
Journal of Electroanalytical Chemistry 918 (2022) 116505
Contents lists available at ScienceDirect

Journal of Electroanalytical Chemistry

journal homepage: www.elsevier .com/locate / je lechem
Fabrication of novel palladium-platinum based graphene/ITO electrodes and
third metal addition effect through the glucose electrooxidation
https://doi.org/10.1016/j.jelechem.2022.116505
Received 11 November 2021; Received in revised form 3 June 2022; Accepted 6 June 2022
Available online 8 June 2022
1572-6657/© 2022 Elsevier B.V. All rights reserved.

⇑ Corresponding author.
E-mail address: tulin.hansu@siirt.edu.tr (T. Avci Hansu).
Aykut Caglar a, Tulin Avci Hansu c,⇑, Ozlem Sahin b, Hilal Kivrak d,e

aVan Yuzuncu Yil University, Faculty of Engineering, Department of Chemical Engineering, Van 65000, Turkey
bKonya Technical University, Faculty of Engineering, Chemical Engineering Department, 42031 Konya, Turkey
c Siirt University, Faculty of Engineering, Department of Chemical Engineering, Siirt 56100, Turkey
dEskisehir Osmangazi University, Faculty of Engineering and Architecture, Chemical Engineering Department, Eskişehir 26040, Turkey
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Graphene was coated on Cu foil by chemical vapor deposition (CVD) method. The graphene on the Cu foil was
modified by doping N. Then, N-doped graphene (G) was coated on several layers of indium tin oxide (ITO) elec-
trodes. In addition, Pd, Pt, and M (Ag, V, Ni, Zn) metals were electroprecipitated on the graphene/indium tin
oxide electrode by electrochemical technique. In this way, the glucose (C6H12O6) electrooxidation activities of
these electrodes obtained from PdMPt-N doped graphane/indium tin oxide were investigated by cyclic voltam-
metry (CV), chronoamperometry (CA), and electrochemical impedance spectroscopy (EIS) measurements. The
obtained materials were characterized by SEM-EDX. Results revealed that the network of Pd, Pt, Ag, V, Ni, Zn
and graphene was clearly visible from the SEM results. As a consequence, PdZnPt-N doped G/ITO showed the
most effective C6H12O6 electrooxidation activity with a specific activity of 14.5 mA cm−2, considerably above
the literatüre's published values. In all electrochemical measurements, PdZnPt-N doped G/ITO exhibited the
best electrocatalytic activity, stability, and resistance. PdZnPt-N doped G/ITO electrode is promising electrode
for glucose electrooxidation.
1. Introduction

The demand for energy is increasing rapidly all over the world day
by day. Researchers have turned to alternative energy sources due to
the limited use of fossil energy sources and the damage to the environ-
ment as a result of the use of these energy sources. In this context, fuel
cells attract the attention of the scientific community as one of the
most crucial future energy sources. Fuel cells are components that
directly convert chemical energy to electrical energy. For mobility,
portable electronic gadgets, and stationary power generation, fuel cells
are employed as electrical power sources [1]. The rise of the low-tem-
perature direct glucose fuel cell (DGFC) demonstrates the DGFC's
growing importance in fuel cell technology and applications [2,3].
Glucose is the most abundant simple sugar in nature with its toxic,
flammable and non-volatile superior properties [4,5]. Alloying is one
of the best known methods to increase the catalytic activity of
monometallic catalysts. Various types of electrocatalysts have been
reported for glucose electrooxidation. Some of the Pd-based alloy elec-
trocatalysts in the literature are; Pt-Pd [6], Pd-Ni [7–9], Pd-Fe [10],
Pd-Pt-Au [6], or Pdx-Rh [11]. Also, commonly studied metals for glu-
cose electrooxidation are Pt and Au [12–15]. Platinum is used as an
electrocatalyst in fuel cell applications due to its high activity and
chemical stability [16]. Graphene offers various advantages, including
a single atomic layer structure and a large surface area. With its vast
area, high quality synthesis, and layer controllability capacity, the
chemical vapour deposition (CVD) production method of graphene is
superior in many respects compared to other methods documented
in the literature [17]. Several-layer graphene nano-hybrids are gener-
ated by CVD technique, and these nanoparticles are used in glucose
electrooxidation, according to the literature [17–20].

The bimetallic nanoparticle feature fast electrochemical oxidation
and a unique synergistic contribution, which enhance conductivity
and accelerate electron transfer. In this study in the literature, a cat-
alytically active area was increased through the formation of Au-Pt
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bimetallic nanoparticle morphology [21,22]. Therefore, in this study,
it is thought that adding the third metal will increase the synergistic
effect between the metals.

The CVD technique was used to coat N-doped-Graphene on Cu foil
in this investigation. After that, an indium tin oxide (ITO) electrode
was coated with N-doped-Graphene on Cu foil. Then, Pd metal and sec-
ond metals (Ag, Ni, Zn, V) were electrochemically precipitated on the
N-doped-G/ITO electrode by electrochemical technique. In this way,
bimetallic electrocatalysts and trimetallic electrocatalysts were
obtained by adding Pt metal. SEM-EDX analysis was used to character-
ize the prepared electrodes. Cyclic voltammetry (CV), chronoamper-
ometry (CA) and electrochemical impedance spectroscopy (EIS)
measurements were used to investigate the glucose (C6H12O6) elec-
trooxidation activities of PdM-N doped G/ITO and PdMPt-N doped
G/ITO electrodes.
2. Materıals and methods

2.1. Materials

As received, glucose (Merck) and KOH (Merck, 84 percent purity)
were employed. All other compounds were analytical grade and were
used just as they were. Throughout the studies, distilled water was
used.
2.2. Preparation of electrodes

First, a few-layer graphene was prepared by the CVD method. N-
doped graphene was then prepared. The N-doped graphene was trans-
ferred to the ITO surface. All these production steps were performed as
reported in the literature [17,18]. In this way, bimetallic and trimetal-
lic PdM-N G/ITO and PdMPt-N G/ITO electrode materials were pre-
pared and stored for use in experiments.
2.3. Surface characterization

The surface of the PdM-N doped G/ITO and PdMPt-N doped G/ITO
electrode materials was characterized by SEM-EDX analysis. With the
EDX results, the metal ratios in the electrode materials were deter-
mined. A FEI QUANTA 250 FEG scanning electron microscope was
used to perform SEM-EDX experiments.
Fig. 1. The CV results obtained in (a) PdM(Ag, Ni, V, Zn)-N doped Graphane/Indium
Graphane/Indium Tin Oxide electrode in 1 M KOH and 1 M KOH + 0.5 M glucos
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2.4. Electrochemical measurements

The activity of PdM-N doped G/ITO and PdMPt-N doped G/ITO
catalysts coated on the glassy carbon electrode was investigated in
1 M KOH + 0.5 M C6H12O6 solution in a three-electrode system.
The glucose electrooxidation performance of analysis were made using
cyclic voltammetry (CV) method, chronoamperometry (CA) method,
and electrochemical impedance spectroscopy (EIS). CHI 660E device
was used for electrochemical measurements. The working electrode
was glassy carbon, the reference electrode was Ag/AgCl, and the coun-
ter electrode was platinum wire. Cyclic voltammetry measurements
were performed between −0.6 V and 0.5 V.
3. Results and discussion

3.1. Surface characterization

SEM images of bimetallic PdAg-N doped G/ITO, PdZn-N doped G/
ITO, PdNi-N doped G/ITO and PdV-N doped G/ITO catalysts are given
in Fig. 1s(a–d). As illustrated in Fig. 1(a–l), the Pd, M (Ag, Zn, Ni, V)
and carbon network were clearly visible. As shown in Fig. 1(e, f, g,
h, l), the formation of the PdM-N doped-G/ITO electrode has been pro-
ven by mapping and as seen in Fig. 1(a, b, c, d), it is seen that the Pd
metal is embedded in the N doped-G/ITO. In Fig. 1s(e–k), the yellow,
violet, turquoise, orange, pink, yellowish orange and green particles
were demonstrated by mapping analysis to be C, N, Pd, Ag, V, Ni
and Zn, respectively. EDS analysis result of bimetallic PdM-N doped
G/ITO catalysts is given in Fig. 1s-l and elemental analysis is given
on mapping analysis.

SEM analysis was performed to obtain information about the com-
position of the synthesized catalysts. EDX analysis was used to define
the elemental composition of these catalysts. SEM images of PdMPt-N
doped G/ITO catalysts are given in Fig. 2s(a, d). In Fig. 2s(e, l), map-
ping images of the elements in these catalysts are given. EDX graph of
elemental compositions is given in Fig. 2s and Table 1. In Fig. 2s(e, l),
yellow, purple, blue, orange, pink, light orange, green, light green are
shown by mapping analysis of C, N, Pd, Ag, V, Ni, Zn and Pt particles,
respectively. When the SEM images of Fig. 1s(a–d) and Fig. 2s(a–d) are
compared, the surface has a smoother structure as a result of the addi-
tion of Pt to bimetallic catalysts. Therefore, we can say that the
trimetallic electrode gives better results in glucose electrooxidation.
Tin Oxide electrodes in 1 M KOH+ 0.5 M glucose solution (b) PdZn-N doped
e solution at 50 mV/s.



Table 1
Elemental analysis of PdMPt-N doped G/ITO catalysts.

Elements (%) Samples

PdAgPt-N doped G/ITO PdVPt-N doped G/ITO PdNiPt-N doped G/ITO PdZnPt-N doped G/ITO

C 34.71 33.70 14.98 12.87
N 55.10 61.30 75.19 76.99
Pd 2.50 2.68 2.73 2.83
Pt 1.96 1.66 4.09 –

Ag 5.73 – – –

V – 0.66 – –

Ni – – 3.01 –

Zn – – – 7.32
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The network of Pd, Pt, Ag, V, Ni, Zn and graphene is clearly visible
from the SEM results.

3.2. Electrochemical measurements

The catalytic activity, stability, and resistance of PdM(Ag, Ni, V,
Zn)-N doped G/ITO and PdMPt-N doped G/ITO electrodes were inves-
tigated to CV, CA, and EIS electrochemical analyses in 1 M
KOH + 0.5 M glucose solution for glucose electrooxidation,
Fig. 2. The CV results obtained in a) 1 M KOH and b) 1 M KOH + 0.5 M gluc
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respectively. Fig. 3a, b demonstrates CV measurements of PdM-N
doped G/ITO electrodes. Glucose electro-oxidation peaks are associ-
ated with increased current density [16]. It could be seen from
Fig. 3a, PdZn-N doped G/ITO had better catalytic activity when com-
pared to other PdM-N doped G/ITO electrodes at the total potential.
Additionally, the PdZn-N doped G/ITO (3.45 mA/cm2) electrode had
higher specific activity than Pd-N doped-G/ITO (2 mA/cm2) electrode
obtained in our previous study [18]. Fig. 1b shows the results of the
PdZn-N doped G/ITO electrode in 1 M KOH and 1 M KOH + 0.5 M
ose of PdMPt-N doped Graphane/Indium Tin Oxide electrodes at 50 mV/s.



Fig. 3. CA graphics of (a) PdM-N doped Graphane/Indium Tin Oxide electrodes at −0.5 V and (b) specific activities after 1000 s in 1 M KOH + 0.5 M glucose.

Table 2
Electrochemical properties of PdMPt-N doped G/ITO electrodes for glucose electrooxidation.

Catalyst Total Current (KOH, mA/cm2) Spesific Activity (Glucose, mA/cm2) Forward Peak Potential, V Onset Potential (V)

PdZn-N doped G/ITO 1.47 3.45 0.40 −0.19
PdAgPt-N doped G/ITO 0.58 3.82 0.40 −0.30
PdNiPt-N doped G/ITO 0.32 9.56 0.25 −0.37
PdVPt-N doped G/ITO 0.36 10.00 0.31 −0.38
PdZnPt-N doped G/ITO 0.52 14.58 0.18 −0.39

Table 3
Comparison of the specific activities of glucose electrooxidation electrodes in
the literature.

Electrote Spesific Activity (mA/cm2) Reference

Pd–N-dopedG/ITO 2 [18]
Graphene/ITO electrode 6.58 [26]
N-doped few-layers G/indium tin oxide 9.52 [17]
Ni2P/NF 6.37 [27]
Pt-graphene/ITO 9.21 [28]
PdZnPt-N doped G/ITO 14.5 This study
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glucose solutions.The peak difference obtained in the total potential
(Fig. 1b) or the peak obtained in the forward scan (Fig. 2b) shows elec-
trooxidation resulting from glucose adsorption [23,24]. The CV analy-
ses of PdMPt-N doped G/ITO electrodes were shown in Fig. 2a, b. As
seen from Fig. 1b and 2a, the peak occurring in the about
−0.5 ∼ −0.1 V potential range indicates the reduction peak of PdO
[25]. Table 2 illustrates the total current (KOH), specific activity (glu-
cose), forward peak, and onset potential. As seen in Table 1, the
PdZnPt-N doped G/ITO electrode (14.58 mA/cm2) exhibited the best
electrocatalytic activity than the PdMPt-N doped G/ITO electrodes.
In addition, it was obtained better activity about 4.2 and 7.3 times
than PdZn-N doped G/ITO and previous study Pd-N doped-G/ITO,
Fig. 4. CA graphics of (a) PdMPt-N doped Graphane/Indium Tin Oxide electrodes at −0.5 V and (b) specific activities after 1000 s in 1 M KOH + 0.5 M glucose.
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Fig. 5. Nyquist plots of (a) various potentials of PdZnPt-N doped Graphane/Indium Tin Oxide electrode and (b) comparison of PdMPt-N doped Graphane/Indium
Tin Oxide electrodes at 0 V in 1 M KOH + 0.5 M glucose resolution.
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respectively. As the activity increased, negative shifts occurred in the
onset and forward peak potentials.

CA analysis was performed to measure the stability of PdM-N
doped G/ITO and PdMPt-N doped G/ITO electrodes. Fig. 3(a, b) and
Fig. 4(a, b) illustrates CA graphics of PdM-N doped G/ITO and
PdMPt-N doped G/ITO electrodes, respectively. After 1000 s,
PdZnPt-N doped G/ITO were better activity with 7.5 mA/cm2 specific
activity compared to PdZn-N doped G/ITO (3.9 mA/cm2), PdVPt-N
doped G/ITO (6.5 mA/cm2), PdNiPt-N doped G/ITO (6.0 mA/cm2),
and PdAgPt-N doped G/ITO (4.5 mA/cm2). As in the CV data, the
PdZnPt-N doped G/ITO electrode exhibited the best activities and con-
sistency compared to the other electrodes. The activity comparison of
some electrodes used for glucose electrooxidation is given in Table 3.
As indicated in the table, the specific capacity of the PdZnPt-N doped
G/ITO electrode synthesized in this study is the highest.

Fig. 5(a, b) illustrates the Nyquist plots obtained from the EIS anal-
ysis to examine the electrocatalytic resistance of the electrodes. These
plots are usually known as semicircles, where the electrocatalytic resis-
tance increases as the diameter of the circle decrease [29,30]. The
resistance to charge transfer (Rct) is associated with the diameter of
the semicircle because as the diameter decreases, Rct decreases, and
so the catalytic activity increases [31]. Fig. 5a shows the Nyquist plots
of the PdZnPt-N doped G/ITO electrode taken at 0.0, 0.2, and 0.4 V
potentials. As seen in Fig. 5a, the Nyquist plot taken at the potential
of 0.0 V showed the best electrocatalytic activity. It can be clearly seen
from Fig. 5b that the Rct could be listed as follows; PdAgPt-N doped G/
ITO > PdNiPt-N doped G/ITO > PdVPt-N doped G/ITO > PdZnPt-N
doped G/ITO. As a consequence, PdZnPt-N doped G/ITO showed the
highest electrocatalytic activity as in CV and CA results.
4. Conclusıons

At present study, Pd, Pt, and M (Ag, V, Ni, Zn) doped on graphene/
ITO electrode by electrochemical technique. These electrodes were
characterized by SEM EDX. These characterization results revealed
that electrodes were prepared succesfully. These electrodes were
epmolyed to determine their C6H12O6 electrooxidation activities by
CV, CA, and, EIS measurements. PdZnPt-N doped G/ITO showed the
best C6H12O6 electrooxidation activity with a specific activity of
14.5 mA cm−2. This electrode is very good specific activity which is
above the literature values. Furthermore, PdZnPt-N doped G/ITO
demonstrated great stability and resistance, indicating that the
5

PdZnPt-N doped G/ITO electrode is a promising glucose electrooxida-
tion electrode.
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