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Abstract
Here, Ga@PdAgCo catalysts were prepared by sequential reduction using carbon nanotubes (CNT) as support material. The 
catalysts at different weight percentages were characterized by inductively coupled plasma-mass spectrometry (ICP-MS), 
transmission electron microscopy (TEM), x-ray photoelectron spectroscopy (XPS), and x-ray diffraction (XRD) analyti-
cal techniques. Chronoamperometry (CA), cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS) 
measurements were applied to examine the glucose electrooxidation performance of the catalysts. Among the catalysts, the 
7% Ga@PdAgCo(CNT) multi-metallic catalyst provided the best mass activity and specific activity of 231.08 mA/mg Pd 
and 2.475 mA/cm2, respectively. EIS results revealed that the 7% Ga@PdAgCo(CNT) catalyst has a faster electron transfer 
rate with low (632 Ω) charge transfer resistance (Rct). Consequently, the 7% Ga@PdAgCo(CNT) catalyst stands out as a 
potential anode catalyst for direct glucose fuel cells.
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Introduction

The rapid growth in the global economy and population has 
created problems such as rapid depletion of existing energy 
resources, increasing energy demand, and environmental 
pollution.1–3 Fuel cells with high efficiency, easy operation, 
environmentally friendly nature, and renewable energy 
source are promising compared to other technologies.4–7 In 
recent years, liquid fuel cells have gained importance due 

to the disadvantages of hydrogen production and storage.8,9 
Glucose, which stands out as a liquid fuel, is a simple sugar 
that is abundant in nature. Glucose is preferred in fuel cell 
and sensor studies because of its various advantages: it is 
environmentally friendly, obtainable from agricultural prod-
ucts, non-toxic and non-volatile, and safe to store.10–12 In 
direct glucose fuel cells (DGFCs), 24 electrons are theo-
retically produced with the complete oxidation of glucose 
to carbon dioxide and provide 2.87 × 106 J/mol of energy 
(Eqs. 1–3).13–16

The oxidation reactions, in which 24 electrons are pro-
duced, are unlikely to occur. There is mainly partial oxida-
tion of glucose, which involves breaking the C-H bond. In 
this way, glucose is oxidized to gluconic acid and produces 
two electrons (Eqs. 4–6).17–19
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The electrochemical properties and stability of monome-
tallic catalysts can be improved in their bimetallic or trime-
tallic form by synthesis with noble metals such as Pt, Pd, 
Au, Ag, Co, Ni, and Fe.20–22 When metals with different 
properties are hybridized, they have better electrocatalytic 
activity than their simple forms owing to the synergistic 
effect between them.23–26 Gu et al. investigated the glucose 
electrooxidation performance of the Ni/Cr/Co catalyst syn-
thesized by thermal decomposition. They observed that the 
trimetallic catalysts had superior properties including long-
term stability, anti-poisoning ability, and reproducibility.27 
Basu et al. studied glucose electrooxidation with carbon-
supported bimetallic (PdPt/C) and trimetallic (PdPtAu/C) 
catalysts. The PtPdAu/C anode catalyst exhibited higher 
electrocatalytic activity and better stability. They empha-
sized that the poisoning effect of Pt was reduced by synthesis 
with Pd and Au.28 Pd/C, Pd3Cu/C, and Pd3Cu-B/C catalysts 
were improved by Chai et al. for glucose electrooxidation. 
The better electrocatalytic activity of the Pd3Cu-B/C cata-
lyst than the others was explained by the synergistic effect 
between Pd, Cu, and B.29 Glucose electrooxidation proper-
ties of various catalysts in similar studies are presented in 
Table I.

In the present study, Pd/CNT, PdAgCo/CNT, and Ga@
PdAgCo/CNT catalysts at different weight percentages 
were prepared by NaBH4 reduction and used for glucose 
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electrooxidation. Inductively coupled plasma–mass spec-
trometry (ICP-MS), transmission electron microscopy 
(TEM), x-ray photoelectron spectroscopy (XPS), and x-ray 
diffraction (XRD) analytical techniques were performed 
for the characterization of the synthesized catalysts. The 
resistance, stability, and activity of catalysts were deter-
mined by electrochemical impedance spectroscopy (EIS), 
chronoamperometry (CA), and cyclic voltammetry (CV) 
measurements.

Experimental Studies

Synthesis and Characterization

Pd/CNT and PdAgCo(80:10:10)/CNT catalysts with 10% 
wt. metal present on carbon nanotubes were synthesized 
via NaBH4 co-reduction. In the catalyst preparation stage, 
firstly, precursor metal salts were dissolved in pure water 
and carbon nanotubes were added. This mixture was stirred 
for 2 h in an ultrasonic bath. Then, NaBH4 was added drop-
wise for reduction and stirred for an additional hour. After 
washing the mixture, it was filtered and dried at 85°C. Ga@
PdAgCo(80:10:10)/CNT catalysts at different weight per-
centages were synthesized via NaBH4 sequential reduction. 
Determined amounts of GaCl3 salt were weighed and dis-
solved in pure water. The synthesized PdAgCo(80:10:10)/
CNT catalyst was added to this solution. The above-
described experimental processes were applied.

ICP-MS, TEM, XPS, and XRD were applied for char-
acterization of the catalysts. XRD (Malvern Panalytical 

Table I   The glucose 
electrooxidation properties of 
various catalysts used in the 
literature

Catalyst Reference electrode Solution Current 
density, 
mA/cm2

Reference

N-doped few-layer G/ITO Ag/AgCl 1 M KOH + 0.5 M C6H12O6 9.12 30
ITO
G7/ITO

Ag/AgCl 1 M KOH + 0.5 M C6H12O6 1.56
6.58

31

Pt-G/ITO
Au-G/ITO
G/ITO
ITO

Ag/AgCl 1 M KOH + 0.5 M C6H12O6 9.21
2.04
1.37
0.92

32

Au/C
Pd/C

RHE 0.1 M NaOH + 0.1 M C6H12O6 2.58
0.92

33

Indole Ag/AgCl 1 M KOH + 0.5 M C6H12O6 0.52 34
Benzothiophene Ag/AgCl 1 M KOH + 0.5 M C6H12O6 0.59 35
Ni4Co2/AC Hg/HgO 3 M KOH + 1 M C6H12O6 2.84 36
PdIn(90:10)/CNT Ag/AgCl 1 M KOH + 0.5 M C6H12O6 0.98 37
Pd3Sn2/C Hg/HgO 0.5 M KOH + 0.5 M C6H12O6 3.64 38
Au/MnO2-C Hg/HgO 1 M NaOH + 0.5 M C6H12O6 2.50 39
PtBi/C Ag/AgCl 0.5 M KOH + 0.05 M C6H12O6 2.25 40
7% Ga@PdAgCo/CNT Ag/AgCl 1 M KOH + 0.5 M C6H12O6 2.475 This study
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Empyrean) measurements were obtained for analysis of 
the crystal structure of the catalysts. The particle size and 
surface metal distribution of the catalysts were obtained by 
TEM (Zeiss Sigma 300). The oxidation state of the catalysts 
was determined by XPS (SPECS Flex) analysis. ICP-MS 
(Agilent 7800) was performed to determine the atomic molar 
ratios of the catalysts.

Electrochemical Measurements

CV, CA, and EIS analyses were applied to determine glucose 
electrooxidation performance of catalysts. Electrochemical 
measurements were carried out with a CHI 660E potentio-
stat device in 1 M KOH + 0.5 M C6H12O6 solution. A three-
electrode system consisting of a working electrode (glassy 
carbon), counter electrode (Pt wire), and reference electrode 
(Ag/AgCl) was used. CV measurements were performed at 
50 mV/s in the range of −0.6 to 0.6 V. CA measurements 
were taken to define the stability of the catalysts at −0.4 V, 

−0.2 V, 0.0 V, 0.2 V, and 0.4 V. The resistance of catalysts 
was analyzed with EIS at −0.6–0.6 V potential range.

Results and Discussion

Characterization Results

XRD analysis was performed to examine the crystal 
structures of the catalysts. Figure 1 demonstrates XRD 
patterns of Pd/CNT and Ga@PdAgCo/CNT catalysts. 
The hexagonal structure of carbon was observed to 
reveal the diffraction peak of the (002) for both cata-
lysts at approximately 25.7°. From Fig.  1, the XRD 
patterns of both catalysts revealed diffraction peaks at 
40.1°, 46.4°, 67.7°, 81.4°, and 86.2°, corresponding to 
the (111), (200), (220), (311), and (222) planes of the 
Pd (fcc) structure (JCPDS card number 46-1043). The 
2θ values at 43.0° and 53.8° corresponded to PdO (110) 
and PdO (122) planes for both catalysts, respectively.41 
Silver nanoparticles show planes with fcc structure. The 
diffraction peaks at 66.7°, 80.1°, and 84.5° correspond 
to (220), (311), and (222) planes of fcc structure of Ag.42 
The absence of diffraction peaks of other metals reveals 
that it is not observed because it is located at the same 
point with the Pd fcc structure or because it is in a low 
amount.43 In the XRD, the negative shift pattern of the 
7% Ga@PdAgCo/CNT catalyst according to 10% Pd/
CNT could be due to the Ga, Ag, and Co alloys.44 The 
Scherrer equation was used to calculate the crystal size 
of 10% Pd/CNT and 7% Ga@PdAgCo/CNT catalysts and 
found 9.35 and 6.48 nm, respectively.

The TEM images of catalysts are given in Figs. 2 and 
3. Furthermore, particle size distribution was carried out 
for the catalysts. It can be seen from Figs. 2 and 3 that the 
generally homogeneously dispersed particles did not form 
agglomeration. The average particle sizes of Pd/CNT, 
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Fig. 1   XRD patterns of 10% Pd/CNT and 7% Ga@PdAgCo/CNT 
catalysts.
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Fig. 2   TEM images of Pd/CNT (a) and PdAgCo/CNT (b) catalysts (related particle size distribution).
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PdAgCo/CNT, and Ga@PdAgCo/CNT catalysts were cal-
culated as 8.2 nm, 5.0 nm, and 3.1 nm (ImageJ program), 
respectively. Although the particle sizes obtained are dif-
ferent from the crystal size acquired in XRD, they are close 
to each other.45 From ICP-MS analysis, the molar atomic 
ratio of Ga@PdAgCo(45:45:5:5) catalyst was found to be 
(12.2:78.8:0.5:8.5) by metal order. This result obtained 
ratios close to the desired metal ratios.

The Ga@PdAgCo/CNT catalyst was investigated by 
XPS analysis, which provides basic information about 
the chemical bonds and oxidation states of Ag, Co, Ga, 
and Pd. Figure 4a–f illustrates diffraction peaks of C 1s, 
Ag 3d, Co 2p, Ga 2p, and Pd 3d states. The binding ener-
gies of all peak positions were deconvoluted relative to C 
1s of 284.6 eV. The binding energies of C 1s at 284.6 and 
289.6 eV, which have two different chemical shift com-
ponents, can be attributed to the C-C and O-C=O bonds, 
respectively.46 The XPS spectrum of Pd 3d (Fig.  4c) 
clearly indicated four different peaks. The binding ener-
gies of Pd 3d (Fig. 4c) indicated four different peaks. 
The peaks at 335.3 eV and 340.6 eV were assigned to 
3d5/2 and 3d3/2, which shows the presence of Pd0. The 
other two peaks at 336.8 eV (3d5/2) and 342.2 eV (3d3/2) 

binding energies indicated that PdO was formed.47 As 
seen in the XRD model (Fig. 1), the presence of PdO was 
also observed in the XPS analysis. Pd could be oxidized 
by reacting with oxygen during synthesis. Figure 4d dem-
onstrates the presence of Ag+ (3d5/2 at 367.5 eV and Ag 
3d3/2 at 373.5 eV) and Ag0 (3d5/2 at 370.4 eV and Ag 
3d3/2 at 376.7 eV).48 Fig. 4e illustrates two characteristic 
peaks with binding energies of 781.0 eV and 797.3 eV 
associated with 2p3/2 and 2p1/2, indicating the presence 
of Co2+. Furthermore, the binding energies of Co 2p 
were attributed to 776.5 eV and 805.9 eV correspond-
ing to Co3 + (2p3/2) and Co4 + (2p1/2), respectively.49 
The binding energies at 1118.0 eV and 1121.7 eV cor-
responded to Ga3+ and Ga2O3 of Ga 2p3/2, respectively.50 
Table II summarizes the probable chemical states of Ag 
3d, C 1s, Co 2p, Ga 2p, and Pd 3d for the Ga@PdAgCo/
CNT catalyst.

Electrochemical Results

The electrocatalytic activity of Pd/CNT, PdAgCo/CNT, 
and Ga@PdAgCo/CNT catalysts at different weight 
percentages was defined by CV measurements at a scan 
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Fig. 3   TEM images of 50 nm (a), 100 nm (b), and 200 nm (c) with related particle size distribution (d) for the Ga@PdAgCo/CNT catalyst.
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rate of 50 mV/s in 1 M KOH + 0.5 M C6H12O6 solution. 
The CV voltammograms obtained in the potential range 
of −0.6 to 0.6 V are presented in Fig. 5a and b. In the 

forward scan, glucose oxidation peaks were observed in 
the potential range of −0.3–0.0 V. The presence of oxida-
tion peaks explains the electrooxidation resulting from 
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Fig. 4   XPS spectra of general spectrum (a), C 1s (b), Pd 3d (c), Ag 3d (d), Co 2p (e), and Ga 2p (f) for the Ga@PdAgCo/CNT catalyst.
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glucose adsorption on the catalyst surface.30,36 Table III 
contains information on the glucose electrooxidation 
behavior of the catalysts. The 7% Ga@PdAgCo/CNT 
catalyst provided the highest electrocatalytic activity 
as 2.475 mA/cm2 at a peak potential of −0.161 V. The 
specific activity of 10% Pd/CNT and 10% PdAgCo/CNT 
catalysts was obtained as 0.515 mA/cm2 and 0.867 mA/
cm2, respectively. The best glucose electrooxidation 
activity provided by the 7% Ga@PdAgCo/CNT catalyst 
is explained by the synergistic effect of Ga metal.

CA measurements were used for the electrochemical sta-
bility of the catalysts.51 The CA measurements were taken at 
−0.4 V, −0.2 V, 0.0 V, 0.2 V, and 0.4 V potentials in 1000 s. 
Figure 6a shows the CA curves of the 7% Ga@PdAgCo/
CNT catalyst at different potentials. As seen in Fig. 6a, a 
decrease in all potentials was observed initially due to the 
poisoning of the electrode surface caused by the interme-
diate species formed during glucose oxidation. The best 
catalytic activity of the 7% Ga@PdAgCo/CNT catalyst was 
obtained at −0.2 V potential and compared with other cata-
lysts at −0.2 V potential in Fig. 6b. The 7% Ga@PdAgCo/
CNT catalyst provided the best stability at higher current 
than other catalysts.

EIS analysis was used to assign the resistance of the 7% 
Ga@PdAgCo/CNT catalyst to glucose electrooxidation. 

For this purpose, the EIS measurements were performed 
in the range of −0.6–0.6 V in 1 M KOH + 0.5 M C6H12O6 
and Nyquist curves obtained are presented in Fig. 7a. Semi-
circular Nyquist curves are proportional to electrocatalytic 
activity. The smaller the semicircle diameter, the lower the 
charge transfer resistance and the higher the electrocatalytic 
activity.52,53 The 7% Ga@PdAgCo/CNT catalyst exhib-
ited the best electrocatalytic activity with lower resistance 
at 0.6 V potential. The Nyquist curves obtained from the 
measurements at 0.6 V potential of all catalysts are shown 
in Fig. 7b. Figure 6c demonstrates the equivalent circuit 
resistance model of 10% Pd/CNT, 10% PdAgCo/CNT, and 
7% Ga@PdAgCo/CNT catalysts. Figure 7b reveals that the 
charge transfer resistance (Rct) of the 7% Ga@PdAgCo/CNT 
catalyst is much smaller than 10% Pd/CNT (1865 Ω) and 
10% PdAgCo/CNT (2572 Ω), and other catalysts showed 

Table II   The results of probable chemical states of Ag 3d, C 1s, Co 
2p, Ga 2p and Pd 3d regions

Name At.% BE (eV) Possible 
chemical 
state

Relative 
intensity %

Reference

C 1s 95.887 284.6 C–C 86.56 46
289.6 O-C = O 13.44

O 1s 3.435 532.6 – –
Pd 3d5/2 0.341 335.3 Pd0 26.58 47

336.8 PdO 23.95
340.6 Pd0 24.94
342.2 PdO 24.53

Ag 3d5/2 0.119 367.5 Ag+ 25.94 48
370.4 Ag0 24.15
373.5 Ag+ 25.56
376.7 Ag0 24.35

Co 2p3/2 0.095 776.5 Co3+ 24.90 49
781.0 Co2+ 25.07
797.3 Co2+ 24.96
805.9 Co4+ 25.07

Ga 2p3/2 0.123 1118.0 Ga3+ 51.10 50
1121.7 Ga2O3 48.90
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Fig. 5   Cyclic  voltammograms  of the catalysts (a) in 1 M KOH and 
(b) in 1 M KOH + 0.5 M C6H12O6 solution.
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a notable decrease in Rct (632 Ω), indicating faster electron 
transfer and higher catalytic activity throughout glucose 

electrooxidation. The constant-phase elements (CPE) speci-
fied in the circuit model are RΩ (cell ohmic resistance), Rct 
(electrochemical kinetic-related resistance), and Cdl (dou-
ble-layer capacitance corresponding to charge storage at the 
interface between the electrolyte and electrode).54,55

Conclusion

In the present study, the glucose oxidation activity of 10% 
Pd/CNT, 10% PdAgCo/CNT, and 0.5–10% Ga@PdAgCo/
CNT catalysts was investigated. The 10% Pd/CNT and 
10% PdAgCo/CNT catalysts were prepared by NaBH4 co-
reduction, and 0.5–10% Ga@PdAgCo/CNT catalysts were 
synthesized by NaBH4 sequential reduction. The surface 
and structural properties of the catalysts were characterized 
by ICP-MS, TEM, XPS, and XRD. According to the XRD 
results, the crystallite size of the 7% Ga@PdAgCo/CNT cat-
alyst calculated using the Scherrer equation was determined 
as 6.48 nm. TEM images confirmed that the particles were 
homogeneously dispersed and no agglomeration occurred. 
Also, the average particle size of the 7% Ga@PdAgCo/CNT 
catalyst calculated with the ImageJ program was very close 
to the value in XRD. The stability, resistance and activity 
of the catalysts against glucose electrooxidation were meas-
ured by CA, EIS and CV, respectively. The highest specific 
activity (2.475 mA/cm2) and mass activity (231.08 mA/mg 
Pd) were obtained with the 7% Ga@PdAgCo/CNT catalyst. 
This result was explained by the synergistic effect between 
Ga, Pd, Co, and Ag metals that increase glucose electrooxi-
dation. Furthermore, the addition of metals on the catalyst 
increased the catalytic activity because it caused an elec-
tronic state change. These results show that the 7% Ga@
PdAgCo/CNT catalyst with high electrocatalytic activity is 
a promising anode catalyst for glucose electrooxidation.

Table III   The specific activity, 
mass activity, peak potential, 
and onset potential values 
of catalysts for the glucose 
electrooxidation

Catalyst Specific activ-
ity, mA/cm2

Mass activity, 
mA/mg Pd

Peak potential, V Onset potential, V

10% Pd/CNT 0.515 44.47 −0.148 −0.566
10% PdAgCo/CNT 0.867 76.19 −0.150 −0.570
0.5% Ga@PdAgCo/CNT 0.689 60.85 −0.154 −0.581
1% Ga@PdAgCo/CNT 0.911 80.80 −0.137 −0.577
3% Ga@PdAgCo/CNT 0.910 82.15 −0.150 −0.583
5% Ga@PdAgCo/CNT 0.515 47.31 −0.135 −0.579
7% Ga@PdAgCo/CNT 2.475 231.08 −0.161 −0.592
10% Ga@PdAgCo/CNT 0.398 38.10 −0.135 −0.572
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Fig. 6   Chronoamperometry curves of (a) 7% Ga@PdAgCo/CNT at 
different potentials and (b) comparison with other catalysts at −0.2 V 
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