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A B S T R A C T

This work reports a non-enzymatic amperometric sensor for hydrogen peroxide based on the use of a glassy
carbon composite electrode modified with core-shell Cu@PtPd/C nanoparticles. Cu@PtPd/C presents an im-
portant electrocatalytic activity towards hydrogen peroxide reduction. The comparison of the sensitivities and
the charge transfer resistances for hydrogen peroxide at the glassy carbon composite electrode modified with
5.0% w/w Pt/C, Pd/C, Pd/C+Pt/C and Cu@PtPd/C demonstrate a clear synergism on the catalytic reduction of
hydrogen peroxide at −0.100 V when having Pt, Pd and Cu incorporated in the core-shell nanostructure. The
best compromise between sensitivity, reproducibility and response time was reached with 20.0% w/w Cu@
PtPd/C. For the selected sensor (glassy carbon composite electrode containing 20.0% w/w GCPE/Cu@PtPd/C)
the analytical parameters are highly competitive compared to similar devices reported in the last years, with a
linear relationship between current and hydrogen peroxide concentration between 5.0×10−6 and
2.5× 10−4 M, sensitivity of (5.30 ± 0.09)× 105 μAM−1 cm−2 (r2= 0.998) and detection limit of
(3.7 ± 0.5)× 10−7 M. The resulting sensing platform was successfully used for the quantification of hydrogen
peroxide in a mouth-wash sample.

1. Introduction

Hydrogen peroxide is a compound of great importance in diverse
fields. In fact, it is a by-product of different metabolic routes mainly
connected with the action of oxidases [1,2]. Due to their oxidative
properties, hydrogen peroxide has been widely used for the synthesis of
organic compounds, pulp and paper bleaching, sterilization and clinical
applications [6,7]. High levels of this compound may produce diseases
connected with oxidative stress like cancer, cardiovascular disorders
and Alzheimer disease [3–5]. Therefore, even when several methodol-
ogies have been proposed for the quantification of hydrogen peroxide
[8], the development of new analytical platforms that allows the effi-
cient quantification of hydrogen peroxide is highly required.

Electrochemical sensing methods have been successfully used due to
their known advantages connected with low cost, simple operation,
high sensitivity, easy miniaturization and automation [9]. One im-
portant group of hydrogen peroxide electrochemical sensors is based on
the use of heme-proteins like peroxidase, cytochrome, catalase and
myoglobin [10–13]. Although these sensors represent a very interesting
alternative for the quantification of hydrogen peroxide, they have some

drawbacks associated with the cost and instability of the enzymes.
Consequently, there is increasing interest in developing non-enzymatic
strategies for the quantification of hydrogen peroxide [14,15]. Many of
them have been based on the electrocatalytic activity of metallic par-
ticles [16–31]. The modification of carbon electrodes with rhodium,
copper, platinum, palladium, gold and combination of these metals
[16,25]; metal oxides [26–29]; perovskites [30] and magnetite [31] has
demonstrated to be highly successful for the low-potential detection of
hydrogen peroxide.

With the advent of Nanotechnology, the development of nanosized
electrocatalysts-based sensors for hydrogen peroxide have received
enormous attention due to the known advantages of nanomaterials
attributed to their quantum size effect, excellent conductivity and
biocompatibility [32]. Among nanomaterials, core-shell nanostructures
present important advantages compared to their monometallic coun-
terparts related to the stability, dispersability, surface modification,
catalytic activity and possibility to tune their physical and chemical
properties just by varying the composition and arrangement of atoms
and size of the clusters [33,34].

In this work we report for the first time the electrocatalytic activity
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of Cu@PtPd/C core-shell nanoparticles towards the reduction of hy-
drogen peroxide and the development of a glassy carbon composite
(paste) electrode (GCPE) modified with these nanostructures for the
amperometric quantification of this important analyte. In the following
sections we present: i) a critical discussion about the influence of the
amount of core-shell nanoparticles on the amperometric and impedi-
metric response of the resulting sensors towards the reduction of hy-
drogen peroxide; ii) a comparison of the analytical performance of
GCPEs modified with Cu@PtPd/C, individual nanoparticles (Pt/C or
Pd/C) or the physical mixture of Pt/C and Pd/C and iii) the application
of the proposed sensor for the quantification of hydrogen peroxide in a
real sample.

2. Experimental section

2.1. Reagents

Hydrogen peroxide (30% v/v aqueous solution) and mineral oil
were purchased from Baker. Glassy carbon powder and Vulcan XC-72 R
carbon black was obtained from Alfa Aesar and Cabot Corp. respec-
tively. CuSO4was received from Merck. NaBH4 (> 94%), H2PtCl6∙6H2O,
PdCl2, mineral oil, ascorbic acid (AA), uric acid (UA) and glucose oxi-
dase (GOx type X-S, Aspergillus niger, EC 1.1.3.4., 157,500 Units per
gram of solid, catalog number G-7141) were purchased from Sigma-
Aldrich. All chemicals were reagent grade and used without further
purification.

Cu@PtPd/C nanoparticles were synthesized according to the pro-
cedure described by Sieben et al. [35]. Briefly, copper nanoparticles
supported on acid-treated Vulcan XC-72 R carbon black were synthe-
sized by reduction of CuSO4 with NaBH4 in a citrate buffer solution at
room temperature to obtain 60 wt% Cu in carbon. The Cu/C material
was filtered, thoroughly washed with distilled water and ethanol and
finally dried at 70 °C. The Cu@PtPd core-shell particles were prepared
by galvanostatic displacement of Cu with Pt and Pd. H2PtCl6∙6H2O and
PdCl2 acidic aqueous solutions were added to Cu/C and left to react for
120min under magnetic stirring. The solid product was filtered, wa-
shed with distilled water and ethanol and dried in oven overnight. The
platinum, palladium and copper content in the as-prepared material
was6.2, 2.2 and 0.7 wt%, respectively. For comparison, Pt/C and Pd/C
materials with a noble metal content of 6.2 wt% were also prepared in a
similar way.

Ultrapure water (ρ=18MΩcm) from a Millipore-MilliQ system was
used for preparing all the solutions. A 0.050M phosphate buffer solu-
tion pH 7.40 was employed as supporting electrolyte.

2.2. Procedure

The electrochemical measurements were performed with Epsilon
(BAS), TEQ-04 and AUTOLAB (model PGSTAT100) potentiostats. The
electrodes were inserted into the cell (BAS, Model MF-1084) through
holes in its Teflon cover. A platinum wire and Ag/AgCl, 3M KCl (BAS,
Model RE-5B) were used as counter and reference electrodes, respec-
tively. All potentials are referred to the latter. A magnetic stirrer pro-
vided the convective transport during the amperometric measurements.

The glassy carbon composite (paste) electrode (GCPE) was prepared
in a regular way by mechanically mixing glassy carbon microspheres
(90.0% w/w) and mineral oil (10.0% w/w) in an agate mortar for
30min. GCPEs containing Cu@PtPd/C were prepared in a similar way,
mixing first the Cu@PtPd/C nanoparticles with mineral oil for 5min,
followed by the incorporation of the glassy carbon microspheres and
mixing for additional 30min. GCPE/Pt/C and GCPE/Pd/C, were pre-
pared by using Pt/C and Pd/C instead of the core-shell nanoparticles.
GCPE was also modified with a physical mixture of Pt/C and Pd/C
(GCPE/(Pt/C+Pd/C). In the case of GCPE modified with Cu@PtPd/C
and GOx, the core-shell nanoparticles were first mixed with the mineral
oil and GOx for 10min, followed by the incorporation of the glassy

carbon microspheres and additional mixing for 30min. A portion of the
given paste was packed firmly into a Teflon tube cavity (3 mm dia-
meter). The electric contact was established through a stainless steel
screw. The surface was smoothed on a weighing paper before starting
every new experiment.

Amperometric measurements were conducted in a stirred 0.050M
phosphate buffer solution pH 7.40 by applying the desired working
potential and allowing the transient currents to decay to a steady-state
value prior to the addition of the analyte and subsequent current
monitoring.

Electrochemical Impedance Spectroscopy (EIS) measurements were
performed with an AUTOLAB model PGSTAT100 potentiostat. EIS ex-
periments were performed in the frequency range between 10 KHz and
10mHz, with a potential perturbation of 10mV and a working potential
of −0.100 V using 2.5× 10−2 M hydrogen peroxide solution. The im-
pedance spectra were analyzed by using the Z-view software. All
measurements were performed at room temperature.

The structural characterization of the nanoparticles supported on
the activated carbon powder was carried out by Powder X-Ray
Diffraction (PXRD) data using a PAN alytical X'Pert PRO powder dif-
fractometer (40 kV, 40mA) in Bragg–Brentano reflection geometry with
CuKα radiation (λ=1.5418 Å).The data were obtained in the 2θ range
between 30° and 85° in steps of 0.02° and a counting time of 5.2 s per
step.The particle size distribution was determined by measuring the
diameter of about 150 particles using the Image J analysis software.
The particle size was determined using transmission electronic micro-
scopy(TEM, JEOL, 100CX II) operated at 200 keV.

3. Results and discussion

3.1. Surface characterization of GCPE/Cu@PdPt/C

Fig. 1A depicts a typical TEM image of Cu@PtPd/C nanoparticles.
The micrography reveals the presence of a large amount of almost
rounded nanoparticles of (2.9 ± 0.4) nm diameter regularly dis-
tributed on the carbon material. The inset shows the particle size dis-
tribution obtained from the diameter of about 150 nanoparticles using
the Image J analysis software. This average size presents very good
agreement with the value calculated using the Scherrer's equation. The
average of the nanoparticles size for the four different batches used here
was 3.1, 3.2, 3.0 and 2.9 nm.

Fig. 1B displays the XRD patterns for Pd/C (a), Pt/C (b) and Cu@
PtPd/C (c). Four diffraction peaks are shown at Bragg angles of ap-
proximately 40, 46, 68 and 82°, which can be assigned to (111), (200),
(220) and (311) crystal planes of a face centered cubic (fcc) structure
[36]. No peaks for Cu were observed in the XRD spectrum of Cu@PtPd/
C system, suggesting that the nanoparticles are composed of a Cu-rich
core surrounded by a PtPd alloy shell. Similar behavior has been ob-
served in the case of PdCu@Pt [37] and Au@Ag [38] core-shell nano-
particles. The diffraction peaks of Cu@PtPd/C show a slight shift to-
wards higher 2θ values compared to Pd/C and Pt/C, caused by the
smaller interplanar spacing, due to the smaller atomic radius of Cu,
effect that is more pronounced at higher angles. The refinement of the
crystal structure, performed by the Rietveld method [39], showed a
good agreement with the experimental data (data not shown). Refined
cell parameters (a(Å)) demonstrated that the presence of Cu in the core
generates a contraction in the cubic lattice parameter that produces a
shifting of the d-band of Pt to lower energies [40,41] (see Table SI-1).

Fig. 1C,a shows the XRD spectra for GCPE modified with Cu@PtPd/
C (20.0% w/w). This pattern presents diffraction peaks associated to
the crystal planes of Pd and Pt superimposed on a major amorphous
component of the mineral oil and glassy carbon of the composite. For
comparison, the spectrum for GCPE is also included (Fig. 1C,b).

The atomic ratio of Pt:Pd:Cu in Cu@PdPt, determined by EDX, was
50.9:32.4:16.7 and the structural analysis revealed that the nanosized
particles are composed of a Cu-rich core covered by a PtePd rich shell.
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3.2. Electrochemical characterization of GCPE/Cu@PtPd/C

Fig. 2 depicts cyclic voltammograms for 0.050M hydrogen peroxide
obtained at GCPE (dashed line and inset) and GCPE containing 5.0% w/
w Cu@PtPd/C (solid line). The voltammetric profiles show that the
presence of the core-shell nanoparticles produces a decrease in the
overvoltages for oxidation and reduction of hydrogen peroxide (130
and 175mV, respectively) and a huge enhancement in the currents
associated with both processes, evidencing a clear electrocatalytic effect
of Cu@PdPt/C towards the reduction and oxidation of hydrogen per-
oxide. No significant changes were observed in the voltammetric pro-
files performed in deoxygenated solutions, indicating that there is no
interference due to the reduction of oxygen.

To evaluate the advantages of the core-shell nanoparticles on the
catalytic activity towards the reduction of hydrogen peroxide compared
to the monometallic counterparts and physical mixture of them, we
performed amperometric experiments at −0.100 V using different
electrodes. Fig. 3A shows the sensitivities for hydrogen peroxide re-
duction obtained from amperometric experiments at (a) GCPE and
GCPE modified with 5.0 % w/w of Pd/C (GCPE/Pd/C), Pt/C (GCPE/Pt/
C), the mixture of Pt/C and Pd/C (GCPE/(Pt/C+Pd/C)) and Cu@
PtPd/C (GCPE/Cu@PtPd/C) (see also Table SI-2). Compared to GCPE,
the sensitivity increases when GCPE is modified either with Pd/C (4
times), Pt/C (14 times), Pd/C+Pt/C (25 times) or Cu@PdPt/C (100
times). This important enhancement in the sensitivity for the reduction
of hydrogen peroxide observed at GCPE modified with Cu@PtPd/C
clearly demonstrate a synergic effect of Pd and Pt nanoparticles de-
posited onto the core of Cu. This synergism can be attributed to the
lattice strain produced by the core of Cu that originate changes in the
electronic structure of Pt and, consequently, in the DOS at the Fermi
level [40,41].

To obtain complementary information about the electrochemical
behavior of GCPE/Cu@PtPd/C, the system was also evaluated by EIS.
Fig. 3B displays the Nyquist plots obtained in a 2.5×10−2 M hydrogen
peroxide solution at −0.100 V using bare GCPE (inset, a) and GCPE
modified with 5.0% w/w of (b) Pd/C, (c) Pt/C, (d) Pd/C+Pt/C, and (e)
Cu@PtPd/C. The experimental data (symbols) demonstrate a very good
agreement with the equivalent circuit (Rs(RctCdl)) (solid lines), where
Rct is the charge transfer resistance, Cdl is the double layer capacitance,
and Rs is the electrolyte resistance. As can be seen from the semi-circles
at high frequencies, Rct decreases when GCPE is modified either with
the individual nanoparticles (Pd/C or Pt/C), the physical mixture of
them (Pd/C+Pt/C) or the core-shell (Cu@PtPd/C) nanoparticles, the
values being (3.9 ± 0.8)× 107, (7.5 ± 0.4)× 105,
(3.6 ± 0.3)× 105, (2.0 ± 0.4)× 105 and (5.5 ± 0.8)× 104Ω cm−2,
for GCPE, GCPE/Pd/C, GCPE/Pt/C, GCPE/Pd/C+Pt/C and GCE/Cu@
PtPd/C, respectively. The large decrease in Rct observed for GCPE/Cu@
PtPd/C compared to GCPE/Pd/C+Pt/C confirms the synergism of
Cu@PtPd/C on the catalytic activity towards hydrogen peroxide
electro-reduction, as it was previously demonstrated by amperometry,
reinforcing the key role of Cu.

The amount of Cu@PtPd/C is an important parameter for the de-
velopment of the sensor. Fig. 4A displays the effect of the amount of
Cu@PtPd/C nanoparticles present in the composite on the sensitivity
towards the reduction of hydrogen peroxide (obtained from ampero-
metric experiments at −0.100 V). The sensitivity increases almost lin-
early with the amount of nanoparticles up to 20% w/w. Higher per-
centages of core-shell nanoparticles were also evaluated, although
under these conditions, the reproducibility of the signal becomes poorer
due to the lack of stability of the composite electrode. Fig. 4B depicts
Nyquist plots obtained in a 2.5×10−2 M hydrogen peroxide solution
at −0.100 V using bare GCPE (inset, a) and GCPE modified with(b)
2.5% w/w, (c) 5.0% w/w, (d) 7.5% w/w, (e) 10.0% w/w, (f) 12.5% w/
w, (g) 15.0% w/w, and (h) 20.0% w/w Cu@PtPd/C. A very good cor-
relation between the experimental data (symbols) and the model
((Rs(RctCdl)), solid lines) is also observed here. The Rct largely decreases

Fig. 1. (A)TEM image of Cu@Pt-Pd/C powder. The corresponding histogram of
particle size distribution is displayed in the inset; (B) XRD patterns for Pd/C (a),
Pt/C (b) and Cu@PdPt/C (c).(C) a) XRD pattern of GCPE modified with Cu@
PdPt/C (20.0% w/w), b) XRD pattern of GCPE.
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Fig. 2. Cyclic voltammograms for 0.050M hydrogen peroxide at GCPE (dotted line and inset) and GCPE/Cu@PtPd/C5.0% w/w (solid line). Scan rate: 0.100 V·s−1.

Fig. 3. (A) Variation of the sensitivity obtained from amperometric experiments
for successive additions of hydrogen peroxide at −0.100 V (A) and Nyquist
plots (B) obtained at GCPE (a inset) and GCPE containing 5.0% w/w of different
nanomaterials: Pd/C (b), Pt/C (c), Pt/C+Pd/C (d) and Cu@PdPt/C (e). The
insets of Fig. 3B display the equivalent circuit. Supporting electrolyte: 0.050M
phosphate buffer solution, pH 7.40.

Fig. 4. (A) Variation of the sensitivity obtained from amperometric experiments
for successive additions of hydrogen peroxide at −0.100 V at GCPE containing
different amounts of Cu@PdPt/C: 0.0, 2.5, 5.0, 7.5, 10.0, 12.5, 15.0. 20.0 (%
w/w). (B) Nyquist plots obtained for 0.050M hydrogen peroxide at open circuit
for −0.100 V at GCPE containing different amounts of Cu@PdPt/C: 0.0 (a,
inset), 2.5 (b), 5.0 (c), 7.5 (d), 10.0 (e), 12.5 (f), 15.0 (g), 20.0 (h) % w/w. The
inset shows the bar plots for the charge transfer resistances obtained at the
different electrodes (a-h). Supporting electrolyte: 0.050M phosphate bufferso-
lution, pH 7.40.
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as the amount of core-shell nanoparticles increases (inset of Fig. 4B), in
agreement with the results previously shown (Fig. 4A).

The important enhancement of sensitivity and the drastic decrease
of Rct for hydrogen peroxide reduction clearly demonstrate the key role
of the amount of core-shell nanoparticles present in the composite
electrode on the electrocatalytic activity. The selected percentage of
Cu@Pt-Pd/C nanoparticles for further work was 20.0% (w/w) as the
best compromise between signal-to-noise ratio, sensitivity, Rct, stability
of the signal and response time.

3.3. Analytical performance

Fig. 5A shows amperometric recordings for successive additions of
hydrogen peroxide at GCPE/Cu@PtPd/C (20.0% w/w) obtained at
−0.100 V. A fast and clear response is observed after each addition of
hydrogen peroxide. The corresponding calibration plot is depicted in
Fig. 5B. The analytical parameters are the following: linear range
from 5.0×10−6 to 2.5×10−4 M; sensitivity: (5.30 ± 0.09)
×105 μAM−1 cm−2 (r2= 0.998), detection limit: (3.7 ± 0.5)
× 10−7 M (taken as 3× σ/S, where σ is the standard deviation of the
blank signal and S the sensitivity).

Table 1 summarizes the analytical parameters for the most relevant
non-enzymatic hydrogen peroxide sensors based on the use of different
metallic and core-shell nanoparticles reported since 2013. The com-
parison allowed us to conclude that our sensor presents better [42–52]
or comparable [53–55] detection limits than most of the sensors, with
very wide linear range and excellent sensitivity. The detection limits

reported in [56–61] are better than the one informed in this work;
however, our sensor presents the great advantage of easy preparation
and a very simple transduction scheme at considerably less negative
potentials. Some typical hydrogen peroxide electrochemical enzymatic
sensors obtained by combination of peroxidase or proteins with per-
oxidase-like activity and nanomaterials presents, as in the case of our
sensor, detection limits at the sub-μM level [62–65] with the exception
of a glassy carbon electrode modified with heterostructured multi-
walled carbon nanotubes and graphene oxide nanoribbons, chitosan
and myoglobin that presents a detection limit at nM level [66] (Table
SI-3). However, is important to remark that this biosensor presents a
more complex preparation and involves expensive materials like myo-
globin, multi-walled carbon nanotubes and graphene oxide nanor-
ibbons, at variance with the simple preparation of our sensor that relies
just on the mixing of the synthesized Cu@PtPd/Cwith glassy carbon
microspheres and mineral oil.

The average sensitivity for hydrogen peroxide at GCPE-Cu@PtPd/C
obtained from ten consecutive calibration plots was
(6 ± 1)×105 μAM−1 cm−2, demonstrating that the average sensi-
tivity remained very close to the original one (fresh electrode), al-
though the associated uncertainty increases up to 16.7% due to the
random distribution of the sensitivities for the different calibration
plots. The reproducibility of GCPE/Cu@PtPd/C using the same dis-
persion and 3 different electrodes was 3.8%. Amperometric experi-
ments performed at −0.100 V with the same composite stored at room
temperature, demonstrated an excellent long-term stability since after
18months of storage the sensitivity was around 10% higher than the
original one (probably due to the loss of mineral oil during the storage).

Considering further analytical applications of Cu@PtPd/C for de-
veloping oxidases-based enzymatic biosensors, we evaluated the pos-
sible interference of UA and AA by amperometry at −0.100 V (results
not shown). No interference was obtained after addition of
5.0× 10−6 M H2O2 followed by additions of 1.0× 10−4 M AA and
4.0×10−4 M UA, demonstrating the advantages of the preferential
electrocatalytic detection of hydrogen peroxide.

The analytical platform was challenged with a real sample, in this
case, mouthwash, “Colgate Plax Whitening®”. The concentration ob-
tained with our sensor was (1.38 ± 0.03) % w/v demonstrating very
good agreement with the value reported in the product (1.5% w/v
hydrogen peroxide as the active ingredient).

Some preliminary results about the incorporation of glucose oxidase
(GOx) in the composite GCPE/Cu@PtPd/C demonstrated that the sen-
sitivity for amperometric determinations of hydrogen peroxide at
−0.100 V is 5 times higher than those obtained in the absence of the
protein, indicating that, as in the case of other composite materials
[67], the protein plays a very important role in the dispersion of the
Cu@PtPd/C nanoparticles within the composite.

The results shown here demonstrate that the use of Cu@PtPd/C
represents a very interesting avenue for improving the performance of
hydrogen peroxide electrochemical (bio)sensors due to the excellent
catalytic effect of the hybrid material.

4. Conclusions

We report for the first time the electrocatalytic activity of Cu@PtPd/
C core-shell nanoparticles towards the reduction of hydrogen peroxide
and the synergism of the three components (Cu, Pt and Pd) compared to
the individual ones (Pt/C or Pd/C) or their physical mixture. The
electrocatalytic activity of the core-shell nanoparticles has made pos-
sible the development of a very competitive, low-cost and easy-to-
prepare amperometric hydrogen peroxide sensor with analytical para-
meters comparable to most of the recent non-enzymatic and enzymatic
electrochemical hydrogen peroxide sensors. The high sensitivity ex-
cellent reproducibility, and successful application of the sensor for the
quantification of hydrogen peroxide in a real sample make the proposed
sensor an interesting alternative for further development of other (bio)

Fig. 5. (A) Amperometric recording obtained at GCPE/Cu@PdPt/C at
−0.100 V for successive additions of hydrogen peroxide (as indicated in the
figure). (B) Calibration plot obtained from the amperometric response at
−0.100 V. The inset displays the calibration plot for a wide range of hydrogen
peroxide concentrations (between 1.0× 10−6 M and 2.0× 10−3 M).
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sensors based on the reduction of hydrogen peroxide.
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Table 1
Analytical characteristics of different non-enzymatic hydrogen peroxide electrochemical sensors.

Platform Detection limit
(μM)

Working potential
(V)

Sensitivity
(μAmM−1 cm−2)

Linear range
(μM)

Reference

Pd/PDDA/PG 0.9 −0.1 816.7 2–1672 [42]
Pt/PG/GCE <0.50 −0.1 341.14 1–1477 [43]
Ag@Pt–G/GCE 0.9 −0.35 – 5–12,400 [44]
Au@Ag/GCE 0.67 −0.54 – 2–7020 [45]
3D N-Co-CNT@NG 2.00 −0.04 28.66 2.0–7449 [46]
Pt0.5Au0.5@C 2.4 0.3 210.3 7.0–6500 [47]
Pt-IL-pGR-GCE 0.42 0.074 942.15 10 to 4000 [48]
Pd NP-Cu 2.1 1.2 – 100–2000 [49]
AuNPs@Gr/NiF 1 −0.2 47.4 50–1750 [50]
CoWO4 10.7 0.2 – <24,900 [51]
CuFe2O4/RGO/CPE 0.52 −0.350 – 2–200 [52]
Pt NP–Ni foam electrode 0.3 −0.05 829 5–850 [53]
Ag@Cu 0.3 −0.35 85.1 0.5–50 [54]
Graphene/pectin-CuNPs 0.35 −0.2 391 1.0–1000 [55]
GCE/Cu@Pt/C 0.15 −0.3 351.3 0.50–32,560 [56]
Au/PPG/CNT 0.017 −0.6 – 1–150 [57]
RGO/Pt-Ag 0.04 −0.05 699.6 5–1500 [58]
Au@C@Pt/GCE 0.13 0 144.7 9–1860 [59]
GO/Au@Pt@Au 0.25 −0.3 – 0.5–110,000 [60]
rGO/FeNPs nanocomposite 0.06 −0.5 208.5 0.1–2150 [61]
Cu@Pt-Pd/C 0.37 −0.100 530 5–250 This work

PDDA: poly(diallyldimethylammonium chloride); PG:porous graphene; GCE: glassy carbon electrode; UMP: uridine-5′-monophosphate; MPA: 3-mercaptopropionic
acid; PPG: potentiostatically pretreated graphene; CNT: carbon nanotubes; RGO: reduced graphene oxide; GO: graphene oxide; 3D N-Co-CNT@NG: 3D nano-
composite of nitrogen doped Co-CNTs over graphene sheets; graphene/pectin-CuNPs: electrodeposition of copper nanoparticles(CuNPs) using biopolymer pectin as a
scaffold and graphene as a support; Pt-IL-pGR-GCE: composite of Pt loaded on the support of porous graphene with ionic liquids; rGO/FeNPs nanocomposite: iron
nanoparticles (FeNPs) decorated-reduced graphene oxide (rGO) nanocomposite; AuNPs@Gr/NiF: Au nanoparticles decorated graphene (AuNPs@Gr)/nickel foam
(Gr/NiF) nanocomposite; CoWO4: CoWO4 nanofibers (NFs) fabricated by using an electrospinning technique followed by high-temperature calcination.
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