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ABSTRACT: MXene/graphite composite paste electrode
(MXene/GCPE)-based electrochemical sensor has been
fabricated for the detection of adrenaline. The electrode
exhibits a sensitive response to adrenaline in phosphate buﬀer
solution of pH 7.4, and its catalytic activity is much higher
than that of the bare graphite paste electrode. The electrontransfer reaction of MXene/GCPE is a diﬀusion controlled
process. The graph of concentration of adrenaline with the
peak current exhibits two linearities, one in the lower and
other in the higher concentration range with a detection limit
of 9.5 nM. The simultaneous analyses of adrenaline, ascorbic
acid, and serotonin reveal that the fabricated electrode could
separate the overlapped cyclic voltammetric peaks of these
ternary mixtures. This electrode has been further employed in the detection of adrenaline in pharmaceutical samples with 99.2−
100.8% recoveries.
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■

INTRODUCTION
Recently, MXenes, a new family of two-dimensional (2D)
materials prepared by the chemical exfoliation of MAX phases
(transition metal carbides and carbonitrides) are attracting
signiﬁcant research attention because of their unique structural
and electronic properties.1−3 Immersing of hexagonal titanium
aluminium carbide MAX phase (Tn+1AlCn) in HF solution
results in the selective removal of the Al layer and leads to the
formation of the layered titanium carbide, surface terminated
with weakly bonded −OH or −F groups (Tin+1CnTx, where Tx
stands for a general surface termination).4−6 The widely
explored MXene in this group to date, Ti3C2Tx, has
demonstrated its potential as an excellent electrochemical
transducer for electrochemical sensing applications.7−9 Wang
et al. reported the use of organ-like Ti3C2Tx MXene nanolayers
as a hemoglobin immobilization matrix.8 Rakhi et al. reported a
highly sensitive amperometric glucose biosensor with Au
nanoparticles dispersed Ti3C2Tx MXene as the enzyme
immobilization matrix.10 In all these studies,7−10 the MXene
nanosheets provided a suitable environment for the respective
proteins to retain their stability and activity. So far, no reports
are available on the electrochemical sensing properties of the
lightest MXene, Ti2CTx.
Adrenaline (AD) a catecholamine is a sympathetic neural
and hormonal transmitter substance present in most
mammalian species.11,12 They are released from the adrenal
© 2018 American Chemical Society

medulla and perform many functions like a regulator of blood
pressure, vasoconstriction, heart rate, and bronchodilator for
asthma.13,14 Usually, the AD is released during emotional or
physical stress, which causes the sympathoadrenal system to
increase the concentration of AD in blood. Adrenaline in early
stages has been used for cardiopulmonary resuscitation,
deﬁbrillation, and also in cardiac arrest for decades.14−16
Hence, the quantiﬁcation of adrenaline in biological samples is
attracting substantial research interest recently.17−19
Being catecholamine, AD is electrochemically active and can
detect them using electro analytical techniques.20,21 The major
problem associated with the electrochemical determination is
the closeness of the oxidation potential of AD with the other
biological molecules such as ascorbic acid (AA), serotonin (5hydroxytryptamine or 5-HT), and so forth.22,23 Hence, its
detection in real samples is very diﬃcult, and most of the time,
the results are obtained with ambiguity. Moreover, in a
biological ﬂuid like blood, the concentration of AD lies in the
micromolar range and the lifetime of these neurotransmitters
in the extra cellular space is short because of metabolism and
cellular uptake.24,25 Hence, it is rattling essential to produce an
electrochemical sensor which can detect the minute concenReceived: July 17, 2018
Accepted: November 22, 2018
Published: November 22, 2018
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trations of AD in various samples such as blood, urine, and so
forth. Most of the AD sensors are based on carbon nanotubes
(CNTs), graphene, graphite, or nanocarbon electrodes.23,25 In
the present work, for the ﬁrst time, we report the fabrication
and electrochemical performance studies of a highly sensitive
AD sensor based on a novel MXene/graphite composite paste
electrode (GCPE).

■

EXPERIMENTAL SECTION

Reagents. Analytical grade chemicals were used for the work
without any further puriﬁcation. 100 mM perchloric acid was used for
the preparation of AD hydrochloride and serotonin hydrochloride
stock solutions. Double distilled water was used for the preparation of
the AA stock solution. Phosphate buﬀer solution (PBS) of diﬀerent
pH was prepared by mixing sodium dihydrogen phosphate and
disodium hydrogen phosphate as per the standard procedure. AD
hydrochloride, AA, and serotonin hydrochloride were purchased from
Sigma-Aldrich, Milwaukee, WI, USA. All the chemical solutions were
prepared in double distilled water, and the experiments were
performed at room temperature.
Synthesis of Ti2CTxMXene. 2D Ti2CTxMxenes were prepared by
the selective removal of Al layer from the commercially available
Ti2AlC (Maxthal 211) powder by the procedure reported in our
earlier work.26 The Maxthal powder was immersed in 10% HF for 10
h at room temperature. The resulting suspension was washed with
deionized water several times and then ﬁltered to get 2D
Ti2CTxMXenes. The as-prepared MXenes were then annealed in
the N2 atmosphere for 2 h at 500 K.
Preparation of MXene/GCPE. MXene/GCPE was prepared by
grinding diﬀerent ratios of MXene with 70% of graphite powder and
30% of silicon oil in an agate mortar for 30 min. Thus obtained
homogeneous mixture was further packed into the cavity of a
homemade electrode, and the electrode surface was smoothened with
a weighing paper. Similarly, a bare GCPE was prepared by the same
procedure without adding MXene.
Optimization of the Amount of MXene in the Electrode. To
optimize the amount of MXene required for the preparation of
MXene/GCPE with maximum sensitivity, MXene with weight ranging
from 5 to 30 mg were added to the mixture of 0.24 g of graphite
powder and 0.3 mL of silicone oil. The electrochemical performance
of fabricated electrode prepared from each combination was studied
by using ferri/ferrocyanide redox probe.27 It was observed that the
electrochemical cathodic (Ipc) and anodic peak current (Ipa) were
enhanced up to 15 mg. The current against the amount of MXene was
plotted (Figure S1), and from the plot, it was observed that the
oxidation peak of the redox probe on modiﬁer electrode was
enhanced upto 15 mg of the MXene, anything beyond that quantity
tends to decrease the sensitivity. Hence, the composite paste electrode
with 15 mg of MXene was used for further analysis.
Characterization. The crystal structure samples were characterized from X-ray diﬀraction (XRD) patterns recorded on a Philips
X’pert diﬀractometer (XRD, X’Pert Pro MPD) with Cu Kα radiation
(λ = 1.5406 Å). The morphological analysis of the samples was
carried out using a scanning electron microscope (SEM), (JEOL,
model JSM 5600 LV, Tokyo, Japan). A high-resolution transmission
electron microscope (FEI, Tecnai S TWIN microscope) with an
accelerating voltage of 300 kV was used for the microstructural
evaluation. The electrochemical measurements were conducted in a
three-electrode conﬁguration consisting of a working electrode
(MXene/GCPE, 3 mm in diameter), Pt wire counter electrode, and
saturated calomel electrode as the reference electrode, using an
electrochemical workstation (VMP3-Bio-Logic electrochemical workstation).

Figure 1. XRD patterns of (a) as-received Maxthal 211 powder
(Ti2AlC) and (b) N2 annealed Ti2CTxMXenes (Ti2CTx-N2).

pattern of Maxthal sample can be readily indexed to the
hexagonal Ti2AlC MAX phase (JCPDS card no. 00-029-0095).
The pattern also contains two minor peaks corresponding to
Ti3AlC (JCPDS card no. 52-0875) which is present in the
sample as a secondary phase. The peaks get shifted to lower 2θ
values, indicating the increase in interlayer spacing of MXenes
after the removal of Al layer by HF-treatment. The broadening
of peaks indicates the decrease in crystallinity and multilayer
nature of MXenes.2,3,26,28 The local heat generation during the
etching process leads to the presence of a small amount of
anatase TiO2 (JCPDS card no. 00-021-1272) in the
Ti2CTxMXene sample.
A detailed comprehensive study on the structural and
electrochemical properties of Ti2CTxMXene annealed at
diﬀerent ambient conditions proved that annealing of HFtreated Ti2AlC MAX phase at diﬀerent ambients helps in
further tuning of the MXene structure to improve its physical
properties.26 While annealing in air oxidizes the MXene
samples and convert them into a composite of graphitic carbon
nanoﬂakes and TiO2 nanocrystals, annealing in Ar or N2
atmosphere helps in retaining the original structure and
morphology of MXene. As compared to the sample annealed
in Ar, MXene annealed in N2 has the lower concentration of
ﬂuoride ions, which helps in the improvement of the
electrochemical properties of MXene samples.
Ease of preparation, wide potential range, low background
current, ability to introduce various modiﬁers during paste
preparation, easy removal of electrode surface layer, low
Ohmic resistance, no need for pretreatment and low cost were
the primary criteria for the election of the graphite powder for
the preparation of MXene/GCPEs. Moreover, graphite
powders have high porosity and can prepare a homogenous
mixture with the MXene by the manual grinding procedure.
During this process, the surface areas of both the graphite and
MXene particles will get enhanced. The electrocatalytic
properties of electrode prepared by this composite will be
higher due to the enhancement in the electroactive surface
area.
Morphology and microstructure of the graphite, MXene, and
MXene/graphite composite were analyzed using SEM. Figure
2 shows the SEM images of (a) graphite powder, (b) MXene,
and (c) MXene/graphite composite paste. The graphite
powder contains micrometer-sized ﬂakes with irregular shapes.
SEM image of the N2-annealed HF-treated MAX phase
(Ti2CTx-N2MXene sample) (Figure 2b) reveals that the Al
layer is removed from the Ti2AlC MAX phase upon the
etching process, leading to the formation of stacked MXene
sheets resembling the structure of exfoliated graphite.29 The

■

RESULTS AND DISCUSSIONS
Figure 1a,b, respectively, shows the XRD patterns of the asreceived Maxthal 211 powder (Ti2AlC) and the N2 annealed
Ti2CTxMXene (Ti2CTx-N2). The major peaks in the XRD
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High-resolution TEM image of MXene/graphite composite
is shown in Figure 4a. TEM image indicates that the sample

Figure 2. SEM image of (a) graphite powder, (b) N2 annealed HFtreated MAX phase (Ti2CTx-N2 MXene sample), and (c,d) MXene/
graphite composite paste.

average size of MXene ﬂake is nearly 5 μm. The presence of
both graphite and MXene are identiﬁed from the SEM images
of the composite shown in Figure 2c,d. The two components
are well mixed in the composite paste.
The microstructure of the MXene sheet is analyzed using
transmission electron microscopy (TEM) (Figure 3a). TEM

Figure 4. (a) TEM image of the MXene/graphite composite and
selected area electron diﬀraction patterns of (b) MXene nanosheets,
(c) graphite nanoﬂakes and (d) MXene/graphite composite.

contains thin and transparent layers of both MXene sheets and
graphite ﬂakes, which can be easily diﬀerentiated from each
other. The vigorous sonication of the composite during the
TEM sample procedure separates the stacked layers of MXenes
as well as graphite. The selected area diﬀraction (SAED)
pattern corresponding to area containing MXene sheets alone
in the composite is shown in Figure 4b. The SAED pattern
conﬁrms that the MXene sheets preserve the crystallinity and
hexagonal symmetry of the as-received Ti2AlC MAX phase.
The SAED pattern is indexed to the hexagonal Ti2AlC MAX
phase crystal structure using circular Hough diﬀraction
analysis.30 The pattern also contains one reﬂection peak
from body-centered tetragonal anatase TiO2, produced by the
local heat evolved during the preparation of the MXene. TEM
results agree well with the results obtained from the powder
XRD analyses. Figure 4c shows the SAED pattern corresponding to the area containing graphite ﬂakes only. The pattern
indicates that the ﬂake structure is crystalline and it matches
that of crystalline graphite. The diﬀraction from (002) plane is
very weak, indicating the paucity of stacked graphite sheets.31
Figure 4d shows the SAED pattern of the MXene/graphite
composite corresponding Figure 4a. The pattern contains the
diﬀraction rings from both the components (MXene and
graphite).
Cyclic voltammetric (CV) experiments were performed for
studying the catalytic capability of MXene/GCPE by using
K3Fe(CN)6 in the KCl electrolyte system. The cyclic
voltammograms recorded with bare GCPE, and MXene/
GCPE in 1 mM K3[Fe(CN)6] with 0.1 M KCl supporting
electrolyte was depicted in Figure 5. On the bare GCPE, the
anodic and cathodic peaks were observed at 223 and 165 mV,
respectively. At the MXene/GCPE, a drastic enhancement in
the peak current was observed with a small shift in peak
potentials (Epa = 251, Epc = 187 mV). The potential diﬀerence

Figure 3. (a) TEM image of MXene sample annealed in N2
atmosphere (Ti2CTx-N2 MXene) and elemental mapping of (b) Ti,
(c) C, and (d) O in the MXene sheets.

image shows thin and transparent MXene sheets having many
nanometer-sized holes on the surface. A similar feature has
been reported for functionalized graphene.21 The spatial
distributions of the elements Ti, C, and O on the N2 annealed
MXene samples are studied using energy-dispersive spectrometer elemental mapping, and the results are shown in Figure
3b−d respectively. The oxygen comes from the functional
groups attached to the surface of MXene sheets.
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investigated. Figures 6a and S5a show the CV curves of
oxidation of AD with diﬀerent scan rates (50−140 mV s−1) at

Figure 5. CVs of GCPE, MXene/GCPE in 1 mM K3Fe(CN)6 and 0.1
M KCl with a scan rate 50 mV s−1.

of (ΔEp) 58 mV at the bare GCPE and 64 mV at the MXene/
GCPE indicates that a reversible redox reaction is taking place
at both the electrodes. The eﬀective surface areas of bare and
modiﬁed electrodes were calculated through the plot of CVs of
redox probe with diﬀerent scan rates (Figures S2a,b and
S3a,b), and it is found to be 0.0015 cm2 for the bare and
0.0129 cm2 for the modiﬁed electrode. The increase in peak
currents on the modiﬁed electrode could be justiﬁed from the
enhanced electrochemical surface area of the fabricated
electrode.32
The changes in the impedance upon electrode surface
modiﬁcation process is studied using electrochemical impedance spectroscopy (EIS) measurements conducted in 0.1 M
[Fe(CN6)3−/4−] electrolyte. Figure S4 shows the EIS spectra or
the Nyquist plots obtained for GCPE and MXene/GCPE
electrodes. For both the electrodes, the individual Nyquist plot
consists of two distinct regions. The semicircular arc at the
high-frequency region represents the electron-transfer limited
process, and the linear part at low-frequency region
corresponds to the diﬀusion-limiting step of the electrochemical process.33,34 The X-intercept of the Nyquist plot
gives the solution resistance (Rs). Rs for GCPE and MXene/
GCPE are measured as 2.3 and 1.3 Ω, respectively. The
diameter of semicircle gives the value of the electron charge
transfer resistance Rct. The Rct values for GCPE and MXene/
GCPE are 1000 and 300 Ω, respectively. The lower Rct value of
the MXene/GCPE composite electrode indicates that the
incorporation of the MXene nanosheets increases the
electronic conductivity of the composite electrode and
improves the electron-transfer process. The diﬀusion-controlled process (Warburg diﬀusion) occurring at the electrode/
electrolyte interface, in the low-frequency region is a mass
transfer process, in which electrolyte ions diﬀuse into the
electrode.35 The lower inclination of the line from the vertical
in the low-frequency region for the MXene/GCPE as
compared to bare GCPE indicates that the composite
electrode surface oﬀers lower resistance (Warburg impedance,
W) of the ion permeability. The Randles equivalent circuit of
the sensor electrode is shown as the inset of Figure S4. In
addition to the resistances, the circuit consists of a double-layer
capacitance CDL, corresponding to the dielectric characteristics
at the electrode/electrolyte interface.
The capability of the MXene/GCPE toward the electrochemical determination of AD was checked by using CV. The
eﬀect of scan rates on the electrocatalytic properties of the bare
and modiﬁed electrodes toward the AD oxidation was

Figure 6. (a) CVs of 1.0 μM AD in 0.2 M PBS of pH 7.4 at MXene/
GCPE with various scan rates (from 50 to 140 mV s−1) (b) plots of
Epa vs log of scan rates (c) plots of Ipa vs square roots of scan rates.

the MXene/GCPE and bare GCPE, respectively. It was also
observed that while increasing the scan rate, the AD oxidation
peak current was getting increased with a shift in potential
toward the positive side was experienced. This behavior
suggests the kinetic limitation of the reaction between the
active sites of AD and that of the modiﬁed electrode.
Moreover, the increased current rate was observed with the
increase in scan rate because during the higher scan rate, the
electrode surface will get suﬃcient time for executing their
catalytic activity toward the analyte.36 The peak potential
versus log scan rate was also plotted (Figures 6b and S5b), and
the slope was calculated as 0.51 and 0.48, respectively. From
this graph, the electron-transfer coeﬃcient (α) for both
modiﬁed and bare electrodes was calculated as 0.43 and
0.06, respectively.32 The plot of the square root of scan rates
with peak current (Figures 6c and S5c) shows a linear
relationship with a correlation coeﬃcient of 0.999 at MXene/
GCPE and 0.998 at GCPE. Using this graph, the diﬀusion
coeﬃcient of the MXene/GCPE was calculated as 0.379 cm2
s−1, whereas it is calculated as 0.119 cm2 s−1 for the bare
GCPE.36,37 The results indicate that the electrochemical
reaction was controlled by diﬀusion process on the fabricated
electrode.38
Figure 7a shows the comparison of CVs of the bare and the
modiﬁed electrodes in 0.1 μM AD in 0.2 M PBS of pH 7.4.
Both the electrodes were scanned from a potential of −0.4 to
0.5 V at a scan rate of 50 mV s−1. The poor sensitivity
exhibited by the bare GCPE toward redox reaction of AD was
43346
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to higher pH values, a shift in peak potentials toward the
negative side was experienced. The slope of the plot is
calculated as −57 mV/pH, suggesting the participation of the
same number of electrons and protons in the redox reactions
of AD.41 It is also observed that the peak current increases with
increasing pH from 5.4 to 7.4 and a maximum current
response is obtained for 7.4 pH, and further increase in pH
aids to decrease the peak current. Therefore, PBS with 7.4 pH
is chosen as the optimum pH for further evaluation.
Figure 8a shows the electrochemical behavior of 5-HT at
bare and modiﬁed electrodes in PBS. On bare GCPE, the

Figure 7. (a) CVs of 1.0 μM AD in 0.2 M PBS of pH 7.4 at GCPE
(curve a) and at MXene/GCPE with a scan rate of 50 mV s−1. (b)
Chronoamperometric responses for the increasing concentrations of
AD with a time interval of 30 s in 0.1 M PBS at 1.2 V. (c) Plot of
concentration of AD vs current. (d) Graph of anodic peak potential vs
pH. (Inset) CVs obtained for 1.0 μM AD with the MXene/GCPE in
0.2 M PBS with pH values, (a) 5.4 (b) 6.4 (c) 7.4 (d) 8.4, (e) 9.4, at
scan rate of 50 mV s−1.

improved considerably upon modiﬁcation. On the developed
electrode, both the oxidation and reduction peak currents of
AD enhanced up to 100 folds. The enhancement in the
electrocatalytic current is attributed to the high conductivity
oﬀered by the MXene. The enhanced catalytic activity may be
due to the porous interfacial layers of the MXene present on
the modiﬁed electrode, which increases the conductive area of
the electrode because of its high speciﬁc surface area. Higher
sensitivity and selectivity of the fabricated electrode were
attributed to the fact that the AD molecule could interact
through the conductive porous channels onto the electrode
more easily.39 As a result of this interaction, positively charged
AD (7.4 pH) undergoes oxidation at a relatively low potential
and form adrenoquinone. The corresponding current was
measured with an accuracy of ±0.01 μA. The concentration
studies with a modiﬁed electrode revealed that both the
oxidation and reduction peak currents were increased with the
increase in the concentration of AD. Chronoamperogram of
the AD with various concentrations in PBS (pH 7.4) with a 30
s time interval at a potential of 1.2 V is shown in Figure 7b.
The current obtained from chronoamperometry was plotted
against the concentration of AD (Figure 7c), and the resultant
plot exhibits two linearities, one in the lower concentration
range (0.02−10 μm) and other in the higher concentration
range (10−100 μm).40 From this plot, the lower detection
limit of the modiﬁed electrode toward AD is calculated as 9.5
nM. The eﬀect of pH on the voltammetric determination of
AD with modiﬁed electrode was examined over various pH
range ranging from 5.4 to 9.4. From Figure 7d (inset), it is
found that the oxidation peak current and peak nature largely
depend on the pH of the solution. The plot of Ep versus pH
(Figure 7d) reveals that, as pH of solutions changes from lower

Figure 8. (a) CVs obtained for the oxidation of 10 μM AA in 0.2 M
PBS of pH 7.4 at GCPE and MXene/GCPE with a scan rate of 50 mV
s−1. (b) CVs obtained for the oxidation of 10 μM 5-HT in 0.2 M PBS
of pH 7.4 at GCPE (−) and MXene/GCPE (−) with a scan rate of 50
mV s−1.

oxidation peak of 10.0 μM 5-HT in PBS of pH 7.4 is obtained
at about 0.193 V. Because of a slow electron-transfer kinetics,
the generated peak on GCPE appears broad.42 On the other
hand, the oxidation peak of 5-HT on the modiﬁed electrode
also appears at the same potential (0.197 V). However, the
peak becomes sharp, and the peak current enhances
considerably. Figure 5b shows the CVs of oxidation of 10.0
μM AA at the bare and modiﬁed electrodes in PBS (7.4 pH)
solution with a scan rate of 50 mV s−1. AA exhibits an
oxidation peak at 0.094 V with an irreversible electrochemical
behavior at the bare GCPE. As compared to the bare GCPE,
the peak current of AA was higher on the fabricated electrode.
Moreover, the oxidation potential of AA was also shifted to a
slightly negative side on GCPE. From all these discussions, it
can be concluded that the modiﬁed electrode accelerates the
electron-transfer process of both AA and 5-HT oxidation.43
43347

DOI: 10.1021/acsami.8b11741
ACS Appl. Mater. Interfaces 2018, 10, 43343−43351

Research Article

ACS Applied Materials & Interfaces

AD, and 5-HT were observed. The peak-to-peak separations
were 0.1, 0.16, and 0.19 V for AA/AD, AD/5-HT, and AA/5HT, respectively. At the GCPE a broad oxidation peak was
observed at 0.1 V, and the bare electrode could separate the
individual peaks from AA, AD, and 5-HT.44 These results
conﬁrmed that MXene/GCPE exhibits selective electrocatalytic behavior for simultaneous electro analysis of AA,
AD, and 5-HT.
Diﬀerential pulse voltammetry was also performed to
conﬁrm the ability for simultaneous detection of the modiﬁed
electrode for 10 μM AA, 1.0 μM AD, and 10 μM 5-HT. The
DPV curves (Figure 9b) show that the MXene-modiﬁed
electrode can clearly distinguish these three substances
separately. All peaks are separated by at least 0.08 V. The
voltammetric peaks of AA, AD, and 5-HT appear at 0.01, 0.11,
and 0.19 V, respectively. The anodic peak separations for AA/
AD, AD/5-HT, and AA/5-HT are 0.1, 0.08, and 0.18 V,
respectively. These separations between the voltammetric
peaks are clear enough to distinguish these three substances.
DPVs of diﬀerent concentrations of AD (0.1−2 μM) in the
presence of a constant amount of AA (10 μM) and 5-HT (10
μM) were measured and plotted at a scan rate of 20 mV s−1
(Figure 9c). The increase in the concentration of AD from 0.1
to 2 μM leads to the increase in peak current corresponding to
AD. The peak currents and peak potentials of AA and 5-HT
remain unaltered during the increase in the concentration of
AD.
Interference studies of AA were carried out by changing the
concentration from 2 to 200 mM with 1 μM AD and 10 mM 5HT in PBS (pH 7.4). Similarly, the interference of 5-HT in the
range of 1−200 mM in 10 mM AA and 1 μM AD were also
analyzed. In both the cases, the current corresponding to AA
and 5-HT increased proportionally to a correlation coeﬃcient
of 0.999 and 0.998, respectively. Therefore, there is no
hindrance in the determination of the 5-HT or AA in a
coexisting state. These results strongly suggest that MXene/
GCPE electrode is capable of determining AD, AA, and 5-HT
from their ternary mixture separately.
Ten repetitive measurements for the sensing of AD and 5HT were carried out using the fabricated MXene/GCPE to
check the reproducibility, and it was observed that the AD and
5-HT oxidation peak currents remain unaltered. In both the
cases, 99% of original current response was retained. Further,
the MXene/GCPE was monitored for long-term stability by
measuring the CV in 10 days’ intervals, for 30 days. The sensor
was washed, dried, and stored at room temperature after every
experiment. After 30 days, it was noted that the fabricated
electrode retained 98% of its initial current response to AD and
5-HT. Comparison of the fabricated MXene/GCPE with
reported modiﬁed electrodes and methods is presented in

The scan rate eﬀects on the electrochemical oxidation of
individual AA and 5-HT in PBS on bare and MXene-modiﬁed
electrodes were plotted and studied (Figures S6(a−c)−S9(a−
c)). The studies reveal that the peak current due to the
oxidation of AA and 5-HT are proportional to scan rates.
Further analysis of the plot of the square root of the scan rate
with peak current suggests that the electrode reaction was
controlled by a diﬀusion process. Dependence of pH toward
the oxidation of AA and 5-HT were also analyzed with the
modiﬁed electrode (Figures S10a,b and S11a,b). In both cases,
a maximum current response was obtained for PBS of 7.4 pH.
CVs of the ternary mixture consisting of 10 μM AA, 1 μM
AD, and 10 μM 5-HT at the GCPE and MXene-modiﬁed
electrode were recorded in the PBS of pH 7.4 (Figure 9a).

Figure 9. (a) CVs obtained at GCPE (a) and MXene/GCPE (b) in
0.2 M PBS of pH 7.4 containing a mixture of 0.1 μM AD and 10 μM
AA and 10 μM 5-HT at a scan rate 50 mV s−1. (b) DPV of MXene/
GCPE in 0.2 M PBS of pH 7.4 containing 0.1 μM AD and 10 μM AA
and 10 μM 5-HT at a scan rate 50 mV s−1. (c) DPVs of diﬀerent
concentration of AD (0.1−2 μM) in presence of constant AA (10
μM) and 5-HT (10 μM) at scan rate of 20 mV s−1.

Because of high electrocatalytic properties and large electroactive surface area of MXene-modiﬁed electrode, three distinct
anodic peaks at −0.12, 0.02, and 0.18 V corresponding to AA,

Table 1. Comparison of MXene/GCPE with Reported Modiﬁed Electrodes and Methods towards the Detection of AD
electrode

detection limit
(μM)

linear range

method

references

zeolite-modiﬁed carbon paste electrode doped with iron(III) (Fe3+Y/ZMCPE)
mesoporous SiO2-modiﬁed carbon paste electrode
ferrocene-modiﬁed CNT paste electrode
multiwalled CNT-modiﬁed carbon paste electrode
NiO/CNTs nanocomposite-modiﬁed carbon paste electrode (CPE/NiO/CNTs)
niacin ﬁlm-coated carbon paste electrode (niacin/CPE)
hydroquinone derivative and graphene oxide nanosheet-modiﬁed carbon paste electrode
MXene/GCPE

0.44
0.6
0.2
0.029
0.01
0.011
0.65
0.009

0.9−216 μM
0.1−60 μΜ
0.5−200 μM
0.03−500 μΜ
0.08−900 μM
20.6−174.4 μM
1.5−600 μM
0.02−10 μm, 10−100 μm

DPV
CV
DPV
DPV
SWV
CV
DPV
CA

46
47
48
49
50
51
52
this work
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Table 1. To the best of our knowledge, among the carbonbased electrodes, detection limit of 9.5 nM achieved by using
the MXene/GCPEs is the best toward the AD detection.45
The developed MXene/GCPE sensor was evaluated for its
applicability in the determination of AD in AD injection
samples along with its recovery measurements. AD samples
with diﬀerent concentrations were prepared by dilution of AD
tartrate ampoule contents (5 mL of 1 mg/mL AD tartrate
injection from Hindustan Pharmaceuticals India Ltd) with PBS
(pH 7.4). Then, each sample was tested in an electrochemical
cell for the determination of its AD content followed by
analysis using the fabricated sensor (Table 2). The calculation
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Table 2. Detection of AD from AD Bitartrate Injection
Using MXene/GCPE
samples

added
(μg mL−1)

found
(μg mL−1)

RSD
(%)

recovery rate
(%)

1
2
3

2
3
4

2.06 ± 0.05
2.98 ± 0.03
4.17 ± 0.03

0.07
0.04
0.34

101.5
99.3
104.2

of real sample concentration with S/N of 3 was done by
standard addition method. The results indicate that the
employed method is very eﬃcient for the determination of AD.

■

CONCLUSIONS
2D Ti2CTxMXene was prepared by the selective etching of
Ti2AlC MAX phase for the fabrication of MXene/GCPE. The
electrochemical characterization of the MXene/GCPE electrode was carried out with the ferri/ferrocyanide system in
KCl. Studies revealed that the electron-transfer rate was
improved in the presence of MXenes. The MXene/GCPE
sensor exhibited a high sensitivity towards AD with a low
detection limit of 9.5 nM. Simultaneous and individual analysis
of AD, serotonin and AA was successfully achieved with the
sensor with a considerable peak-to-peak separation. Furthermore, the fabricated MXene/GCPE electrode was successfully
employed for the analysis of adrenalin in samples, suggesting
the potential of the electrode sensor for practical applications.

■

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.8b11741.
Plot of current versus concentration of MXene (from 5
to 30 mg) in 1 mM K3Fe(CN)6 and 0.1 M KCl with a
scan rate 50 mV s−1, CVs of MXene/GCPE and bare in
1 mM K3Fe(CN)6 and 0.1 M KCl, CVs of 1.0 μM NE in
0.2 M PBS of pH 7.4 at MXene/GCPE and bare GCPE
with various scan rates, CVs of 1.0 μM AA in 0.2 M PBS
of pH 7.4 at MXene/GCPE and bare GCPE with various
scan rates, CVs of 1.0 μM 5-HT in 0.2 M PBS of pH 7.4
at MXene/GCPE and bare GCPE with various scan
rates, CVs obtained for 1.0 μM 5-HT with the MXene/
GCPE in 0.2 M PBS with pH values, CVs obtained for
1.0 μM AA with the MXene/GCPE in 0.2 M PBS with
pH values (PDF)
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