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Abstract The article describes an amperometric sensor for
enzyme-less detection of glucose based on homogeneously
anchored Pd nanoparticles (Pd-NPs) on graphene - wrapped
carbon nanotubes (Pd-GWCNTs) as sensing matrix. The
unique features of GWCNTs (such as the highly protruded
outer graphene layer and an inner tubular morphology) result
in enhanced electrochemical performance compared to the use
of conventional multi walled carbon nanotubes (MWCNTS).
Glucose electro-oxidation occurs at a rather low working po-
tential (+50 mV vs Ag/AgCl), and glucose can be continuous-
ly sensed in 0.1 M NaOH solution in concentrations of up to
19.5 mM. The sensor possesses good reproducibility, a fast
response time, stable amperometric response and a lower de-
tection limit. Due to its low working potential, it is not inter-
fered by dopamine, uric acid, ascorbic acid, sucrose, fructose
and lactose. We presume that these beneficial properties are a
result of the synergetic advantages of using catalytic Pd NPs
and graphene wrapped CNTs, both of which facilitate low-
potential electrooxidation of glucose.
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sensing - Electro-oxidation - Amperometry - Cyclic
voltammetry - HRTEM - XPS - Raman spectroscopy
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Introduction

The majority of sensors for glucose are based on the use of the
enzyme glucose oxidase (GOx) along with optical or electro-
chemical transduction [1-3]. However, the use of enzymes
complicates the sensor fabrication, limits the sensitivity stability
and reproducibility of the sensor due to the intrinsic nature of
enzyme, which is highly prone to be affected by temperature,
pH, humidity and toxic chemicals [4, 5]. A promising strategy
to these problems relies on the development of sensors based
on direct glucose electrooxidation without using enzymes [6].
Though various nanostructure materials have been used in
the design and fabrication of enzyme-less glucose sensors,
noble metals are unprecedented catalysts due to their highly
populated d-band, which readily participate in reactions lead-
ing to high catalytic activity [7]. Among common noble metal
based catalysts, Pd-based nanomaterials have proven to be
alternative electrochemical catalysts being considerably
cheaper than platinum, the most frequently used catalyst in
many applications [8]. Many approaches have been pursued
to anchor the catalyst NPs on various nanoscopic-conducting
substrates such as vulcan XC-72, carbon micro sphere
(CMSs), hallow carbon spheres (HCSs), carbon fiber in order
to prevent particle agglomeration enhance the catalytic activ-
ity and reduce the cost [9, 10]. However, the electrocatalytic
performance relies not only on the catalyst and the support,
but also the intimate contact between the NPs and the
nanoscopic conducting substrate is imperative in facilitating
the charge transport efficiency, which thereby promotes the
electrocatalytic activity and intern favors low-potential glu-
cose electrooxidation [11]. Carbon based nanostructures like
CNTs and graphene have been emerging as an excellent sup-
port material as they share many novel properties such as high
surface area, excellent electrical conductivity, huge electron
mobility, chemical inertness and low cost [12]. Graphene
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has gained incredible interest in electrochemical sensing be-
cause it is fairly stable, has large potential window and un-
precedented surface properties for decorating other functional
nanostructures [13]. On the other hand, the high aspect ratio
and ballistic electron transport along their length of CNTs
makes it as excellent nanoscale electrode materials for elec-
trochemical sensing [14]. However, the rate of heterogeneous
electron transfer (HET) in basal plane of sp® carbon network
being 23 order slower than edge plane sites, the electrochem-
ical activity at CNTs electrodes is mainly stemmed from the
edge-plane-like nanotube tips [15, 16]. The highly oriented
nanotube sidewall essentially remains inactive towards het-
erogeneous electron transfer reaction and is comparable to
the basal plane of highly orientated pyrolytic graphite
(HOPG). Similar to this, the highly roughen graphite surface
exhibits better electrocatalysis compared to planar graphite
surface. Very systematic investigations on this were reported
in the landmark publications of Compton group [17, 18]. In
this perspective, wrapping highly protruded graphene layers
over CNTs (GWCNTSs) opens up possibilities of enhanced
electrochemical activity arising from the large number of
edge-plane-like sites introduced by the wrinkles [19].

Here we report on the fabrication of a sensor platform
based on Pd NPs anchored GWCNTs hybrid as sensing matrix
for enzyme-less glucose electrooxidation. GWCNTs have
been prepared by CVD technique using GO and catalyst as
precursor. A facile, inexpensive, highly efficient and environ-
mentally benign one-step solar reduction process has been
employed for the decoration of Pd NPs over GWCNTSs with-
out using any harsh chemical reducing agents. The combined
advantage of highly wrinkled sidewalls and anchored Pd NPs
were proclaimed to be responsible for improved electrochem-
ical activity. The detailed characteristic of the material ensures
intimate contact between Pd NPs and GWCNTs with charge
transfer interaction. The resulting hybrid was directly
employed as sensing matrix for enzyme-less glucose detec-
tion, which exhibits an excellent sensing performance at a
very low working potential.

Materials and methods
Materials

Flake graphite powder (99.99 % SP-1, average particle size
45 pum) was purchased from Bay carbon, Inc USA.
Palladium(II) chloride hydrate (PdCl,) and D-(+) glucose were
purchased from Aldrich (www.sigmaaldrich.com). Sodium
nitrate (NaNOs3), sodium hydroxide (NaOH), potassium
permanganate (KMnQy), concentrated sulphuric acid (H,SOy,
99 %), concentrated nitric acid (HNO;, 98 %), were procured
from Rankem chemicals, India (www.rankem.in) and used as
received. Hydrogen peroxide (H,O,, 30 % wt/V) was
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purchased from Fisher scientific (www.thermofishersci.in).
Dopamine, uric acid, L-Ascorbic acid, sucrose, lactose and
fructose were procured from Alfa Aesar (www.alfa.com). All
the chemicals used were of analytical reagent grade and used
without further purification. All the electrochemical studies and
synthesis has been done using ultrapure water (18.2 M{2 cm)
from Millipore system (MilliQ).

Synthesis of materials

Graphite oxide (GO) was prepared by Hummer’s method using
natural flake graphite powder as the precursor (discussed in
ESI) [20]. Graphene wrapping over MWCNTs has been done
by catalytic chemical vapor deposition technique using 1:1
mixture of GO and rare earth based alloy (MmNi; Mm =Misch
metal) catalyst [21]. The as synthesized GWCNTs were puri-
fied by air oxidising at 400 °C followed by refluxing in conc.
HNO; in order to remove amorphous carbon and remaining
metal catalyst particles. The Pd NPs decoration over GWCNTs
was done by using focused sun light as the energy source to
reduce Pd salt to Pd NPs following our earlier report [22].
Briefly a fine mechanical mixture of purified GWCNTs
(100 mg) and palladium chloride (for 30 wt % loading) was
prepared using a mortar and sprinkled in a glass petridisk. The
mixture was irradiated by focused sun light using a convex lens
of 90 mm diameter for 1-2 min. The rapid heating (about
100 °C/s) by lens creates sudden rise in temperature (150—
450 °C), which decomposes the metal salt to metal NPs and
simultaniously deposites on GWCNTs. An apparent release of
gaseous byproducts were observed during synthesis, which in-
dicate the decomposition of metal salt at high temperature. The
synthesis procedure is described in the schematic shown in
Fig. S1 (in Supporting Information).

Working electrode fabrication

The enzyme-less amperometric electrochemical sensor was
fabricated by drop casting ultrasonically dispersed Pd-
GWCNTs powder in Nafion solution (0.5 wt % solution in a
mixture of lower aliphatic alcohols) on glassy carbon elec-
trode (GCE, 2 mm diameter). The GCE was polished mirror
like by 0.05 micron alumina slurry followed by rinsing thor-
oughly with DI water before fabrication. For preparing the
modified electrode, about 20 pL of solution containing of
Pd-GWCNTs (1 mg/0.1 mL in 0.5 % Nafion solution) was
drop casted on the shining surface of the pre-treated GCE and
allowed to dry at room temperature. The modified electrode
can be named as Pd-GWCNTs@GCE for further studies. For
comparison of the electrocatalytic activity of the hybrid
nanocomposite, we prepared GWCNTs@GCE and
MWCNTs@GCE taking the same weight percentage.
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Material characterization techniques

The crystal structure of the synthesized products were studied
by powder X-ray diffraction (XRD) analysis performed using
PANalytica X pert pro X-ray diffractometer in a range from 5 to
90° with a step size of 0.016° and Cu-K,, (1.54 A) as X-ray
source. The Raman spectra were recorded by WITec alpha 300
confocal Raman spectrometer equiped with Nd:YAG laser
(532 nm) as excitation source and sample heating was avoided
by exciting at low laser intensity. Thermogravimetric analysis
was carried out in a SDTQ600 (TA instruments) in a zero air
atmosphere from room temperature (30 °C) to 1000 °C with a
heating rate of 20 °C/min. The morphology of the synthesized
products were studied by Field emission scanning electron mi-
croscopy (FESEM, Quanta 3D) and High resolution transmis-
sion electron microscopy (HRTEM, Tecnai G* 20 S-TWIN).
X-ray photoelectron (XPS) spectra were recorded in order to
investigate the chemical state of the products with SPECS X-
ray photoelectron spectrometer using Mg K, as X-ray source
and PHOIBOS 100 MCD energy analyser at ultra high vacuum
(107" mbar). The data were analysed using CASA XPS soft-
ware. The electrochemical studies were performed by CH In-
strument, electrochemical work station with a three electrode
electrochemical cell comprising modified GCE as working
electrode, Ag/AgCl (1 M KClI solution) as reference electrode
and Pt wire as counter electrode. All the electrochemical

Fig. 1 (a) Field emission
scanning electron micrograph
(FESEM), (b) Transmission
electron micrograph (TEM) and
(¢) high-resolution TEM
micrograph of Pd-GWCNTs; (d)
particle size histogram
representing distribution of size of
Pd nanoparticles

measurements were carried out using 0.1 M NaOH solution
as supporting electrolyte at ambient conditions.

Results and discussion
Characterization of Pd-GWCNTSs composites

The electron microscopy technique has been employed to in-
vestigate the surface morphology of the synthesized nanocom-
posites. The FESEM images of purified GWCNTs at low and
high magnifications are shown in Fig. S2 (a and b). It depicts
disordered graphene layers over MWCNTs, which results a
wrinkled morphology covering the entire surface with average
diameter of ~100—-120 nm and tens of micron length.
Figure la exhibits the FESEM image of Pd nanoparticles
anchred on GWCNTs surface at different magnifications.
The TEM image (Fig. 1b) further affirm the successful uni-
form decoration of Pd NPs on GWCNTs. The FESEM and
TEM images of Pd-GWCNTs at different resolution are
shown in Fig. S2 (¢, d, e and f) of ESI, which again confirms
uniformity of anchored Pd NPs. Figure 1c shows the high
resolution TEM image of a single Pd NP at 5 nm resolution,
which depicts the inter plannar spacing for the lattice fringes
of ~2.2 A, which corresponds to <111 >facet of Pd in cubic
closed pack structure [23]. This confirms the good
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crystallinity of the Pd nanostructures over GWCNTs. The av-
erage particle size calculated from the particle size histogram
(shown in Fig. 1d) is ~6-9 nm.

In order to affirm the successful formation and crystallinity
of Pd NPs on GWCNTs, powder X-ray diffraction studies were
carried out in the range from 5° to 90° with a step size of
0.016°. Figure 2a shows the XRD pattern of (a) Pd-GWCNTs
compared to (b) pure GWCNTs. The characteristic peak corre-
sponding to C (002) plane of hexagonal lattice for pure
GWCNTs is observed at 26.42°. For PA-GWCNTs, the diffrac-
tion peaks were identified to cubic lattice pattern of Pd (JCPDS
65—6174) along with C (002) peak. With the sharpness as well
as the absence of any additional peaks corresponding to other
oxidation states of Pd indicates complete conversion of Pd salt
to Pd NPs and reflects the purity of the sample.

Raman spectroscopy is a powerful tool to investigate the
interaction between surface decorated metal nanoparticles and
the carboneous substrate by studying the charge-transfer
mechanism. Figure 2b represents the Raman micrographs of
(a) Pd-GWCNTs compared with (b) pure GWCNTs. For pure
GWCNTs, peak at~ 1580.7 cm ™' (G-band) corresponds to the
E,, vibration mode of graphitic carbon. The defect induced D
band appears at~ 1338 cm ', which are predominantly sensi-
tive to the presence of disorder carbon atoms induced in

a

Pd (111) (a)
:; |Pd (200) Pd (222
g cooy || Pd (220) Pd (311)
Z 1 . ~.

g MM\«J \..__.....JU\.
£ (b)
Vo

T YT I rTr T rrrrrr

10 20 30 40 50 60 70 80 90
26 (in degrees)

D band (a)

s
E‘, 2D band
2
-'7. v l v l v l v l v
< 1200 1800 2400 3000 (b)
E >
NG
V)
N
0
U SRS

v l v l v l v l v
1200 1800 24001 3000
Raman shift (cm™')
Fig. 2 (a) Powder XRD patterns and (b) Raman spectra of (a) Pd-

GWCNTs compared with (b) GWCNTs
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graphitic structure and the surface modification by doping,
etc. The intensity ratio of D and G band (Ip/Ig) is a measure
to scale the defects on the modified structures [24]. Compared
to pristine GWCNTs, the G band peak blue shifts for Pd-
GWCNTs composites (shown as the high resolution spectrum
in Fig. S3 of ESI). Again the intensity of 2D band decreases
markedly up on Pd NPs decorations compared to pristine
GWCNTs. These are the effect of columbic charge transfer
between Pd NPs and GWCNTs and are the signature of inti-
mate contact between Pd NPs and wrapped graphene surface,
which intern enhances the electrocatalytic activity of the
hybrid composite and favors low-potential glucose
electrooxidation [25]. Again, being highly wrinkled surfaces,
the D band intensity dominates over G band in GWCNTs with
Ip/Ig ratio of ~ 1.39. The Ip/I value for PA-GWCNTs is cal-
culated to be 1.57, which further confirms attachment of Pd
NPs on GWCNTs surface introducing more defects.

One of the advantages of the synthesis technique is the uti-
lization of the whole precursor metal salt to convert to metal
nanoparticles without giving any chemical by-products or res-
idue, which is confirmed from TGA analysis (discussed in
ESI). The loading of Pd NPs over GWCNTs is about ~30 wt
% from the TGA spectra shown in Fig. S4 (in ESI). Further the
quantitative information allied to the chemical state, type and
composition of GWCNTs and Pd-GWCNTs hybrid composites
are investigated by X-ray photoelectron spectroscopy (XPS) in
binding energy ranging from 0 to 1000 eV (discussed in ESI,
Fig. S5). The deconvoluted high resolution XPS spectrum for
Pd 3d reveals a doublet at binding energies 335.5 eV (Pd 3ds),)
and 341.0 eV (Pd 3d;5,), which is shown in Fig. S5 (C). Other
than these, peaks at 337.7, 339.5, 343.2 and 344.9 eV appears
which are due to Pd-C, bonding. The presence of Pd-C; in the
deconvoluted Pd 3d spectra indicates chemisorptions of carbon
onto the palladium surface, which is highly prone to improve
the electrocatalytic activity of Pd NPs [26, 27].
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Fig. 3 CV response for (a) Pd-GWCNTs@GCE compared to (b)
GWCNTs@GCE, (¢) MWCNTs@GCE and (d) bare GCE in the
presence (solid line) and in the absence (dotted line) of 5 mM glucose
with 0.1 M NaOH as supporting electrolyte, scan rate: 50 mV - s . Insets:
magnified plot for MWCNTs and bare GCE
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Electrochemical performance study

The electrochemical performance of the modified electrodes
towords glucose electroxidation was studied by cyclic volt-
ammetry (CV) recorded in 0.1 M NaOH solution in the absence
and presence of glucose. Figure 3 depicts the typical cyclic
voltammograms for (a) Pd-GWCNTs@GCE, (b)
GWCNTs@GCE, (c) MWCNTs@GCE and (d) bare GCE in
the absence (dotted lines) and in the presence (solid lines) of
5 mM glucose at a scan rate of 50 mV/s. Inset shows the
amplified CV plot for MWCNTs@GCE and bare GCE. Com-
pared to bare GCE, MWCNTs@GCE gives more redox current
due to high specific surface area and electrochemical activity.
As observed, for GWCNTs@GCE the current genarated is en-
hanced compared to MWCNTSs. This can be attriuted to the
protruded graphene layers over MWCNTs surface, which
avails more density of edge-plane like sites and enhnaces the
electrochemical activity, thereby generates more current [28].
For Pd-GWCNTs@GCE, a wel defined oxidation current pro-
duces at a low oxidation potential of 0.05 V due to glucose
electroxidation. This reveals the electrocatalytic activity of the
Pd-GWCNTs@GCE towords glucose electroxidation. Again
the CV was recorded on successive addition of 5 mM glucose,
which reveals an increasing oxidation current due to glucose
electroxidation (shown in Fig. S6 (a), ESI). Fig. S6 (b) depicts
the comparision plot of current generated due to a fixed glucose
concentration at different modified electrodes. Including this, it
is followed that the current genarated due to glucose
electroxidation covers a potential ranging from 0 to 0.2 V. In
order to know the potential producing maximum current (L,),
we conducted a controlled experiment by investigating the
amperometry behavior at different electrode potentials, as
shown in Fig. 4a (a). For each addition of 1 mM glucose at
different electrode potential, it is found that the maximum cur-
rent genarates at a lower electrode potential of 0.05 V. Figure 4a
(b) represents a maximum current vs. potential plot. Based on
this i-t response of Pd-GWCNTs@GCE, the sensing behaviour
was further evaluated by carring out calibration of the sensor.

Amperometric detection of glucose

In order to know the sensors activity towards different glucose
concentration, the amperometry measurement was conducted
for successive addition of glucose. Figure 4b depicts the am-
perometric (i-t) response for Pd-GWCNTs@GCE recorded at
0.05 V. As observed, each pM glucose injection results a
proportionate increase in current and the plot follows step wise
current enhancement. Inset shows the amplified i-t plot for
addition of low glucose concentration. Figure 4c shows the
calibration curve based on the amperometric response, which
reveals excellent linear response up to 19.5 mM with regres-
sion equation as y=3.463 x+0.637 and regression coefficient
(R?) of 0.998. Inset shows the linear behavior at low glucose
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Fig.4 a(a) Amperometric response of Pd-GWCNTSs to successive addition
of 1 mM glucose in 0.1 M NaOH at an applied potential of 0, 0.02, 0.05, 0.1

and 0.2 V (vs. Ag/AgCl reference electrode), (b) Effect of applied potential
on the amperometric response of 1 mM glucose; b Amperometric response
of Pd-GWCNTs@GCE to the successive addition of 100, 200 1M, 0.3 mM,
0.5 mM, 1 mM and 2 mM glucose in 0.1 M NaOH at an applied potential of
0.05 V (vs. Ag/AgCl reference electrode); ¢ Linearly fitted calibration plot
(steady state current versus glucose concentration), Insets: showing linearly
fitted plots in lower concentration region
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concentration with R*=0.998. The detection limit has been
calculated to be 1 uM. The overall sensing activity of Pd-
GWCNTs remarkably exceeds those reported Pd/graphene/
CNT based glucose sensors [29-31]. This can be due to the
combined synergistic effect of edge-plane like sites in
GWCNTs and the uniformly anchored highly electrocatalytic
Pd NPs. This intern results an enhanced electrocatalytic activ-
ity of the composite and furthermore ensures a fast charge
transfer. Recent reports reveal that the interaction between
adsorbed catalyst and carboneous substrate plays an important
role in the activity enhancement of the catalyst [26].

Anti interference ability, stability and reproducibility
of Pd-GWCNTs @GCE

The analytical performance of a sensor is graded by its ability
to selectively detect the analyte by suppressing the signal from
interference species. There are many easily oxidative electro-
active species such as dopamine (DA), uric acid (UA), ascor-
bic acid (AA), lactose (La), fructose (Fr) and sucrose (Su),
which normally coexist with glucose in human blood. As the
normal physiological level of glucose is substantially higher
(at least 10-30 times) than the interfering agents in human
blood [32], we conducted the selectivity measurements of
the as prepared Pd-GWCNTs@GCE sensor by repeatedly
adding 1 mM glucose at 0.05 V, followed by successive

Table 1

addition of 0.1 mM of UA, AA, DA (Fig. 5a and 0.1 mM of
Fr, La, Su (Fig. 5b) in 0.1 M NaOH solution under stirring
conditions. It can be followed that the amperometric response
for the interference species is very less compared to current
obtained for glucose electrooxidation, which indicates that the
fabricated Pd-GWCNTs@GCE sensor exhibits a good selec-
tivity for glucose detection in the presence of interfering
agents.

The stability of the amperometric current generated due to
glucose electrooxidation is a potential factor in the analytical
performance of the sensor. Any fluctuation deceives the glu-
cose calibration. The stability of our Pd-GWCNTs@GCE sen-
sor was investigated by measuring the signal durability for
5 mM glucose at 0.05 V over a long period of 4000 s (shown
in Fig. S7 (A), ESI). As shown, no current fluctuation was
observed, which depicts very good stability of the sensor. The
inset (a) shows the plot representing the response time (time
required to achieve ~99 % of steady state current) of the sen-
sor, which is derived from i-t plot. It shows that the current
stabilizes in no more than 0.1 s indicating excellent and rapid
amperometric response behavior, which could be due to easy
diffusion of glucose through modified electrode assembly and
fast charge transfer at Pd-GWCNTs@GCE interface. Inset (b)
depicts the amplified i-t plot in the specified area.

The reproducibility of the sensor was measured by moni-
toring the amperometric response of the same fabricated

Comparison Table of applied potential, response time, detection limit and linearity range values for the present work showing significant

improvements compared to various Pd/graphene/CNT based recent similar results

Materials Methods used Applied potential (V) Response time (s) Detection limit (uM)  Linearity range (mM)  Reference
Pd-GO Ultrasonic 0.4 - 0.2-10 [23]
Pd-graphene  in situ reduction 04 1 0.01-5 [29]
Pd-FCNTs Spontaneous reduction 0.4 - - 046 [31]
Pd-SWCNTs  Chemical reduction -0.35 3 0.2+0.05 0.5-17 [33]
Pd-GWCNTs  Solar reduction 0.05 0.1 1 Upto 19.5 Present work
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electrode for 1 mM glucose on each day over a period of
1 week, which is shown in Fig. S7 (B). It is worth mentioning
that the electrode was rinsed thoroughly with DI water after
each measurement and dried in ambient conditions. After 7
times repeated measurement, the final amperometric response
remained approximately 84.5 % of its original value suggest-
ing excellent reproducibility of the sensor.

The analytical performance of the fabricated sensor has
been analyzed by comparing the calculated sensor parameters
with the Pd based glucose sensors reported in literature
(shown in Table 1). It can be observed that the linearity, work-
ing potential, response time are comparable or even better than
similar sensing platforms. To be particular, the working po-
tential and the response time are much lower than the other
system. These excellent performances could be resulted from
the synergistic effect from the surface anchored Pd NPs on
highly protruded GWCNTs. On the one hand, GWCNTs pro-
vide enhanced electrochemical activity arising from the large
number of edge-plane-like sites introduced by the wrinkles.
On the other hand, the selective anchoring of PD NPs facilitate
the glucose electroxidation, leading to a very low-potential
glucose sensing platform.

Conclusion

Successful anchoring of Pd NPs on GWCNTs has been done
by an one-step solar reduction technique. The fabricated sensor
based on Pd-GWCNTs showed enhanced electrochemical
properties, which facilitate enzyme-less glucose electroxidation
at a very low working potential of +0.05 V, resulting from its
enhanced electrocatalytic activity and rapid charge transfer. The
sensor demonstrates excellent sensing performance for glucose
with a wide linear calibration range, good reproducibility, a
very fast response time and a low detection limit. In addition,
it showed good selectivity, excellent reproducibility and out-
standing stable amperometric response. Based on this
outperformance, Pd-GWCNTs hybrid composite holds promise
as a robust sensing matrix for a variety of potential applications
that principally rely on enzyme-less glucose detection.
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