-
hedra did not allow the subsequent contraction of associated corner

shared PO4 and NaOg polyhedra, rather elongated the bonds (P1-04,
P3-010, Na2-05 and Na2-07) and persuaded the expansion of unit cell.
Therefore, the doping resulted an isotropic increase in lattice parameters
and cell volume (Table 1).

3.2. Morphology studies

According to the micrographs, the particles of the as obtained
pigment composition NaZng 9Coy 1PO4 are grannular in nature having
the sizes ranging 1-10 pm, as shown in Fig. 4a. Eventually, such broad
particle size distribution is also confirmed via the DLS measurements,
which shows the average particles size of 8 pm. The particle size and size
homogeneity have crucial role in determining the dispersibility of pig-
ments in paint formulation, since it essentially affect the hiding strength
[29]. It has been achieved later by the high energy planetary ball mill
performed for 30 min (135 rpm). Subsequent SEM images displayed
nonaggregate narrow particle size distribution of 1-3 pm with much
better uniformity, as described in Fig. 4b. This data is also supported by
the more sharp DLS curve with the resulted average particle size of 2.5
pm (Fig. 4c). The EDS analysis identified the presence of Na, Zn, Co, P,

Absorbance
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Fig. 5. (a) UV-Vis and (b) NIR absorption spectra of NaZn; ,Co,PO4 (0 < x < 0.2).
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Fig. 6. Photographs of NaZn; 4CoxPO4 (0.025 < x < 0.2) pigments.

Table 2

CIE L*a*b* colour co-ordinates of NaZn;.,Co,PO4 (0 < x < 0.2).
Sample L* a* b* Cc* h° NIR reflectance ~ R*

at 1100 nm (%) (%)
x=0 92.13 0.15 —0.32 0.35 295 87 87
X = 60.43 3.68 —41.66 41.82 275 56 67
0.025

x = 0.05 52.05 8.99 —49.57 50.38 280 50 65
x=0.1 51.78 10.70 —59.21 60.17 280 49 64
x=0.2 44.31 17.31 —56.66 59.25 287 32 52
CoAl,04 44.80 2.10 —-32.70 - - - 29

[3]

and O elements (Fig. 4d). Moreover, the experimentally determined
stoichiometric composition of pigment was in close agreement to the
calculated value, displayed at the inset of Fig. 4d.

3.3. Optical and chromatic properties

Fig. 5a illustrates the UV-Vis absorption spectra of the synthesized
pigments NaZn;.xCoxPO4 (0 < x < 0.2). As seen from Fig. 5a, a broad
absorption band in the range of 1.78-2.76 eV is observed for the Co
substituted compounds in the visible region. This band is having 3 peaks
at 1.99, 2.12 and 2.27 eV indicated the prominent absorption in the
entire red, orange and yellow regions. In addition, the absorption valley
extended over to the green region as well thereby displaying the com-
plimentary blue colour. Tanabe-Sugano diagram established that the
strong absorption is attributed to the spin allowed ligand field transition
4A2(F) — 4T1(P), from the tetrahedrally coordinated Co?* [30-36].
Further, the spin forbidden transitions 4A2(F) —>2T1(2P) and 4A2(F) -
2T1(2H) identified at 2.57 and 2.75 eV as weak absorptions, respectively,
substantiated the tetrahedral chromophore geometry. The absorption
peak splitting is originated from the spin-orbit coupling effect and
Jahn-Tellar distortion of the tetrahedral structure, where the increase in
Co concentration further enhanced these effects owing to which an
associated peak broadening has been observed [37,38]. Relatively
broader and weaker absorption is registered in the NIR region of
0.6-1.25 eV (Fig. 5b). This triplet peak is accounted for the transitions

*Aa(F) — *To(F) at 0.60-0.93 eV and *Ax(F) — *T(F) at 0.93-1.25 eV
[391.

Pigment colour is quantified using CIE 1976 L*a*b* colour system,
through hue, chroma and brightness. The digital photographs of the
pigment samples are exhibited in Fig. 6 and the respective chromatic co-
ordinates for different pigment compositions have been summarized in
Table 2. The Co substitution at Zn site developed a deep blue colour,
indicated by the negative b* and 270-290° hue angle. The increase in Co
concentration proportionally increased b* magnitude and colour rich-
ness value C*. The maximum blue colour has been registered for 0.1 mol
% of Co doping (b* = —59.21), which is about 26 units higher than that
of reported CoAl,04 (b* = —32.70) [3,40]. Moreover, the synthesis of
NaZng 9Cog 1PO4 was achieved at relatively lower temperature and the
estimated Co concentration in NaZng 9Cog.1PO4 (3.22 wt%) is 10 times
lower than that of CoAl;04 (33.31 wt%). Since, the processing tem-
perature and chromophore concentration are some of the critical pa-
rameters in deciding the pigment cost, in the background of rising
energy consumption and cobalt market price issues the present synthesis
method and the new blue pigment, respectively, acquires great signifi-
cance [19]. Further, higher doping concentration developed a slight
colour deviation from blue to navy blue, resolved from the rise of red
component a*. The brightness of the pigment explicitly related to cobalt
content that followed the usual inverse trend in the present work as well
[41]. Hence the result provided a remarkable prospective for NaZng .
Cog.1PO4 pigment.

3.4. Reflectance properties

The demand for heat shielding NIR reflective pigments have
increased in recent past due to urban heat island effect. In order to
investigate the reflectance behavior of the new pigment, the NIR
(Fig. 7a) and solar reflectance spectral analysis (Fig. 7b) have been
performed. Cobalt pigments generally fall in the low reflective category
due to the characteristic absorbance at NIR region of 700-2500 nm. The
NIR solar reflectance of CoAl;04 (R* = 29%) and CoCry04 (R* = 30%)
are the well-known examples [3,42]. Unlike traditional colourants, the
developed pigment series NaZnj xCoxPO4 (0 < x < 0.1) shown promising
NIR reflectance at 1100 nm and R* (Table 2). Since the emphasis given
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Fig. 7. (a) NIR and (b) NIR solar reflectance spectra of NaZn; yCoyPO4 (0 < x < 0.2).
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Table 3
EIS parameters from Nyquist plot.
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EIS parameters Bare metal Bare epoxy NaZng 9Cog 1PO4 (Wt.%) CoAl,04 (Wt.%)
15 20 25 15 20 25
Rcoat (Qcm?) - 159.8 2.3 x 10° 5.7 x 10° 1.9 x 10° 5.3 x 10* 5.4 x 10° 2.4 x 10°
Qcoat (chm’z) - 4.2 1.6 0.15 0.35 2.8 0.53 2.1
Ret (Qcm?) 1.2 x 10° 1.2 x 10° 3.4 x 10° 8.8 x 10° 2.8 x 10° 3.4 x 10° 8.7 x 10° 4.3 x 10°
Qdl (chm’z) 744 0.028 0.017 0.016 0.021 0.061 0.026 0.034
8.0x10° b _—
o 15wt.%
100000 (a) o Bare e ( ) @ 20wt%
. @ 25wt%
800004 o Epony > . 6.0x10°
] £
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e 0 S40x10°
& ) 20
£ ° £
<F 40000 4 N 9
2.0x10° °
20000
0 0.0 4 (]
T T T T T T J L 6 S 6 b ’ J 6
0 20000 40000 60000 80000 100000 0.0 20x10°  4.0x10°  6.0x10°  8.0x10
Zreal (0 emh Zyeal «Q cmz)
8.0x10° 8.0x10° k120
(c) o 15wt% [, (d) @ CoAlLO,
@ 20wt.% . .
) 0t A A @ NaZn Co, PO, L 100
6.0x10° Reoat R @ 25wt.% 6.0x10°4 i -
< A ? - 80
S T A eo" o &
S4.0x10' L1 Q, S40x10°1 A e L 60 %
£ S g iy R
$" e O g N 932, 2 9 L 40
2.0x10°
0.0 4
L 14 S U o r T T T T T T
0.0 2.0x10 , 4.0x10°  6.0x10 8.0x10 107 100 100 100 100 100 10 10°
“real (Q em”) Frequency (Hz)

Fig. 8. Nyquist plots of (a) bare epoxy and bare metal (inset), different wt% (b) NaZng ¢Coo 1PO4 and (c) CoAl;04, (d) Bode plot of 20 wt% NaZng 9Cog 1PO4

and CoAl,O4.

to coloured NIR reflective pigments, NaZng gCog.1PO4 chosen as the best
composition because of its equal excellence in both perspective. The
calculated values of b* and R* for this composition are —59.21 and 64%,
respectively, which could essentially help to mitigate the interior heat
buildup as a potential cool pigment.

A comparison with literature reports is summarized in Table A3,
which indicate the uniqueness of the new pigment. Even though, some
of the reported pigments shown better colour or R*, NaZng 9Cop 1PO4
ascertained as the best in terms of colour and R* together. Without
confining on a single problem, the developed blue inorganic pigment
can be able to resolve multiple facet issues, there by perfectly fit in the
group of modern era materials. Thus, the new low-cost blue pigment
permit to establish an extremely beneficial interior and exterior coat.

3.5. Anticorrosive property of NaZng 9Cog.1PO4

The corrosion resistant inorganic pigments have significant role in
developing the protective coatings for metal substrates. Herein,
NaZng 9Cop 1PO4 examined in this direction to explore the anticorrosive
property. Epoxy coatings of thickness ~11 pm have prepared with
different pigment loadings (15, 20 and 25 wt%). Further, the EIS ex-
periments have been performed on the bare and pigment incorporated
coatings, on steel in 3.5 wt% NaCl. The respective Nyquist plots are
displayed in Fig. 8a-c.

Impedance spectra of NaZng 9Cog 1PO4 coatings (Fig. 8b) have been
modeled with the electrochemical equivalent circuit (EEC) [Qcoat/(Reoat
+ Qai/Re)]. The solution resistance Ry is negligible thus excluded from

the circuit. Reoar and R correspond to the coating resistance and charge
transfer resistance, respectively, where Rcq,¢ defines the coat intactness,
and R is the associated charge transfer reactions at the metal electro-
lyte interface. The constant phase element Q..y¢ (coating capacitance)
and Qq) (double layer capacitance), account for the non-ideal behavior
of polymer coat and double layer, respectively [43,44]. The impedance
fitting data are tabulated in Table 3, where the maximum corrosion
resistance obtained for 20 wt% pigment loading, R¢ 8.8 x 10° Qcm?
with minimum Qg; 0.016 pFem™2. The findings substantiate the forma-
tion of a passive film at the interface that prevent rapid corrodent
penetration [45]. However, the resistance followed a descending trend
at higher pigment concentration indicating the coat saturation. Above
saturation point pigment particles deceives the coat by developing
porosity which facilitate the corrodent attack.

Subsequently, a comparative study has been performed with the
commercial CoAl,O4 blue coatings having same pigment loading as that
of NaZng 9Cog 1POy4, Fig. 8c. The equivalent circuit [Qcoat/Reoat + Qa/
Rct] is used to fit the impedance spectra of CoAly04. The collected Rt
data is observed to increase in the order 15 < 25 < 20 wt%. Even though,
the pigment is not able to provide a promising corrosion resistance over
the bare epoxy coat. On evaluating the R data, the developed pigment
found to offer a one order increment in corrosion resistance than
CoAl,04 blue, which concurrently supported by the double layer
capacitance.

The Bode plots of NaZnggCop1PO4 and CoAly,O4 coatings with
maximum R exhibited in Fig. 8d. The f-shaped phase angle curve of
CoAl,04 coat present two time constant at the initial stage of immersion,
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Fig. 9. XPS curve fitting of (a) survey spectrum, (b) O1s, (c) Fe 2p and (d) P 2p of inhibitive film beneath the NaZn, 9Coo.1PO4 loaded epoxy coat on steel in 3.5 wt%

NacCl after 30 days of immersion.

imply the electrolyte penetration through the coat. But NaZng 9Cog 1PO4
coat shows only one time constant characteristic that guarantee the
protective nature of coating [21,45]. The phase angle above —100° at
higher frequency range further justified the coat integrity in corrosive
environment [46]. Findings confirmed the corrosion resistance property
of synthesized blue pigment over commercial blue that extend the
application in to the design of a blue anticorrosive paint or primer. By
the virtue of which the need of duplex coats that render colour and
corrosion resistance in separate can be avoided.

3.6. XPS surface analysis and corrosion inhibition mechanism

More insights on chemical changes beneath the pigment loaded
epoxy coat are figured out from the XPS surface characterization. The
corrosion resistant coat has been immersed in 3.5 wt% NaCl for one
month, subsequently removed the coat and XPS analyzed. The survey
spectrum of the metallic specimen confirmed the presence of Fe, P, and
O, as displayed in Fig. 9a. By referencing the C 1s level, the high reso-
lution spectra of O 1s, Fe 2p, and P 2p were deconvoluted and shown in
Fig. 9b-d.

The O1s spectrum exhibited binding energy peaks at 529.8 (red) and
531.2 eV (magenta), corresponds to Fe;O3/Fe304/FeO and Fe(OH),/Fe
(OH)s3, respectively. Further, the presence of FePO4 species is confirmed
on the metal surface associated with 532 eV (blue) peak. The two
binding energy peaks at 710.7 (red) and 713.2 eV (blue) in Fe 2p
spectrum validated the formation of iron oxides and iron phosphates,
respectively. In the P 2p spectrum, BE = 133.3 eV attributed to FePO4
formation [47,48].

Table 4
Colour coordinates and R* of pigment coatings.
Sample L a* b* C* h° R* (%)
x=0.1 51.78 10.70 —59.21 60.17 280.25 64.17
Concrete 49.90 1.61 —49.98 50.01 271.85 61.33 (43.72) #
Al sheet 47.46 6.01 —55.24 55.56 276.21 62.05 (44.87) *

With the assistance of XPS results, an expected corrosion inhibition
mechanism is proposed. The iron oxides (Fe;Os3/Fe304/FeO) and hy-
droxides (Fe(OH)y/Fe(OH)3) are the typical corrosion products formed
at initial immersion period. However, prolonged immersion induced
NaZng.¢Cog.1PO4 to release (PO4)> anion and reacted with steel surface.
In aqueous medium (PO4)3' reacts on steel surface to produce iron
phosphate film composed of FePOy4, Fe30O3 and FeO (Egs. (1) and (2))
[43,44]. Presence of iron oxides in FePQ4 inhibitive film contributed to
the higher peak area at 529.8 eV.

Fe — Fe?t 4 2¢~ (€8}
3Fe** + 2P0}~ + 8H,0 — Fe3(P04)3.8H,0 + FeyO3 + FeO | @

The iron phosphate film acts as corrosion barrier at metal surface and
prevent corrodent attack during continuous immersion. Similar to
traditional phosphate pigments, with active phosphatization, NaZng 9.
Cog.1PO4 can also have passive inhibitive nature for the initial few days
of immersion [43,44]. Therefore, we concluded that the chemistry
behind the excellent anticorrosive property of NaZng 9Cop.1PO4 would
be contributed by active phosphatization and passive inhibitive film
formation together.

Co** + 20H™ — Co(OH), | 3)

In the case of CoAl,04, the pigment releases Co?* and precipitated as
hydroxide film on metal surface (Eq. (3)). However, its low solubility in
NaCl decreases the rate of hydroxide precipitation. As a result CoAloO4
could not form a better inhibitive film on the steel surface, and even-
tually accelerate corrosion [49].

3.7. Application studies

The bright colour, high solar reflectance and good corrosion re-
sistivity endowed a high-quality pigment that needs to be studied in real
coatings. However, before taking to the application studies acid-base
stability of the pigment has been ensured. The pigment samples
treated with acid, base and aqueous media for 30 min. Subsequently
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model house roofs.

washed and dried before the chromatic measurements (Table A4). The
colour difference with untreated sample stayed well within the indus-
trial limit AE*,;, < 1 unit, hence confirmed the stability [40,49].

NB #: Bare surface R* is given in parenthesis.

Though the new pigment possesses intense colour and reflectance, its
coatings has to be tested and confirmed for the same properties. Thus,
about 20 wt% pigment loaded acrylic coatings on concrete and Al
roofing sheet with 200-250 pm coating thickness evaluated for cool roof
applications. The NIR solar reflectance spectra of concrete and Al sheet
coatings along with its bare surface is exhibited in Fig. 10, photographs
of the respective coatings are provided in the inset. The value of R*
above 61% and that of the colour parameter b* above —50 suggests that
the prepared coatings are highly solar reflective without much depletion
in the colour strength from that of pigment powder, Table 4.

3.8. Temperature shielding performance

Temperature build up inside CoAl,04 and NaZng 9gCog.1PO4 coatings
(thickness 200-250 pm) roofed model houses is analyzed using the
experimental set up shown in Fig. A1l. The constructed model houses are
exposed to IR rays continuously for 1 h. Temperature readings on T1 and
T2 are monitored from t = 0-60 min at each 10 min interval. The
average of T1 and T2 represented as the interior temperature, which is
plotted against time and displayed in Fig. 11a. After 30 min IR exposure,
interior temperature found to be stabilized, then the temperature dif-
ference calculated between both the model houses after 1 h was ~4 °C.

Further, surface temperature measurements of the coatings have
studied by capturing thermal images at each 10 min interval during the
IR ray exposure, as shown in Fig. A2 and A3. Fig. 11b represents the
observed trend in surface temperature with time of IR exposure, where
the temperature development on NaZng 9Cog.1POj is significantly lower

than (~4 °C) that of CoAl,04 coating. Thus, the overall results suggest
that NaZng 9Cog.1PO4 coatings can perform well as a cool roof pigment,
facing the issue of rising temperature in summer. Moreover, the new
blue pigment is a better pigment than the currently available CoAloO4
for the application of IR reflective paint.

4. Conclusions

A novel deep blue inorganic pigment was developed by incorpo-
rating Co chromophore in to the Zn sites of the NaZnPOj4 host by solid-
state reaction. Rietveld studies established the geometry of Co
substituted ZnO4 tetrahedra, where the higher covalency and electron
affinity factors in response to the doping effect triggered the distortion of
geometry. Spectroscopic investigations further substantiated the tetra-
hedral (CoO4) geometry of chromophore and unleashed the chemistry
behind blue colour. Colour strength of the pigment composition
NaZng ¢Cog.1PO4 (b* = —59.21) remained superior to that of commer-
cial CoAl,0y4, even with 10 times lesser Co content, which will have an
impact on the material market value. Further, the excellent solar
reflectance (R* = 64%) and remarkable corrosion resistance features
furnished a multifunctional perspective for the colourant. Twenty wt%
pigment loaded epoxy coatings exhibited the best corrosion resistance
performance on steel in marine environment with R¢; = 8.8 x 10° Qcm?
and Qq; = 0.016 chm’z, established by the electrochemical impedance
spectroscopy. Later, XPS surface analysis of the coatings provided the
adequate evidence for phosphatization process involved in corrosion
prevention. A primary study on NaZnggCop1PO4 acrylic coatings
developed over concrete blocks and Al sheet demonstrated good colour
retention and reflectance property. In addition, ~4 °C reduction in
temperature at the surface and interior of the NaZny 9Cog 1PO4 coating
compared to CoAl,04 evaluate the new pigment as an excellent cool roof
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pigment. Thus, the synthesized blue pigment can be a promising
candidate for developing a multifunctional low-cost paint that could
offer a primer less anticorrosive cool exterior coat.
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Fig. A.1. Schematic representation of experimental setup for thermal shielding performance of pigment coatings.



P.K. Thejus et al. Solar Energy Materials and Solar Cells 219 (2021) 110778

46.1 °C 9C
46.1 °C

Fig. A.2. (a-g) Thermal images of CoAl;04 coating during 10 min interval of IR rays exposure.
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Fig. A.3. (a-g) Thermal images of NaZng 9Coo.1PO4 coating during 10 min interval of IR rays exposure.
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Table A.1
Crystallographic data for NaZng 9Cog.1PO4.

Atoms X y z Occupancy Uiso
Znl 0.43650 0.22120 0.40790 1.000 0.007
Zn2/Col 0.11010 0.71300 0.42010 0.900 0.010
Zn3 0.91519 0.21582 0.26519 1.000 0.016
Nal 0.24460 0.54700 0.25450 1.000 0.065
Na2 0.73351 0.53815 0.41150 1.000 0.002
Na3 0.72330 0.47100 0.06900 1.000 0.027
P1 0.44161 0.81623 0.40235 1.000 0.004
P2 0.11057 0.33077 0.42704 1.000 —0.007
P3 0.92387 0.82590 0.26770 1.000 0.013
01 —0.00200 0.47900 0.88670 1.000 0.051
02 0.95700 0.24300 0.04090 1.000 0.007
03 0.08600 0.23000 0.18480 1.000 0.029
04 0.23331 0.33510 0.03191 1.000 0.106
05 0.15040 0.50000 0.43980 1.000 0.035
06 0.94915 0.33602 0.36189 1.000 0.049
o7 0.07300 0.20900 0.50500 1.000 0.022
08 0.23000 0.22600 0.36870 1.000 0.063
09 0.55300 0.50400 0.19840 1.000 0.051
010 0.44400 0.20900 0.19850 1.000 0.024
011 0.72400 0.23700 0.20310 1.000 1.000
012 0.55656 0.34216 0.33097 1.000 0.115
Table A.2
Bond length and bond angle involved in Zn(2)04 and Zn(2)/CoO4 tetrahedra.

Bond length NaZnPO, (A) NaZng.9Coo.1PO4 (A)

Zn2-04 1.94471(0) 1.83656(0)

Zn2-05 1.93433(0) 1.79(4)

Zn2-07 1.94630(0) 2.05(3)

Zn2-010 1.95222(0) 1.87(4)

P1-04 1.53472(0) 1.82207(0)

P2-05 1.52413(0) 1.43(4)

Na2-05 2.35600(0) 2.51(4)

Na2-07 2.91002(0) 2.95(4)

Na3-07 2.31721(0) 2.19(4)

Nal-010 2.41236(0) 2.22(5)

P3-010 1.53821(0) 1.58(4)

Bond angle NaZnPOy, (°) NaZng gC0g.1PO4 (°)

010-Zn2-04 113.4543 125.7(11)

010-Zn2-05 107.6766 101.3(15)

010-Zn2-07 113.0930 110.4(14)

04-Zn2-07 108.1093 100.5(9)

07-Zn2-05 109.6051 110.8(13)

05-Zn2-04 104.5194 108.1(10)

Table A.3

Comparison of colour and solar reflectance with reported pigments.
Sample a* b* R*
YIng oMng 103-ZnO -0.88 —40.55 70 [40]
Sro.gEup.2CuSis010.+5 —4.9 —-27.5 72 [50]
Ko.3WO3 -1.82 -10.23 66 [51]
Srg.7Lag 3Cug 7Lip 3514010 10.4 -51.7 66 [52]
LaGag gMng 2Gex07 14.92 —-35.12 29 [41]
CoCry 5Aly 504 -20.3 ~11.4 43 [42]
YIng gMng 203 9.6 -38.9 41 [53]
Al:Cu:Co:Ce:Nd —8.49 -21.29 39 [54]

2:0.2:0.2:0.15:0.05

Zn.9C00.1A1,04 -37 ~39.0 63 [55]
Kaolin-CoAl;04 hybrid —8.98 —39.06 60 [56]
NaZng 9Cop 1PO4 10.70 —59.21 64 [Current study]

Table A.4
Colour coordinates of NaZng 9Cog 1PO4 pigment after chemical treatment.

Sample pH L* ax b* Cc* A E*yp
NaZng9Cop.1PO4 - 51.78 10.70 —59.21 60.17 -
Water 6.59 51.65 10.04 —59.11 59.95 0.68
HNOj3 3.17 51.31 9.87 —58.66 59.48 1.10
NaOH 10.52 51.53 10.28 —58.91 59.80 0.57
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ABSTRACT

A series of inorganic pigments LiMg; xCoxPO4 have synthesized by conventional solid-state method. Optical
features of the phase pure compounds have investigated, the characteristic absorption spectra confirmed the
octahedral geometry of Co?* chromophore. The spin allowed d-d transition in the visible region attributed to the
excellent magenta hue of the pigment series. The best composition LiMgg sCog 2PO4 exhibited colour a* = 26.45,
b* = —26.83 and NIR reflectance 67% and total solar reflectance (TSR) 55%. Acrylic coatings of LiMgp gC0g 2PO4
on concrete and Al roofing sheet have successfully retained the pigment properties. Subsequent temperature
shielding experiment and thermal images of coatings revealed 7 °C reduction in interior temperature for the
magenta coatings compared to commercial CoAl;04. The pigment LiMgp sCog 2PO4 shown excellent corrosion
resistance on steel epoxy coatigs, because of the active phosphatization mechanism. The charge transfer resis-
tance Re; = 9.3 x 10° Qem?, of the coatings are 4 order higher than that of bare and CoAl;04 loaded epoxy
coatings. In addition, 10 wt% of the pigment shown an intense colour in transparent PMMA matrix, substantiated
the colour deliverability of the material. Eventually, the studies concluded that LiMgp gCog 2PO4 could be a

potential inorganic pigment for developing an anticorrosive ‘cool’ paint for energy efficient buildings.

1. Introduction

The rising atmospheric temperature has become alarming in recent
time due to the increasing greenhouse gas emissions. Inflating urbani-
zation and depleting forestation further worsen the scenario by intro-
ducing heat island effect. Escalating energy demand for air conditioning,
heat related health issues and mortality are some of the consequences of
this longlasting issue (Rossi et al., 2020, Santamouris et al., 2015,
Bendiganavale and Malshe 2008). Hence, there is an aggregating de-
mand for the development of cooling materials for the prevention of
climate disruption and mitigation of the environmental impacts.
Different from the conventional techniques, materials that can regulate
the heat generating near infrared rays (NIR) in the solar spectrum,
attracted a huge interest in the current decade. This passive radiative
cooling materials, having high NIR reflectance, are efficient in reducing
the interior heat build-up of constructions (Yin et al., 2020). Inorganic
pigments TiO9, ZnO etc are already been established in this category by
virtue of its inherent white colour and reflectivity (Kumar et al., 2012,
Kiomarsipour and Razavi, 2014). Meanwhile, the aesthetics driven

efforts also have unveiled a few coloured cool pigments in market, like
BiVO4 yellow, YInMn blue etc (Thejus and Nishanth, 2019, Smith et al.,
2009). An appreciable amount of high reflective inorganic cool pigments
such as ZHO'9C00‘1A1204, A11,95Cr0‘0503, LaAll_xFeX03, Srl,xLaXCul,yLiy,
Si4010, Fe doped LazMoz_xFexOg, Bi3.XFeXY06, Yz_beXZrz_yFeyO7_y/2 etc
have reported by this time yet the necessity is still growing for better
alternatives (lanos et al., 2017a, 2017b, 2018, Jose and Reddy, 2013,
Han et al., 2014, Chen et al., 2020, Jovani et al., 2016).

Roof coatings, whether it is on concrete or metallic sheet, aquired
primary importance while constructing a potential cool building. At the
same time, durability of the roof is much more significant to get a sus-
tainable output from their top cool coatings. Unfortunately, it is inferior
for metallic roofs, which are subjected to corrosion under long-term
exposure of aggressive environmental conditions. Although, tradi-
tional anticorrosive pigments PbCrOy4, Cry03, Zng(PO)4 can sort out the
issue to an extent, toxicity of the material, high expense, huge material
consumption and enormous labour work makes it vulnerable (White
et al., 2014, Palimi et al., 2014, Naderi et al., 2014). Hence, integrating
the features colour, reflectance and corrosion resistance on a single
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material can resolve all these allegations, which will have a massive
impact in the industrial sector and will be highly beneficial for society
and environment.

Very recently our research group have reported two new pigments,
LiZng 9Cop 1PO4 purple and NaZngg¢Cog1PO4 blue, which exhibited
excellent NIR reflectance property greater than 65%. Among which the
blue pigment was also efficient in preventing the metallic corrosion
(Thejus et al., 2018, 2021). Similar to these phosphate systems a novel
magenta colour pigment, Co doped LiMgPO4, was introduced by B.
Serment et al., 2019. Resembling the phosphate compounds, couple of
borate magenta pigments, Ni doped LiZnBO3 and Co doped Mg2B20s5
have also published previously (Tamilarasan et al., 2016, Mimani and
Ghosh, 2000). Though the articles illustrated the structural as well as
colour features of the pigment series in detail, no real efforts have done
in their application perspective. Magenta pigments are commonly used
in printing or displays as e-book readers, but their attractive colour tone
brought its demand in exterior coatings as well (B. Serment et al., 2019).
Therefore, continuing the effort to develop new multifunctional Co
pigments for durable metallic roof coatings, we have made an attempt to
explore the reflectance and anticorrosive properties of the pigment se-
ries Co doped LiMgPO4. The CoAl;O4 blue and CoCre0O4 green, the
highly prevalent Co pigments in the consumer market, are poor in
reflectance and anticorrosion behaviour. Thus, initiatives for the
development of a new multifunctional Co based inorganic pigment
would be extremely relevant (Radhika et al., 2013, Hedayati et al.,
2015).

2. Experimental section
2.1. Materials and methods

Extra pure Li;CO3 (99.9%), MgO (99.9%), NH4H,PO4 (98%) and
CoCO3 (99.99%) chemicals were procured from Merck. The pigment
series LiMg; xCoxPO4 (0 < x < 1) synthesized by solid state method.
Stoichiometric quantity of precursors ground well in ethanol medium
and calcined. The calcination process involves a preliminary heating at
500 °C for 3 h, during which decomposition of volatile NH3, CO5 and
H,0 molecules occurs and subsequent grinding helps to keep the ho-
mogeneity of the precursor mixture so that the following secondary
heating at 800 °C for 5 h produces the phase pure pigment powder. The
experiment was repeated and analyzed the phase purity to ensure the
reproducibility.

Acrylic coating of the optimized pigment composition was prepared
and evaluated for its colour and IR reflectance. The coating suspension
formulated by dispersing pigment and acrylic binder in 1:1 mass ratio
through ultrasonication. It is brushed over TiO5 base coated concrete
block and Al roofing sheet, dried for 24 h. The acrylic coating of com-
mercial CoAl,04 and optimised magenta pigment composition on Al
sheet (dimension = 19 x 19 cm) was compared for its temperature
shielding performance. The experimental setup (Fig. A1) consist of two
foam model houses (dimension = 15 x 15 x 15 cm) with pigments
coated Al sheet roofs. Two thermocouples T1 (top) and T2 (bottom)
were placed on each foam house, 2 cm below the roof and 3 cm above
the base, respectively, which helped to measure the internal tempera-
ture buildup precisely. The house roof exposed for 1 h continuous IR rays
from the IR lamp (Philips, 250 W) kept at 40 cm above the roof top,
during which the internal temperature was measured. Same setup was
used for surface temperature measurements by capturing thermal im-
ages at regular time intervals using FLIR C2 thermal imaging camera.

The synthesized pigment samples were analyzed for corrosion inhi-
bition property. The exiperiment was performed on pigment loaded
epoxy coatings on steel substrate of 4 x 3 x 0.2 cm dimension. Chemical
composition of the purchased steel specimen is given as follows; C =
0.24, Mn = 0.90, Al = 0.03, Si = 0.20, Cr = 0.04, V = 0.10, P = 0.08, Cu
= 0.06 and remaining Fe. Steel coupons mechanically abraded with SiC
paper (grade 220 to 1000), acetone degreased and dried. Pigment
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loading was varied in different wt% in a dispersion of n-butanol-epoxy-
polyamide (2:2:1) system, by ultrasonication. The polished steel speci-
mens dip coated in this dispersion at 80 mm/min dipping rate and cured
for 24 h.

Synthesized pigment was incorporated in transparent PMMA poly-
mer matrix to identify the extent of colour delivering capacity. PMMA
dissolved in acetone and 10 wt% pigment powder was dispersed in it for
optimization. (Vishnu et al., 2011). Obtained viscous liquid moulded
into cylindrical shape after 24 h curing, resulted in magenta PMMA
cylinders. It was continued for all the compositions and colour co-
ordinates measurements were carried out.

2.2. Characterization techniques

Thermogravimetry analysis (TGA) was carried out in the tempera-
ture range of 30-1000 °C using an SII Nanotechnology Inc., TG/DTA
6200 in an air atmosphere at a heating rate of 10 °C/min. The pigments
are characterised by Powder X-ray Diffraction (PXRD) Philips X pert Pro
diffractometer Ni—filtered Cu-Ka (A = 0.154060 nm) radiation. The data
collection was done by step scanning over a 20 range 10 — 75° with a
step size of 0.03° and 20 s counting time at each step. Scanning Electron
Microscope (SEM) JEOL JSM-5600 and Dynamic Light Scattering in-
strument Malvern Instruments Zeta sizer nano Zis Model No: ZEN 3600
were utilized for morphology and particle size analysis, respectively.
UV-Vis-NIR Spectrophotometer (Shimadzu UV-3600 with an inte-
grating sphere attachment, ISR-2200) used for the optical feature anal-
ysis with references barium sulfate for UV-Vis range (300-700 nm) and
polytetrafluoroethylene (PTFE) for NIR range (700-2500 nm). The
measurement conditions are illuminant D65, 10° complementary
observer and measuring geometry d/8°. The colour coordinates mea-
surements were done with analytical software (UVPC Colour Analysis
Personal Spectroscopy Software V3, Shimadzu) coupled with the UV-
3600 spectrophotometer. The CIE 1976 L*a*b* colourimetric method
was used, as recommended by the Commission Internationale del’E-
clairage (CIE). In this method, L* is the colour lightness (L* = 0 for black
and L* = 100 for white), a* is the green (-)/red (+) axis, and b*is the
blue (-)/yellow (+) axis. The parameter C* (chroma) represents satu-

(a*)? + (b*)? the hue angle,
h° is expressed in degrees and ranges from 0 to 360° and is calculated by
using the formula h® = tan’l(b*/a*). For each colourimetric parameter
of a sample, measurements were made in triplicate, and an average
value was taken as the result. Typically, for a given sample, the standard
deviation of the measured CIE-L*a*b* value is less than 0.10, and the
relative standard deviation less than 1%, indicating that the measure-
ment error can be ignored. Optical measurements were carried out in the
700-2500 nm range. The NIR solar reflectance (R*) in the wavelength
range from 700 to 2500 nm was calculated according to the ASTM
standard number E891-87 as reported elsewhere (Levinson et al., 2010a,
2010b, Thongkanluang et al., 2011). The NIR solar reflectance or the
fraction of solar radiation incident at wavelengths between 700 and
2500 nm that is reflected by a surface is the irradiance-weighted average
of its spectral reflectance, r()), and can be determined using the relation,

ration of the colour and is defined as C* =

2500
2i(2)d(2
R* — %Where r(}) is the experimentally obtained spectral
1 A

700
reflectance (Wm’z) and i(A) is the solar spectral irradiance (Wm’2
nm~!) obtained from ASTM standard E891-87. ASTM standard E903
was used for calculating the TSR. Electrochemical analysis of the
pigment sample was performed in a multichannel potentiostat/ galva-
nostat (Autolab), consisting of three-electrode corrosion cell. The elec-
trode system include saturated calomel (SCE) as reference, graphite as
counter and pigment coated steel as working electrode, respectively.
Open circuit potential was stabilized for 30 min. prior to the EIS ex-
periments. The same was done in the frequency range of 10°-10"2 Hz
with 5 mV AC signal and the experiments were reiterated thrice for each
coated specimen. Nova 2.1 software was utilized for EIS Nyquist plot
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Fig. 1. TGA curve of LiMgg gCo 2PO4 precursor mixture.

analysis. Surface analysis of the corrosion tested steel specimens were
carried out using X-ray Photoelectron Spectrometer (XPS) (PHI 5000
Versa Probe II). Further data analysis and curve fitting was accom-
plished with CasaXPS software.
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3. Results and discussion
3.1. Thermogravimetric analysis

Thermogravimetric analysis of LiMgg gCog 2PO4 precursor mixture
exhibited two-step weight loss at 30-115 °C and 115-610 °C, (Fig. 1).
Initial 3.5% weight loss attributed to desorption of water molecules
condensed on the sample surface (Umbreit and Paukszta, 2009). The
solid-state reaction of the precursor mixture was given in Eq. (1),
accordingly decomposition of NH3 and CO2 was observed in TGA at
160-310 °C and 320-600 °C, respectively. Further, no significant weight
loss was observed, indicates the beginning of phase formation (Pardo
et al., 2017). Hence, in order to get phase purity and better crystallinity,
calcination temperature was fixed at 800 °C.

0.5Li,CO3 + 0.9MgO + 0.1CoCO3 + NH4H,PO4 — LiMgg9Cop POy +
0.6CO; + NH3 + 1.5H,0 @D)]

3.2. Powder X-ray diffraction analysis

The PXRD patterns of synthesised pigment series LiMg; yCoxPO4 (0O
< x < 1) are depicted in Fig. 2. Calcination at 800 °C resulted in highly
crystalline pigment powder evident from the sharp diffraction peaks.
The Co doped composition upto 0.4 mol% are well matched with the
parent system LiMgPO4 and standard JCPDS 032-0574, Fig. 2a. It
ensured the phase purity of compounds, which was crystallized in
orthorhombic structure and Pmnb space group (No.62). Further incre-
ment in dopant concentration made significant changes in PXRD
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Fig. 2. PXRD pattern of LiMg; xCoxPO4 (a) (0 < x < 0.4) (b) (0.6 <x < 1).
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Fig. 3. (a) SEM image and (b) DLS particle size distribution of LiMgg gCog 2PO4 pigment.
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pattern. The secondary phase reflections observed at 17.5°, 23.0° and
25.8° (marked * in Fig. 2b), associated to LiCoPO4 (JCPDS 032-0552).

No peak shift was observed in the PXRD pattern of magenta pigment
series as a result of Co?* doping at Mg?™ site. It is due to the closeness of
Mg2+ and Co?* ionic radii in the 6-coordinated site, 0.72 and 0.745 A,
respectively. The calculated cell volume and crystallite size using
Scherrer formula for each composition are shown in the supporting in-
formation Table Al. Since, there was no significant peak shift in PXRD
pattern, the calculated lattice parameter and cell volume of the unit cell
remained unchanged as expected, on varying the Co®" concentration.
However, crystallite size of the phase pure Co doped compounds
calculated to be ~ 71 nm, which is substantially lower than its parent
compound (105 nm). It suggests that the incorporation of the dopant
metal ion increased the rate of nucleation, thereby generated smaller
crystallites. Further, it was expected to show a decrease in crystallite size
atx = 0.6 composition due to the influence of secondary phase LiCoPOj4.
But the change was identified at x = 0.8 composition, where there is
concentration of LiCoPO4 secondary phase is enough to stimulate more
nucleation in turn smaller crystallites.

3.3. Morphology and particle size analysis

The submicron particle size distribution is highly essential in
developing a good pigment dispersion (Sreeram et al., 2008). Therefore,
as prepared LiMg, gCog 2PO4 magenta pigment was subjected to high
energy planetary ball milling at 135 rpm for 1 h. The SEM images of the
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ball milled pigment sample was shown Fig. 3a. A mixed morphology of
rods and flakes are observed for the pigment in the micrograph. The rod
shaped particles are approximately 5 pm in length and 0.3 pm in width,
whereas, flakes have the size distribution from 1 to 8 pm. Further,
particle size distribution was obtained from the DLS analysis, Fig. 3b. A
broad size distribution curve ranging from 1 to 8 pm, with an average
particle size 4.5 pm, exactly corroborates the observations from electron
micrographs.

3.4. Optical and chromatic properties

Absorption spectra of all the synthesized pigment compositions
LiMg;.xCoxPO4; (0 < x < 1) in the spectral range 200-2500 nm are
depicted in Fig. 4. The spectra consists of three major absorption bands
distributed in the visible and NIR region. An intense broad absorption at
434-643 nm (visible region) having 3 peaks at 488, 521, 577 nm and
another two broad bands at 653-984 nm (visible-NIR region),
1034-2480 nm (NIR region). For a &’ system the electronic transitions
correspond to these absorptions can be assigned on the basis of Tananbe-
Sugano diagram. It is the spin allowed d-d transitions 4T1g(F)—>4T1g(P),
4T1g(F)—>4A2g(F) and 4T13(F)—>4T23(F) are responsible for the absorp-
tions at 434-643, 652-984 and 1034-2480 nm, respectively (Gaudon
et al., 2012, Robertson et al., 2011). The observed transitions shed light
on the typical octahedral geometry of the chromophore. More in-
formations on the geometry was aquired from the analysis of peak
splittings and peak broadening. Triplet splitting of the high energy

.,;/f;j—)*"
&

Fig. 5. Digital photographs of LiMg; xCoxPOy4; (0 < x < 1) pigments.
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Table 1
Colour co-ordinates and reflectance value of LiMg; xCo,POy4; (0 < x < 1).
Sample L* a* b* c* h° NIR (%) at 1100 nm R* (%) TSR (%)
x=0 94.80 0.26 —0.03 0.26 353.63 96 95 94
x=0.1 70.17 23.08 -22.53 32.25 315.70 74 64 62
x=0.2 65.19 26.45 —26.83 37.68 314.60 67 57 55
x=0.4 56.99 32.63 —31.66 45.47 315.87 58 47 45
x=0.6 53.88 36.20 —34.95 50.32 316.01 57 45 42
x=0.8 48.30 31.85 —30.69 44.23 316.07 52 40 37
x=1 39.71 33.56 -32.91 47.00 315.57 36 27 24
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Fig. 6. (a) NIR reflectance and (b) NIR solar reflectance spectra of LiMg; yCoxPO4;(0 < x < 1).

absorption was attributed to spin-orbit (L-S Russell-Saunders) coupling
effect and Jahn-Tellar distortion, which in turn give rise to a peak
broadening on increasing the Co concentration (Ardit et al., 2012).

The synthesized pigments have shown prominent absorbtion of
green and yellow colours in the visible spectra. Thus, the pigment
appeared to be the combination of their complementary colours (red and
violet), magenta, Fig. 5. CIE 1976 colour co-ordinates of each compo-
sition was summarized in Table 1. The colour parameters a* (red) and
-b* (blue) in equal proprtion go in line with observations in absorption
spectra, similarly the hue angle 300-320°. While moving the dopant
concentration ahead, no remarkable colour change is noted for phase
pure compositions, instead of rise in intensity. However, the presence of
LiCoPO4 secondary phase brought an obvious colour variation towards
violet, at 0.8 mol% doping.

3.5. Reflectance property

Beyond aesthetics inorganic pigments are now investigated for their
ability to mitigate heat island effect, which was categorized as ‘cool’
pigments. In this focus, reflectance property of the prepared pigment
series was studied in detail. Observed NIR solar reflectance spectra was
displayed in Fig. 6. Since the characteristic d-d transition spread over the
NIR region, Co pigments are generally poor NIR reflective materials
hence not picked in the class of cool pigments (Divya et al., 2018).
However, the as prepared magenta pigments have shown excellent NIR
and solar reflectance, with a maximum of 74 and 64%, respectively.
Since, an inverse relation holds between reflectance and Co ion con-
centration in turn colour, an optimized composition was necessary for
further investigations. Therefore, providing equal importance for colour
as well as reflectance properties, LiMgy gCog 2PO4 was selected as the
best compound, since it exhibited good NIR reflectance (>66%), NIR
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Fig. 7. Comparison of NIR solar reflectance spectrum of LiMgg gCog 2PO4 coated (a) concrete block (b) Al sheet with their bare surfaces (Photographs of coatings

shown inset).
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Fig. 8. Temperature shielding comparison between LiMgg gCoo 2PO4 and CoAl,0,4 coatings (a) interior temperature of model houses (b) surface temperature on
model house roofs.

solar reflectance (>57%) and colour tone (a* = 26.45, b* = —26.83). 3.7. Temperature shielding performance
3.6. Acrylic coatings High solar reflective acrylic coatings encouraged the investigation to
determine the temperature shielding ability. Pigment coated Al sheet
In the present work, a preliminary acrylic coating was developed (dimension = 19 x 19 cm) was roofed on a model foam house equiped
using LiMgp.gCog.2PO4 on conventional building materials like concrete with two thermocouples T1 and T2. The commercial Co pigment,
and Al sheet. Photographs of the coatings are displayed along with its CoAl,04 coating was used for comparison following the same experi-
bare substrate, inset of Fig. 7. CIE colour co-ordinates (Table A2) suggest mental set up. Thickness of the coatings was measured to be 200-250
that the coatings have retained the pigment colour sucessfully. Impor- pm. House roofs exposed to IR rays for 1 h, during which the interior
tantly, the calculated solar reflectance (R*), 53 and 47 on concrete and temperature variation was monitored at each 10 min interval. Average
Al sheet, respectively, was higher than that of the bare surfaces (Fig. 7). of T1 and T2 quantified the interior temperature build-up and it was
Therefore the synthesized pigment can be established as a potential plotted with time of IR exposure, Fig. 8a. At the initial 10 min the
coloured cool pigment. temperature shooted up to a maximum, then maintained for rest of the

experiment. But, importantly temperature inside magenta roofed house

1200 4x10°4
Loxto'4 @ e —
@ 10wt%
4 s ’ o @ 15wt%
8.0x10 9 Epoxy F 2 ° “— 3x10
N’_\ N 400 5
S6.0x10' " S
G C 0 2x10° 4
:;) 0 200 IIM? 600 zgm 1000 1200 'E
.E 4.0"104 - ] Zreal @ em) N'
N
' 9
2.0x10° e
0.0 04
T T T T T T T — — T . T 5
0.0 2.0x10" 4.0x10* 6.0x10* 8.0x10" 1.0x10° 0 1x10 2x10 3x10 4x10
Zyeal «@ cmz) Zyeal «Q cmz)
1.5x10°4 )
750x10°] (€) s () A LiMg, o, PO, 2|
@ 20wt.% 1.2x10°4 CXEAL). C) 6-100
S o Reoat Ret @ 25wt.%
6.00x10 N .
k: “—‘ H i—” g om0’ M o’ =
Q 5_ *) ~
S450x10 S K A& o
= Qcoat Qg = s | A ) <
) N 6.0x10°4 ° g
F3.00x10° A gy, o o
' ° ° -
3.0x10° or; °°0 Y
1.50x10° 4 P 4 ° "
| *] b
3 o.o.ummm“mmm,,,,
0.00 -
M U 5 U 5 U 5 T T T T T T 0
0.00 2.50x10° 5.00x10 7.50x10° 10" 10" 10 100° 100 10 10°
Zreal «Q cmz) Frequency (Hz)

Fig. 9. Nyquist plots of (a) bare epoxy and bare metal (inset), different wt% (b) LiMgg §C0o 2PO4 and (c) CoAl,04, (d) Bode plot of 15 wt% LiMg, §Coo.2PO4 and 20 wt
% CoAly04.

108



P.K. Thejus et al.

Table 2
EIS parameters from Nyquist plot.

Solar Energy 222 (2021) 103-114

EIS parameters Bare metal Bare epoxy LiMg(.5C00.2P04 (Wt.%) CoAl,04 (Wt.%)
5 10 15 20 15 20 25

Reoat - 159.8 9.3 x 10° 4.0 x 10° 3.1 x 107 9.2 x 10* 5.3 x 10* 5.4 x 10° 2.4 x 10°
(Qcm?)

Qcoat - 4.2 6.05 5.82 1.24 4.81 2.8 0.53 2.1
(wFem™)

Ret 1.2 x 10° 1.2 x 10° 2.6 x 10° 5.3 x 10° 9.3 x 10° 4.5 x 107 3.4 x 10° 8.7 x 10° 4.3 x 10°
(Qcm?)

Quai 744 0.028 1.75 0.93 0.84 2.47 0.061 0.026 0.034
(WFem ™)

was approximately 7 °C lower than that of CoAl;O4 roof. The initial
temperature rise was attribted to the instantaneous IR absorption of the
coatings and subsequent heat transfer to the interior. Infact it strictly
rely on the IR reflectivity of pigment component in the coating. Since R*
of LiMg( gCogoPO4 is superior to CoAl,O4 (R* = 29), the magenta
coating could able to prevent the absorption of IR rays to a large extent,
in turn reduce heat transfer and interior heat build up. After 10 min the
temperature attained an equilibrium so that no further fluctuation was
observed in the trend. Importantly, the substatntial temperature differ-
ence of 7 °C can be highly beneficial to bring down the consumption of
air coolers in summer season.

Further study on temperature shielding capability of magenta and
CoAl04 coatings was performed by thermal imaging technique, Fig. A2
and Fig. A3. Surface temperature obtained from the images was plotted
aginst IR exposure time and shown in Fig. 8b. Similar to the interior
temperature plot, roof surface temperature also followed almost the
similar trend. But unlike the earlier case an immediate temperature
equilibration was not observed instead a decrease in rate of temperature
buildup. Essentially, a significant temperature reduction (~8 °C) was

observed on magenta coatings than that of CoAlyO4, after 1 h. It
corroborate that LiMgpgCopoPO4 magenta coating can be used to
develop an efficient IR reflective cool coating on building substrates.

3.8. Anticorrosive epoxy coatings

Ability of the metallic roof coatings to withstand corrosion process is
a great challenge. Anticorrosive paints played the major role in this
concern in combination with coloured paints. The well known anticor-
rosive pigment Zn3(PO4)2 is sucessful in this problem by virtue of the
phosphatization mechanism (Hao et al., 2013, Shao et al., 2009, Xie
et al., 2017). Focused on (PO)5 group in the pigmet composition,
corrosion inhibition property of the new magenta pigment was analyzed
via EIS. The pigment loaded (5, 10, 15 and 20 wt%) epoxy coatings were
prepared on steel substrate, electrochemically tested and optimized. The
coating thickness measured to be ~ 11 pm. Nyquist plots of bare and
pigment incorporated epoxy coatings in 3.5 wt% saline media were
exhibited in Fig. 9 and Fig. A4.

Fig. 9b displayed the Nyquist diagram of LiMgggCog 2PO4
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Fig. 10. (a-b) Nyquist plots of 15 days continuous electrochemical analysis of 15 wt% LiMgg gCop 2PO4 loaded epoxy coating (c) trend in corrosion resistance with

days of EIS experiment.
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Fig. 11. XPS deconvoluted spectra of (a) O1s, (b) Fe2p and (c) P2p of inhibitive film beneath the 15 wt% LiMgq gCog 2PO4 loaded epoxy coat on steel in 3.5 wt% NaCl

after 15 days of EIS analysis.

incorpoarted epoxy coating. The electrochemical behaviour of the
coatings were modeled with electrochemical equivalent circuit (EEC)
[Qcoat/(Reoat + Qai/Re)]. The solution resistance Rg found to be negli-
gible, hence, removed from the circuit. Reoye defines the resistance
offered by polymer coat, and R, is the resistance due to charge transfer
mechanism at steel electrolyte interface. Qo and Qg are the constant
phase elements, which express the polymer coat capacitance and double
layer capacitance in the non-ideal condition, respectively (Hao et al.,
2013). The EIS parameters obtained from the Nyquist plots were sum-
marized in Table 2. Irrespective of the pigment concentration, magenta
coatings have exhibited a positive response towards corrosion resistance
property than bare epoxy. The Reoqt and Re¢ found to increase from 5 to
15 wt% and declined at 20 wt% pigment loading. The maximum Reoat
and R obtained at 15 wt%, was 3.1 x 107 and 9.3 x 10° Qcm?,
respectively. The inverse trend in capacitance Qcoat and Qg obtained for
the coatings, also substantiated these findings. The four order hike in R¢¢
compared to bare epoxy coat suggests that LiMgp gCo.2PO4 is a poten-
tial anticorrosive pigment and 15 wt% is the optimum pigment volume
concentration for fabricating the best anticorrosive coating out of it.
Subsequent increment in pigment concentration from 15 wt% developed
aggregation of particles and initiated pore formation in coatings, that
resulted in deterioration of Rt value.

A comparitive study was performed with commercially available
CoAl»04 pigment loaded epoxy coatings (15, 20 and 25 wt% loading)
and corresponding Nyquist plots were displayed in Fig. 9c. The imped-
ance data were fitted using EEC [Qcoat/Reoat + Qdl/Ret]- Contrastingly, at
15 wt% pigment concentration, CoAl;04 showed R¢t = 3.4 10° Qcm?,
and only a slight increment (R¢; = 8.7 x 10° Qcm?) was observed in the
resistance at higher (20 wt%) loading. Therefore, the four order
enhancement in resistance for magenta at lesser concentration proved
that the material is an excellent anticorrosive pigment.

Bode plots of 15 wt% LiMgp gCop 2PO4 and 20 wt% CoAl,04 coatings
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(Fig. 9d) have displayed the resistance in accordace with Nyquist plots.
Phase angle (-0) above 90° at higher frequency range indicated the
consistency of both the coatings. However, their phase angle curve
behaviour was fairly different while moving in to the low frequency end.
CoAly04 posessed two time constants whereas one time constant for
LiMg.gCop.2PO4. The two time constant indicates electrolyte penetra-
tion in to the epoxy coat and one time constant represented the coat
intactness (Hao et al., 2013). It reveals that the incorporated pigment
components operate entirely in different manner while in contact with
corrosive medium.

In the case of CoAly04 coatings, interaction of the pigment with
electrolyte results in the formation of cobalt hydroxide films on the
metallic surface.

Co>* + 20H™ — Co(OH), | )

However, low solubility of CoAl;04 in NaCl medium decreases the
rate of Co(OH); precipitation and weakens the active mechanism (Eq
(2)). Hence, it leads to coat delamination, eventually corrosion on the
metal surface. Further, detailed investigations have made using 15 wt%
LiMgp.gCop 2PO4 loaded epoxy coatings, to figure out the protective
mechanism, through 15 days of continuous electrochemical study and
successive surface analysis. The Nyquist plots of the coating was shown
no apparent difference in curve shape up to the 9th day of analysis. But
the resistance found to decrease gradually from 9.3 x 10°to 1.8 x 107 Q
cm? (5th day), then to 5.1 x 10° Q cm? (7th day) and 2.3 x 10° Q cm?
(9th day). It illustrates that the continous electrolyte exposure has
developed permeation of electrolyte into the coating in turn allowed the
penetration of corrodent. Later, the impedance spectrum has changed its
profile on 11th day from arc shape to a combination of semicircular loop
and arc (Fig. 10a-b). The presence of semicircular loop indicates the
facts such as destruction of passivity of the epoxy coating followed by
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Fig. 12. Photgraph of pure PMMA and different compositions of 10 wt% pigment loaded PMMA cylinder.

the contact of electrolyte with metal surface and most importantly
corrosion initiation. Interestingly, after 11 days, R¢ value slightly
enhanced from 1.7 x 10° to 1.8 x 10° Q ecm?, and which carried on till
15th day (2.0 x 10° Q em?) of experiment, Fig. 10c. It ensured the ex-
istence of an active inhibition mechanism works between the metal
electrolyte interface and stability of the anticorrosive coating.

3.9. XPS surface analysis and corrosion resistance mechanism

The speculated corrosion inhibition mechanism of the pigment
loaded epoxy coating was identified by the XPS surface analysis of
specimen utilized in continuous EIS analysis. The deconvoluted spectra
of O 1s, Fe 2p and P 2p were displayed in Fig. 11(a-c). Three major peaks
have identified from the O 1s spectrum, at 529.4, 530.7 and 532.5 eV,
attributed to the corrosion products Fe3O4/ FeyOs, corrosion in-
termediates Fe(OH)y/Fe(OH)3/FeOOH and importantly FePOy, respec-
tively. High resolution Fe2p spectrum consists of binding energy peaks
corresponding to the corrosion products at 710.7 eV as well as corrosion
inhibitive FePO4 at 712.9 eV. Similarly P 2p spectrum also authenticated
the presence of FePO4 on steel surface via the binding energy peak at
133.3 £ 0.3 eV (Moulder et al., 1993, Barbaux et al., 1992). The insight
of XPS results supported the assistance of corrosion inhibition mecha-
nism via phosphatization. Under long-term exposure to corrosive me-
dium, the corrodent breaks through the passivation offered by the
polymer coat and initiate corrosion. At the same time precipitation of
phosphate protective layer occurs at the metal electrolyte interphase, by
the reaction of phosphate ion with steel which prevent further corrodant
penetration. The possible mechanism can be written as follows (Eq (3)
and (4)).

Fe - Fe** + 3¢ 3)

€]

The passive nature of LiMg, gCog 2PO4 incorporated epoxy coating
prevent NaCl penetration at the initial days of continuous electro-
chemical experiment. But, when the corrodent attack destroy this
mechanism the active phosphatization inhibition process comes into
picture. The phosphatization barrier developed at the metal electrolyte
interface provide stability and durability to the coating under continous
exposure to aggressive media. Altogether, the passive and active
inhibitive mechanism worked hand in hand to establish an efficient,
durable anticorrosive magenta pigment applicable for metallic roofs.

3Fe’" + 3P0} + 8H,0 — Fe3(PO4)3-8H,0

3.10. Polymer colouration

Inspired from the pleasing colour tone of the pigments, the material
has been employed to impart colour in polymer system. The analysis was
conducted by incorporating 10 wt% pigment sample in transparent
PMMA matrix. Photographs of the prepared magenta-violet PMMA
cylinders using each pigment composition including base compound
was shown in Fig. 12. The PMMA cylinders were highly attractive and
exhibited exceptional colour intensity. Moreover, the colour co-
ordinates (Table A1) obtained for the polymer cylinders are superior
to that of respective pigment composition, where transparency of
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polymer matrix helps to showcase the superlative colour intensity of the
pigment (Zhou et al., 2018). Hence, the developed pigment formulation
can be recommended to improve the quality and aesthetics of various
polymer utensils. Further, the ability of the pigment to protect from IR
rays guarantee much longer material life.

4. Conclusions

The inorganic pigment series Co substituted LiMgPO4 was syn-
thesised by solid-state ceramic route. Phase pure composition obtained
up to 0.4 mol% Co doping, crystallized in orthorhombic structure. The
ball milled pigment possessed a broad size distribution curve with an
average particle size of 4.5 pm. Octahedral Co geometry established the
pleasant magenta colour because of the spin allowed d-d transitions
from 4T1g(F) ground state. LiMgpgCogoPO4 composition presented
excellent reflectance property NIR = 67% and R* = 57%. Temperature
shielding experiments using the pigment coated roofs have unveiled 7 °C
reduction in interior temperature for magenta roofed foam house
compared to CoAl;04. Surface temperature measurements from thermal
images were also substantiated the results. LiMgggCogoPO4 epoxy
coating have shown impressive corrosion inhibition performance on
steel in marine media. The highest R¢t 9.3 x 10° Qcm? was obtained at
15 wt% loading, which is 4 order higher than that of pure and CoAl;04
loaded epoxy coating. The continuous electrochemical experiments on
the coatings and subsequent surface analysis illustrated the formation of
iron phosphate layer at the metal electrolyte interphase responsible for
the corrosion protection mechanism. In addition, colouring ability of the
pigment in transparent PMMA polymer matrix was tested, which
extended its application in plastic industry. Therefore, LiMgg.gCog 2PO4
magenta pigment can be regarded as a promising inorganic multifunc-
tional pigment for developing an anticorrosive ‘cool’ paint for energy
saving buildings.
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Fig. A4. Nyquist plots of (a) 5 wt%, (b) 20 wt% LiMgg gCoo2PO4 loaded epoxy coating.

Table Al
Cell volume and calculated crystallite size of LiMg;.xCoxPO4;(0 < x < 1). Table A2
Sample Cell volume (A%) Crystallite size (nm) Colour co-ordinates and R* of LiMgg gCog oPO4 coatings and PMMA cylinders.
LiMgPO, 281.325 105.188 Sample L* ar b* R* (%)
LiMgp.9C00.1PO4 281.351 71.29
LiMgo,§C00.2PO4 281.548 71.15 Concrete block 66.48 24.82 —21.65 53
LiMgq,6C00.4PO4 281.553 71.02 (45)
LiMg0.4Co0 PO 281.641 71.01 Al sheet 6249  27.00 2336 47
LiMgo,5C00.5PO4 281.972 62.72 (43)
LiCoPO, 284498 507 LiMg; xCoxPO4 — PMMA x=0 5990 -053 0.8l -

cylinder x=0.1 36.22 29.25 —25.34 -
x=0.2 3332 31.06 —25.87 -
x=0.4 31.44 39.05 -33.36 -
x=0.6 26.26 47.49  -39.47 -
x=0.8 19.17 27.33 —24.59 -

NB: R* of respective bare surface is given in bracket.
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ABSTRACT

The present work demonstrates a multifunctional brown inorganic ferrite pigment series, which is free of
highly toxic elements, via solid-state ceramic method. Partial replacement of chromophore Fe>* by AI** in
the pigment composition (ZnFe; 9Aly104) brought structural distortion in its octahedral geometry that
further induced compressive stress inside the crystal unit cell. The introduction of even 5 mol% of AI**
ions incorporated in place of Fe** could able to promote the pigment reflectance profile 25 units higher
compared to parent system, particularly with significant colour improvement. Acrylic coating of the pig-
ment on Al substrate was equally well in displaying good colour strength and temperature shielding abil-
ity (~2 °C) with respect to ZnFe,0,4. The pigment stands out with its promising anticorrosive performance
over the commercial toxic candidates, chromates and phosphates, exhibiting excellent R.; = 4.1 x 10°
Qcm?. The durability of 20 wt% pigment loaded epoxy coating on steel activates through combined action
of Zn(OH), and FeOOH film mechanism. Since, the pigment exhibits intense colour, high NIR solar reflec-
tance and robust corrosion resistance properties, their use as a high-performance multifunctional pig-
ment is indispensable.

© 2023 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction

Inorganic dark pigments are favoured over light pigments
owing to their aesthetics and ease of maintenance. In fact, it is
more beneficial, since different colour shades can be achieved in
convenience by dilution. Spinel ferrites are an exciting class of
non-toxic dark inorganic colourant that exhibits high thermal
and chemical stability [1]. Mostly, variations of black and brown
colours are available in ferrite pigments [2,3]. Charge transfer tran-
sition from 0%~ to Fe3*, results in broad absorption in the visible
spectrum, derived its attractive colour tones [4,5]. However, subse-
quent ligand field transitions at NIR region made it strong solar
heat recipient, which brings urban heat island effect in action
[5,6]. In a rapid population growth and urbanization, assistance
of NIR reflective cool pigments that alleviate urban heat island
effect is indispensable for human comfort [7-10]. Hence, in the last
few decades, a fair amount of works has been undergone in con-
cern of enhancing NIR reflectivity of ferrite pigments [11-14].

Brown is a customary colour choice for roofs and exterior wall
coatings. In this aspect ZnFe,0,4 turn into a highly recommended

* Corresponding author.
E-mail address: nishanthkg@niist.res.in (N. Karimbintherikkal Gopalan).
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inexpensive ferrite pigment which is free of toxic elements. Vari-
ous innovations have tried on this ceramic pigment to overcome
NIR reflectivity issue, in which most of them were ended up in
compromising its colour intensity while achieving their target.
Liu et al., attempted to incorporate Mg?* at Zn?* site of ZnFe,0y,,
where they could reach 58% R* for compound ZngegMgg4Fe;04
[15]. The report by Suwan et al., described on Ni doped ZnFe;0,,
in which composition Zng¢Nig 1Fe;04, exhibited much better R* ~
63% [16]. Unfortunately, colour parameters for all these composi-
tions were gone worst compared to its parent ferrite. Similar effort
from Elakkiya et al., where they have synthesized ZnAlg;sFeg -
Ceg 0204, with very high R* 80%, but again colour found to be very
feeble brown [17]. It was surprising to observe that, most of these
works has been preferred to partially replace Zn?* site of ZnFe,0,4
with different metal ions. At the same time, from the spectral fea-
tures it was already clear that transitions in Fe3* is responsible for
low reflectance of ferrites in NIR region [5]. Hence, it would be
ideal to manipulate the Fe3* site of ZnFe,04 to accomplish
improvement in NIR reflectance without colour deterioration.

NIR reflective coatings alone will not be sufficient to attain a
durable temperature regulation under metallic roofing since met-
als are subjected to corrosion under oscillating aggressive climatic
conditions. Therefore, an anticorrosive base coat is adequate to

1226-086X/© 2023 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jiec.2023.02.035&domain=pdf
https://doi.org/10.1016/j.jiec.2023.02.035
mailto:nishanthkg@niist.res.in
https://doi.org/10.1016/j.jiec.2023.02.035
http://www.sciencedirect.com/science/journal/1226086X
http://www.elsevier.com/locate/jiec

T. Peringattu Kalarikkal, K. Karattu Veedu and N. Karimbintherikkal Gopalan

prevent destruction of metal substrate thereby persist the cool coat
for long [18,19]. Currently, lead chromate, zinc chromate and zinc
phosphate are widely used anti-corrosive pigments. Since, chro-
mates are categorized as hazardous material and zinc phosphate
requires at high material concentration, implementing these pig-
ment coatings under cool coat will be inappropriate [20-22].
Moreover, avoiding this conventional duplex coating mechanism
is more profitable, energy and time conservative. Fortunately,
ZnFe,0,4 is known for its excellent anticorrosive property, but
beyond preliminary investigations a comprehensive study of the
pigment in coatings is limited [23-28]. Thus, it will be a massive
transformation for ZnFe,0,, if we could enhance NIR reflectivity
alongside exploiting its anticorrosive property to develop a sus-
tainable cool coating.

Herein, a rational approach was followed to enhance the reflec-
tance profile of ZnFe,04 in NIR region without compromising col-
our strength, by substituting Fe3* site of ZnFe,0, with different
metal ions. The best composition selected out of the synthesized
compounds, investigated for structural and spectroscopic features.
Further, its corrosion resistance behavior is evaluated. Colour,
reflectance, stability and temperature shielding performance of
the prepared acrylic coatings were commendable. Therefore, the
present work could be a new insight to overcome the drawbacks
of ZnFe,0,4 and simultaneously exploit its multifunctional proper-
ties to escalate the market value.

Experimental section
Materials and methods

Solid-state method was used for ZnFe; sMg 104 (M = AIP*, Si**,
Ti**, La®>" and Y*") and ZnFe,_Al,0,4 (0 < x < 0.8) pigment synthe-
sis. Extra pure ZnO (99.9%), Fe;03 (99%), Al,05 (99%), SiO; (99.5%),
TiO, (99%), La;03 (99.9%) and Y503 (99.99%) were purchased from
Merck. Stoichiometric amounts of precursors mixed homoge-
neously through 3 h grinding in ethanol medium and calcined at
1100 °C for 4 h in air atmosphere. All the prepared compositions
and quantity of precursor utilized in each composition was tabu-
lated in Table S1.

An acrylic emulsion of ZnFe; gAlg 104 pigment was prepared by
dispersing pigment and acrylic binder in 1:4 ratio. Further, coat-
ings were developed on TiO, base coated concrete and Al sheet
and evaluated the NIR reflectance property. Similarly, temperature
shielding performance was investigated, utilizing acrylic coatings
on Al sheet, by means of an experimental setup shown in our pre-
vious reports and compared with commercial brown pigment coat-
ing [18,19]. Thickness of all the prepared coatings were measured
using profilometer.

The pigment ZnFe;g4Alp,0, was analyzed for anticorrosive
property by developing epoxy coatings on steel, loaded with
respective pigment powder. Steel specimen employed for the
experiment have the composition C = 0.24, Mn = 0.90, Al = 0.03,
Si = 0.20, Cr = 0.04, V = 0.10, P = 0.08, Cu = 0.06 and remaining
Fe. Steel coupons of 4 x 3 x 0.2 cm dimension mechanically
abraded with 220 to 1000 SiC paper grade subsequently acetone
degreased and dried. The best anticorrosive coating was deter-
mined from different pigment loading (5, 10, 15, 20 and 25 wt%),
where the pigment dispersion in n-butanol-epoxy-polyamide
(2:2:1) was dip coated on polished specimens at a dipping rate
of 80 mm/min and cured for 24 h.

Characterization techniques

Phase purity and crystal structure of the prepared pigment ser-
ies ZnFe, ,Al,0, were analyzed by Powder X-ray Diffraction
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(PXRD) analysis using Philips X'pert Pro diffractometer, Ni-
filtered Cu-Ka (A = 0.154060 nm) radiation. The Rietveld refine-
ment was carried out using GSAS-II software. Morphology and par-
ticle size distribution were identified through JEOL JSM-5600
model Scanning Electron Microscope (SEM) and Transmission Elec-
tron Microscope (TEM) on a JEOL JEM F-200 microscope operated
at 200 kV, respectively. UV-Vis-NIR Spectrophotometer (Shimadzu
UV-3600 with an integrating sphere attachment, ISR-2200) used
for colour and reflectance analysis of pigment samples and coat-
ings. The NIR solar reflectance (R*) between wavelength 700-
2500 nm was calculated according to ASTM standard number
E891-87 as reported elsewhere [29-31]. The corrosion resistance
analysis of ZnFe;gAlp;04 was performed using a multichannel
potentiostat/galvanostat (Autolab) having a three-electrode cell
in which saturated calomel (SCE) and graphite act as the reference
and counter electrodes, respectively. Further measurement details
of reflectance and corrosion analysis are described in our previous
report [18]. The surface mechanism of pigment loaded epoxy coat-
ings on steel surface was studied via PHI 5000 Versa Probe Il X-ray
Photoelectron Spectroscopy (XPS) using CasaXPS software.

Results and discussion
Synthesis of metal ion substituted ZnFe,0,4

Different metal ions such as AI**, Si**, Ti**, La®** and Y** have
introduced at the Fe3* site of ZnFe,0,, anticipating an improve-
ment in NIR reflectance without colour deterioration. The criteria
for selecting these metal ions as the dopant were such that all of
them were exceptional candidates for providing high NIR reflec-
tance property [32-35]. Powder XRD of all the doped samples
including the base compound ZnFe,0, are illustrated in Fig. 1a.
Except La®>* and Y** doped ferrites, PXRD patterns shown the for-
mation of a highly crystalline single-phase compound that exactly
matching with the parent system ZnFe,04. Major peaks were very
well indexed to a cubic structure using JCPDS 022-1012. The ionic
radii of Fe*, Si**, AI**, Ti**, Y>* and La®* are 0.645, 0.4, 0.535, 0.605,
0.9 and 1.032 A, respectively. Since, Si**, AI**, Ti** are smaller than
Fe3*, they could able to successfully replace Fe** ion in the crystal
lattice and develop phase pure compounds. In the case of La** and
Y3*, because of the much larger ionic size, the extent of doping was
incomplete, resulting in the generation of impurity phases LaFeO3
(JCPDS 075-0541) and YFeOs; (JCPDS 073-1345), respectively,
(marked *). When smaller ions replace the larger ions, the unit cell
experience a reduction in volume and dimensions, in turn, a higher
angle shift in X-ray diffraction patterns and vice versa. As expected,
the reduction in cell parameter, volume (Table S2) and shift in XRD
patterns (Fig. S1a) are noticed for Si**, AI**, Ti** doping, whereas,
no significant variations are identified for La>* and Y>* doping. This
can also substantiate the inconsistency of substitution due to ionic
radii mismatch between host and guest ions.

NIR reflectance analyses of all the prepared samples were per-
formed and the obtained spectra were displayed in Fig. 1b. The
phase pure compounds have exhibited a good enhancement in
the reflectance profile, by reason of potential metal ion sub-
stituents in the host lattice. At the same time, it is essential to
investigate colour strength of the synthesized pigments. Because,
introducing such metal ions can seriously dilute brown colour of
ZnFe,0,4 pigment, which will be detrimental to its quality. Among
phase pure substituted pigments, AI>* appeared as the best choice
compared to rest of the compounds, both in terms of colour and
reflectance (Table 1). The pigment ZnFe; gAlg 104 provided colour
parameters a* = 25 and b* = 31, combination of strong red with fee-
ble yellow, delivered intense brown colour amid the prepared
compositions. Moreover, hue angle closer to 45° supported this
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Fig. 1. (a) PXRD patterns and (b) NIR reflectance spectra of ZnFe,_\M;04 (M = AP**, Si**, Ti**, La®>* and Y**).
Table 1
Colour and reflectance values of ZnFe, ,M,04 (M = AI**, Si**, Ti**, La®>* and Y*).
Sample L* a* b* c* h’ NIR (%) R* (%)
at 1100 nm
ZnFe,;04 38.93 22.46 25.05 33.64 48.11 25 34
ZnFeq 9Alg 104 46.54 25.05 31.01 39.86 51.06 50 58
ZnFeq ¢Sip104 45.14 25.34 34.24 42.60 53.49 43 51
ZnFe; gTig104 39.54 22.23 20.98 30.57 43.33 34 41
ZnFeq glag 104 37.72 21.59 19.37 29.00 41.89 40 44
ZnFe Y104 42.86 23.01 23.62 32.98 45.74 42 48
a b l”.‘ x=0.8 b ® Observed
( ) i = AP A ( ) e Calculated
-y ﬂ B , —— Difference
=: L T - ., | Reflections
S l x=04| = '
| R W | o s
=y : 3
{7 N’
= L L . T\ x=02) &
= =
- — D
W L l A P A x=0.1 E
2 =
E \ l . N x =0.05
é 311)
=0
ary @0 fam@n @GO EY ) | El T s
A A A
4 J_ L I\ Frs L 1 LL.
| JCPDS 022-1012 ' LR ey L )
L v ! 1 v L, v L I v I M + [ THE T T T T T T T
10 20 30 40 50 60 70 20 30 40 0 60 70 80
Angle 20 (°) Angle 26

Fig. 2. (a) PXRD patterns of ZnFe, 4Al,O4 (0 < x < 0.8) and (b) Rietveld refined PXRD pattern of ZnFe; gAly 04 (crystal structure inset).

colour determination and high colour richness C* ~ 40, further val-
idated its selection. Subsequently, ZnFe,_yAl,O,4 pigment series was
developed, emphasizing colour as well as reflectance properties,
and selected the best composition out of them.

Synthesis of ZnFe,_,Al,O4 pigment series and Rietveld refinement

The powder XRD patterns of synthesized pigment series ZnFe,_
xAlxO4 (0 < x < 0.8) was shown in Fig. 2a. The diffraction peaks up
to composition X = 0.6 are well matched to the parent cubic ZnFe,-
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04 with a spinel structure and indexed using JCPDS 022-1012.
Beyond which, AlFeO3 (JCPDS 08-2154) observed as an impurity
phase (marked *).

In comparison with parent system, addition of AlI°* ions give rise
to a shift in diffraction peaks to higher diffraction angle. As an
example, Fig. S1b, specified the shift of PXRD peaks correspond
to (220) and (311) Miller planes. It suggested that a larger fraction
of AI’* was able to successfully replace Fe>* in ZnFe,04. However,
when smaller AI** (0.535 A) incorporated at larger Fe** (0.645 A)
site of ZnFe,0,4 crystal, a lattice strain was generated into the sys-

B
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tem [36]. As dopant concentration increased, the induced lattice
distortion also increased, resulted into the reduction in lattice peri-
odicity and crystal symmetry. It was identified from the PXRD pat-
terns, which exhibited a shift in Bragg reflections, depletion in peak
intensity and peak broadening, from composition x = 0 to 0.8,
Fig. S1b, [5]. The calculated lattice parameter and unit cell volume
from the PXRD patterns also accounts for the developed compres-
sive strain in the ZnFe,04 unit cell. Both cell parameter and cell
volume followed a steady decrease with increase in AI>* concentra-
tion, Table S3. The average crystallite size, calculated by Scherrer
equation, D = K\ /B cos 0, was declined from 139.5 to 62 nm, indi-
cates the systematic drop in crystallinity during the incorporation
of AI>* [37]. Further, the lattice strain (€) induced and dislocation
density (8) were calculated using the formula, € = B cos 6/4 and
5 = 1/D? respectively [38,39]. Both these factors illustrated the
strain and defects exerted by the dopant ion on the parent crystal
lattice that found to increase with increase in AI>* content.

The crystal structure modification due to AI** doping was
understood through Rietveld refinement analysis of the composi-
tion ZnFe; 9Alg104. The refined XRD pattern with Rp factor 3.6%,
was shown in Fig. 2b, and crystallographic data was tabulated in
Table S4. Calculated bond length and bond angle revealed that,
in ZnFe,0, structure Zn>* and Fe3* exists in a nearly perfect tetra-
hedral and octahedral geometry, respectively. But after the substi-
tution of AI** ion, Fe-O bonds in FeOg geometry reduced
significantly, Table S5. That developed a compression in the FeOg
octahedron thereby a distortion in its structure, Fig. S2. The
obtained crystal structure for ZnFe;gAlp;04 exhibited inset
Fig. 2b. Eventually, this reduction in bond length became the root
cause for generating the compressive strain throughout the
ZnFe; gAlp 104 crystal system.

Morphology and particle size analysis

The SEM images of ZnFe,04 and ZnFe, 9Alg 104 pigment samples
were illustrated in Fig. 3. The micrographs show smooth particles
of irregular morphology and little agglomeration. The ZnFe,0,
micro particles were nearly uniform in size and shown a size dis-
tribution range from 1-1.3 pum, Fig. 3a. Whereas, comparably smal-
ler ZnFe; 9Alp 104 particles exhibited broad size distribution 0.2-
1 wm, Fig. 3b. Further, EDS analysis confirmed the presence of con-
stituent elements Zn, Fe, Al and O, Fig S3. The experimentally
determined elemental composition of ZnFe,04 and ZnFe; gAly 104,
from EDS, shown close agreement with calculated value, inset
Fig. S3.

Morphology and size distribution from TEM images were
shown in Fig. 4, which was consistent with SEM results. ZnFe,04
displayed a narrow particle size distribution, meanwhile it was
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broadened after AI** doping. In addition, average particle size
was also reduced after the doping process, from ~ 1 to ~ 0.5 pm.
Fig. 4c and 4f are the HRTEM images, displayed the highly ordered
lattice fringes. The d-spacing measured for the lattice planes (220),
(311) and (400) of ZnFe; gAlg 104, was smaller than that of ZnFe,0,.
It further confirmed the unit cell shrinkage experienced by ZnFe, o-
Alg 104 lattice, due to AI** substitution. Since, dopant inclusion dis-
turbed host crystal lattice, the crystal growth in turn particle
growth is affected and resulted in smaller particles.

Optical and chromatic properties

Optical properties of the pigment series ZnFe,_4Al,O4 (0 < x < 0.
8) were investigated by UV-Vis-NIR absorption spectroscopy,
Fig. 5a. Three major absorptions are distributed at 200-655 nm,
685-935 and 988-1417 nm region. The intense broad peak at
200-655 nm is a combination of two absorption bands with Anax
293 and 423 nm. The absorption lies in UV region correspond to
the charge transfer transitions involving Zn>* orbitals [5]. Further,
strong absorption at high energy part of the visible spectrum was
originated from O,, — Fesq charge transfer transition [5,40-42].
Starting from UV region the absorption edge extended over to
orange colour in visible spectrum, leaving behind the entire low
energy red rays to get reflected. Remaining absorptions at 785
and 1182 nm were attributed to intra-atomic d-d transitions in
Fe3*. But, according to Tanabe-Sugano diagram, in an octahedral
field all the d-d transitions from Fe>* high-spin d° electronic con-
figuration are both spin and Laporte forbidden. Hence, intensity
of these absorptions is found to be very low with respect to the
charge transfer transition. Respective forbidden transitions are
identified as ®A;; — Ty and A,y — “Ty, for peaks at 785 and
1182 nm, [5,40-42].

When APP* replaced Fe3', intensity of the absorption profile
decreased due to decrease in concentration of the chromophore
and colour dilution effect brought by the dopant. Further, analysis
revealed that it is predominantly the absorption associated with
Fe3* (423, 785 and 1182 nm) exhibited a significant intensity drop
with regard to 293 nm peak. The charge transfer transition in chro-
mophore has shown a slight blue shift with respect to increase in
Al substitution. It must be associated with the structural strain
implemented through the doping process.

Colour strength of the pigment series was determined by CIE
1976 L*a*b* colour system, shown in Table 2. The pigments sam-
ples are intense brown in colour, Fig. 5a (inset), obtained as the
combination of colour parameters a* (red) and b* (yellow) positive
axes. The hue angles closer to 45-50° and rising colour saturation
also supported this observation. As expected, the intensity of
brown colour tend to decrease with increase in added amount of

Fig. 3. SEM images of (a) ZnFe,0,4 and (b) ZnFe; 9Alg 104, respectively.
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Table 2

Colour co-ordinates and reflectance of ZnFe, 4AlyO4 (0 < x < 0.8).
Sample L* a* b* c* h’ NIR (%) R* (%)

at 1100 nm

x=0 38.93 22.46 25.05 33.64 48.11 25 34
x =0.05 43.64 24.86 26.80 36.55 47.15 45 53
x=0.1 46.54 25.05 31.01 39.86 51.06 50 58
x =02 46.82 24.28 30.08 38.66 51.09 48 56
x =04 47.08 22.79 30.22 35.83 52.98 51 59
x=0.6 51.21 22.65 31.96 39.17 54.67 53 61
x=0.8 53.27 21.38 31.66 38.20 55.96 53 61
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AP?*, indicated by the increase in L* from 38 to 53. Fortunately, it
was not hugely influenced to bring a colour change in the pigment
series. For ZnFe; gAlp 104, a* and b* proportionally increased from
that of its base compound, which led into colour strength improve-
ment. Later, a* and b* tend to decrease and increase, respectively,
suggesting a drop in red tinge along with the rise in yellow. It
was observed as gradually fading brown tone in appearance.

Reflectance properties

Inorganic brown is a customary choice for buildings and roofs.
But, being very dark shade, to attain a high NIR reflectance for
brown pigment is always challenging. Looking forward to break
this drawback, the prepared inorganic brown pigment series ZnFe,_
<Aly04 (0 < x < 0.8), were investigated for their reflectance prop-
erty, where, respective NIR and NIR solar reflectance spectra were
displayed in Fig. S4 and Fig. 5b, respectively. The NIR and NIR solar
reflectance of the base system noted as 25 and 34%, respectively. As
soon as Fe3" replaced by AI**, an appreciable enhancement was
monitored in the reflectance profile of pigment series. It was able
to stretch the reflectance value R* upto 61% by maximum doping
with retention of phase purity. The two forbidden transitions of
Fe3* at NIR region is accountable for the low reflectance of ZnFe,-
04. Meanwhile, substitution of Fe** by AI** diminishes these char-
acteristic transitions in turn reduces the intensity of these
absorptions. Both the factors contributed simultaneously, to
enhance the spectral reflectance of developed pigments. Since col-
our strength cannot be compromised for spectral reflectance,
ZnFe; 9Alp 104 chosen as the best composition for further studies.
Therefore, ZnFe; 9Alp.104 can be considered as an efficient cool roof
pigment for exterior coatings.

Generally, an intense brown colour was identified through CIE
L*a*b* colour system as a* and b* almost in 1:1 ratio with L* <
50. But, too low or very high L* will influence reflectance or colour
strength of the pigment, respectively. Hence, high magnitude a*, b*
along with L* just below 50 will be an ideal requirement. Compar-
ative colour analyses with some of the reported pigments were
shown in Table S6, [14-16,42-53] Certainly ZnFe; 9Aly;0, is the
better candidate over the other compositions, because of high
magnitude colour co-ordinates with appropriately maintained pro-
portion. Most of the pigments listed in Table S6, achieved high
reflectance by compromising the colour strength. Different from
others, ZnFe;gAlg104 could able to attain relatively high R* =
58%, without any colour fade.

Anticorrosive studies

Durability of metal coatings is hugely relied on the corrosion
resistance property of coating material. Different from conven-
tional duplex coating practice, reflective layer over anticorrosive
base, a single layer anticorrosive cool coating can conserve energy,
expense and time drastically. This motivated to explore the anti-
corrosive property of developed ZnFe;oAlp;04 brown inorganic
pigment systematically. Herein, corrosion resistance of ZnFe;g-
Alg 104 was investigated on steel in marine medium. Epoxy coat-
ings of thickness ~ 11 pm have prepared with different pigment
loadings (5, 10, 15, 20 and 25 wt%) for corrosion analysis. Further,
EIS experiments have performed and respective Nyquist plots of
bare epoxy (Fig. S5a) and pigment incorporated epoxy coatings
on steel in 3.5 wt% NaCl, have shown in Fig. 6a-b and Fig. S5b.

The electrical equivalent circuit (EEC) used to fit all the impe-
dance spectra of ZnFe; 9Alg.104 epoxy coatings is [Reoat/ (Qcoar + Qaif
Rct)] shown in inset Fig. 6b. Solution resistance R is negligible thus
omitted from the circuit. Re,a explains the stability of polymer
coating and R associated charge transfer resistance at the metal
electrolyte interface. Corresponding constant phase elements Qcoa¢
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(coating capacitance) and Qg (double layer capacitance), account
for the non-ideal behavior of polymer coating on metallic surface
[18]. The electrochemical parameters from impedance fitting tabu-
lated in Table 3.

Incorporation of pigment powder brought incredible improve-
ment in epoxy coat resistance on metal surface, of the order 10°
to 10”7 Qcm?. This it indicates potential of the material as an anti-
corrosive pigment. More details were extracted out by evaluating
obtained R values. Initial 5 wt% pigment loading recorded one
order hike in R.; from 2 x 10° to 2.8 x 10° Qcm?. Further increment
in loading up to 20 wt% illustrated a steady one order enhancement
in corrosion resistance. The maximum R¢ = 4.1 x 10° Qcm? was
recorded for 20 wt% loading with minimum Qg 0.002 pFcm™2
which immediately dropped down to 7.4 x 10° at 25 wt%. There-
fore, primary inference from the EIS results is that prepared ferrite
pigment shows excellent resistance towards mild steel corrosion in
marine medium, on top of which, the trend in resistance value
implied a resistive mechanism that works at its best for 20 wt%
loading. Further, a corrosion inhibition mechanism was suggested
based on a passive hydroxide film formation at metal-electrolyte
interface for optimum pigment volume concentration. Later it
failed to work above saturation point where pigment particles
develop pores in polymer coating which facilitated the corrodent
penetration.

Durability of 20 wt% pigment loaded coating was ensured by
one-month continuous electrochemical analysis on steel in marine
environment. Results were tabulated in Table 4 and Bode plot of
continuous study was shown in Fig. 6¢. During the period of each
5 days from day 1 to 10, the resistance value depleted in the order
of one, 10° to 10® Qcm?, then 108 to 107 Qcm?. Later, it was main-
tained throughout till completion of the experiment without much
deterioration, which substantiated the pigment durability. Mean-
while, a comparitive anlysis of corrosion resistance with zinc based
commercial anticorrosive pigments, appeared to be highly encour-
aging, Fig. 6d. Though, the critical pigment volume concentration is
slightly on higher side, since we were able to replace the toxic
chromium ions from the composition, R, of the same order is
invaluable, (Table S7). Literature reports suggest that, stability of
ferrite pigments are subjected to the formation of barely soluble
hydroxides on metallic surface during immersion in saline med-
ium, which can act as inhibitive barrier to prevent corrodent attack
[54]. Hence, we have gone for XPS analysis on metal surface,
obtained after continuous analysis, to determine the presence of
hydroxide inhibitive layer.

XPS surface analysis

XPS surface analysis of coat removed steel strip provided clear
idea on the compounds formed beneath pigment loaded epoxy
coating after continuous electrochemical study. Survey spectrum
(Fig. 7a) recognized the presence of O, Zn, Fe and Al. With respect
to C1s level, high resolution spectrum of elements responsible for
corrosion inhibition mechanism O1s, Zn2p and Fe2p were decon-
voluted and shown in Fig. 7b-d.

In O1s spectrum, binding energy peak at 531.1 eV corresponds
to iron oxyhydroxide (FeOOH) compound and 532.5 eV peak attrib-
uted to Zn(OH), formation on steel surface. The findings were in
good ageement with Zn2p and Fe2p spectra, Fig. 7c and d. Zn2p
and Fe2p spectra validated the formation of Zn(OH), and FeOOH
with a binding energy peak at 1021.8 and 711.9 eV, respectively
[55,56].

XPS results certainly helped to explain the corrosion inhibition
mechanism involved in the prepared ferrite pigment loaded epoxy
coating. Initially, interaction of NaCl solution with ZnFe; gAlg 104
pigment activated the resistive mechanism, by building an alkaline
environment at metal-electrolyte interface via sparingly soluble
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Fig. 6. Nyquist plots of (a) 10 and 15 wt% (b) 20 wt% (EEC in inset), (c) Bode plot of continuous one-month electrochemical study of 20 wt% ZnFe; ¢Aly 104 loaded epoxy
coating, (d) comparison in corrosion resistance of ZnFe; 9Al 104 with commercial anticorrosive pigments.

Table 3
EIS parameters from Nyquist plot.

EIS parameters Bare metal Bare epoxy ZnFe,; gAlp 104 (Wt%)
5 10 15 20 25

Reoar (Qcm?) - 159.8 2.8 x 10° 2.1 x 107 1.3 x 107 9.8 x 107 2.2 x 10°

Qcoar (HFcm™2) - 4.2 0.14 0.016 0.06 0.005 0.23

Ret (Qcm?) 1.5 x 103 1.2 x 10° 2.8 x 10° 6.8 x 107 1.4 x 108 4.1 x 10° 7.4 x 10°

Qqi (WFecm™2) 744 0.028 0.03 0.004 0.011 0.002 0.03
Table 4
EIS parameters from continuous electrochemical analysis.

Sample Corrosion resistance (Qcm?)

1st day 5th day 10th day 15th day 20th day 25th day 30th day
ZnFe; oAl 104 4.1 x 10° 1.1 x 108 5.1 x 107 2.4 % 107 1.4 x 107 1.1 x 107 1.1 x 107

metal hydroxides formation, which protected steel from further
contact with saline environment, as follows, (Egs. (1) and (2)).

Anodic oxidation:Fe — Fe**+2e-

(1)

Cathodic reduction:0, + 2H,0 + 4e-—40H~ (2)

The hydroxyl species formed at cathode, reacted with metal
jons present in ferrite pigment (Zn?* and Fe3*) and formed corre-
sponding hydroxides followed by passive oxyhydroxides (Eqgs. (3)
and (4)).
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Zn**+20H~—Zn(OH),(slightly soluble) (3)

Fe3++30H-—Fe(OH); — FeOOH(passive) (4)

The less soluble zinc hydroxide complex formed between pig-
ment coating and metal substrate inhibits corrosion reaction in
chloride environment. This stable passivating barrier assisted to
achieve high corrosion resistance for ZnFe; gAly ;0,4 pigment. More-
over, ferrite pigments passivated the steel surface also by forming
amorphous passive FeOOH layer along with zinc hydroxide
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Fig. 7. XPS (a) survey spectrum, fitted high resolution spectrum of (b) O1s, (c) Zn 2p and (d) Fe 2p of inhibitive film beneath the 20 wt % ZnFe, 9Alo 104 loaded epoxy coat after

immersion test.

[54,57,58]. Both Zn(OH), and FeOOH formation subsidize anticor-
rosive mechanism of ZnFe; gAlg 104, which makes it qualify as a
potential candidate for protecting steel from marine environmen-
tal corrosion.

Applications

Stability of synthesized pigment was analyzed in different
aggressive media, such as acid, base, and water. Pre-weighed pig-
ment sample vigorously stirred for 1 h in different media, subse-
quently dried, weighed and measured the colour property,
Table S8. No significant colour change was noticed between pre-
treated and treated sample, where estimated AE*,;, not deviated
away from unity. Hence, confirmed stability of the pigment
[59,60].

Colour deliverability is another area of concern for most of the
inorganic pigments, hence, it was established through developing
coatings on conventional substrates. The pigment emulsion brush
coated over concrete block and Al sheet substrates, which dried
and analyzed for colour and reflectance. Obtained results are tabu-
lated in Table 5 and solar reflectance graphs were illustrated in

Fig. 8. Generally, dark colours experience serious colour deteriora-
tion while coating. But, in the case of ZnFe; gAlg 04, the coatings
were appeared to be brighter than the pigment powder, indicated
by enhancement in L*. Moreover, estimated colour parameters and
solar reflectance suggested no significant deterioration in its colour
strength and reflectance as well. Thus, it is definitely an ideal can-
didate as an alternative for present brown pigment in the market.

Temperature shielding performance

Enhancement in reflectance property for ZnFe; 9Alg 04 over
ZnFe,04, impelled to organize the temperature shielding experi-
ment. The pigment coatings of thickness 200-250 pm was
employed for roofing foam boxes. Temperature against time plot
for the experiment indicated an abrupt rise in interior temperature
during initial 20 minutes and saturation thereafter, Fig. 9a. Appar-
ently due to immediate IR absorption and heat transfer to the inte-
rior at the beginning and equilibration of the process thereafter. It
was delighted to mark nearly 2.5 °C drop in temperature beneath
ZnFe; gAlg 104 coated roof, after 1 h scrutiny.

Table 5

Colour coordinates and R* of pigment coatings.
Sample L* a* b* c h’ R* (%)
ZnFe; 9Alp 104 46.54 25.05 31.01 39.86 51.06 58
Concrete 57.75 20.50 32.67 38.56 57.89 50
Al sheet 49.71 2141 31.79 38.33 56.04 52
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Almost similar progression was observed in the case of surface
temperature build-up. Thermal images of the coating surfaces
were illustrated in Fig. S6 and S7. Since, IR lamp focus was at
the centre of coating, heatzone was concentrated in this region,
observed as red contour in thermal image. Further, heat propa-
gated over the surface towards edges, appeared as orange, yellow
and green colours in decreasing order of temperature. Therefore,
two temperature measurement points were fixed at the red con-
tour and its average was plotted versus time, Fig. Sb. Importantly,
temperature build up on ZnFe; gAly ;04 coating was ~ 3 °C lower
than ZnFe,0,. Overall, AI>* doping at ZnFe,0,4 was highly beneficial
to bring reduction in heat generation by NIR rays absorption.
Therefore, switching from traditional brown to new cool brown
coating can have a great impact on energy conservation in huge
constructions.

Conclusions

e A low-cost multifunctional brown inorganic pigment was syn-
thesized based on AI** substituted ZnFe,0..

e The best composition ZnFe;gAly:04, in the pigment series,
ZnFe, ,Al,04 (0 < X < 0.8) exhibited a* = 25.05, b* = 31.01
and R* = 58%, is higher than the reported brown pigments.

e AI** substitution at Fe3" site brought reduction in Fe-O bonds in
FeOg octahedra, led into unit cell shrinkage, thereby lattice dis-
tortion, decrease in crystallinity and crystal symmetry.

e The charge transfer transition O2p — Fe3d and d-d forbidden
transitions in Fe>* chromophore was responsible for brown col-
our of the pigment.

o Approximately, 2.5 °C temperature reduction was achieved for
ZnFe, gAlg 104 over ZnFe,0,4 coating, which confirmed potential
of the pigment as a cool colourant.

e Anticorrosive performance (R = 4.1 x 10° Qcm?) of the pig-
ment was appreciably higher than toxic chrome pigments,
under marine conditions with respectable durability.

e The passivating Zn(OH), and FeOOH layers formed at metal
electrolyte interface deploys the inhibitive mechanism involved
in the pigment.
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