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Abstract

Three‐dimensional (3D) printing has become one of the promising technologies for

the development of bulk‐sized nanomaterial composites for electrocatalysis.

However, traditional methods such as field deposition modeling and stereolitho-

graphy are not suitable for the development of functionalized materials for practical

use. A large number of studies have focused on the development of the direct ink

writing (DIW) printing technique for the fabrication of graphene aerogel (GA)‐
based electrodes with binders for electrocatalysis. Only a few studies have focused

on the synthesis of GA materials from binder‐free graphene oxide (GO) using the

DIW 3D printing method. Here, we describe the preparation of GA‐based
electrodes (without size contraction) with different Pd–Pt loadings using the DIW

printing method with a commercial 3D food printer. The electron microscopy

results showed that a Pd–Pt/GA monolith with a high Pd–Pt loading (59.43wt%)

could be obtained. The DIW‐printed Pd–Pt/GA‐2 electrode showed good

electrochemical performance in glucose electrooxidation (GOR), with a high

output current density of 0.94A g−1 in 0.3M glucose/1M NaOH solution at the

3000th cycle operation (60 h). This study shows the potential of DIW‐printed
binder‐free Pd–Pt/GA electrodes for use in fuel cell applications.
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1 | INTRODUCTION

The attractive properties of graphene, such as high
mechanical strength1 and good electrical2 and thermal
conductivity,3 make it a promising material for

electronic4,5 and catalytic research.6–9 In particular,
graphene aerogel (GA)‐based materials4,5,10–12 have been
extensively explored for energy storage and energy
conversion applications. In practice, a solvothermal
method was the major pathway to produce GA
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materials.4,5,10–12 However, the GA synthesized by such a
method was limited to a cylindrical shape4,5,10,11 due to
the surface tension of the raw graphene oxide (GO)‐based
solution used. Although the size and shape of scalable
GA materials can be synthesized using this method,
reactors with specific shapes are necessary and problems
related to size contraction still exist.12 Moreover, the
fabricated free‐standing GA materials need to be
subjected to a subsequent ultrasonic treatment before
their practical use5,10,13,14 which could destroy the three‐
dimensional (3D) structure. Thus, these are the limita-
tions in the application of GA‐based materials.

The use of 3D printing techniques, including
stereolithography15–18 and field deposition modeling
(FDM),19–21 for GA synthesis has been reported by different
groups in recent years. The printed GA materials have
demonstrated good activity in terms of oil adsorption16 and
toxic dye adsorption.18 However, most of the reported GA
materials required the use of a surfactant19–21 or litholo-
graphic resin,15–17 leading to a reduction of the catalytically
active sites of the GA‐based materials. In addition, the
preparation time for the inks is very long.19 As a result,
development of a direct ink writing (DIW) technique to print
3D catalyst‐loaded GA‐based electrodes without binders for
electrocatalysis represents a new avenue of research.

In the initial years of research, an ice‐supported DIW
method was first demonstrated by Zhang's group to print
2.5D and 3D pure GA blocks in an aqueous GO solution,
and these blocks showed comparable mechanical and
electrical properties to those synthesized by traditional
methods.22 Then, other research groups used a scientific
bioprinter or a modified FDM 3D printer with complicated
ink synthesis steps22–27 to print GA‐based materials, which
increased the overall cost and time of the printing process.
Pure GA28,29 and foreign material (carbon nanotube
[CNT],26 polymer,23 metal,29 monometallic oxide,30,31

mixed metal oxide,32 etc.)‐loaded GA materials have been
reported to be used in supercapacitor and lithium‐ion
batteries with good performance. However, most of the
DIW‐printed GA materials (with foreign materials)
required the use of polymeric additives23 or complicated
fabrication steps.29–31 In contrast, a few studies demon-
strated the potential of a one‐step DIW process for
printing of CNT/GA26 and G/ZnV2O6@Co3V2O6

32 materi-
als from catalyst/GO hybrid sol–gel solutions without the
use of additives. Thus, it is important to further develop a
new DIW method to print catalyst‐loaded 3D GA
electrodes using a low‐cost commercial 3D food printer
with aqueous GO‐based inks.

This study reports a new DIW method to print
binder‐free Pd–Pt‐loaded GA using an aqueous
Pd–Pt‐loaded GO sol–gel with a low‐cost commercial
3D food printer. The Pd–Pt/GA‐2 electrode has size‐ and

shape‐scalable properties with high loading of Pd–Pt
nanoparticles, showing good performance in glucose
electrooxidation (GOR).

2 | EXPERIMENTAL SECTION

2.1 | Materials

The following materials and chemicals were used directly as
purchased: graphite powder (325 mesh, Uni‐Chem), P2O5

(99%, Acros‐organic), K2S2O8 (99%, Fisher Scientific),
KMnO4 (99%, Sigma‐Aldrich), H2O2 (30%, Sigma‐Aldrich),
sulfuric acid (98%, Sigma‐Aldrich), hydrochloric acid (37%,
Sigma‐Aldrich), K2PdCl6 (99.99%, Sigma‐Aldrich), and
K2PtCl6 (99.99%, Sigma‐Aldrich).

2.2 | Raw GO preparation

Raw GO was synthesized using the modified Hummer's
method, which has been reported elsewhere.33 Briefly,
2 g of graphite powder was added to a 50ml sulfuric acid
solution containing 1 g of K2S2O8 and 1 g of P2O5. The
mixtures were stirred for 6 h to achieve complete mixing.
The resulting solution was then rinsed and centrifuged
with deionized (DI) water until the pH of the pure
mixture became neutral (pH = 7). The product was then
dried in an oven at 80°C overnight to remove the residual
water. The dried residue obtained was preoxidized
graphite oxide, which was then crushed into a powder.
First, the preoxidized graphite oxide powder was added
to a cold (5–10°C) sulfuric acid solution and mixed, and
then 6 g of KMnO4 powder was added slowly in a
stepwise manner. After adding the entire KMnO4 powder
into the mixture solution, the temperature of the system
was increased and maintained at 35°C for 2 h to achieve
the second‐step oxidation of the graphite oxide powder
into GO. The system was quenched by the addition of
30% H2O2 (10ml) over 15min, followed by the addition
of 250ml of DI water for rinsing and neutralizing the
solution. The rinsed solution was further cleaned using
10 v/v% HCl and then centrifuged a few times to remove
the residual metal ions in the raw GO suspension. The
acid‐cleaned raw GO was then rinsed with DI water by
centrifugation to neutralize the pH of the solution to
around 4–5. The rinsed GO was then further purified by
dialysis tubing for 2–3 weeks with DI water for further
removal of residual HCl in the mixture. The cleaned raw
GO was finally freeze‐dried in a freeze‐drying system to
remove all the water in the raw GO suspension. The
spongy as‐prepared GO block was then directly used
without further treatment.
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2.3 | 3D printing process

The M/GA structure was created using the modified method
as reported in the literature22 using the ZMorph VX food
printer as shown in the Supporting Information: Figure S1.
Briefly, Pd–Pt/GO ink was prepared by mixing different
amounts of K2PdCl6 (117.9mg, 943.2mg) and K2PtCl6
(145.8mg, 1166.4mg) with 30mgml−1 GO dispersion (3 g
of GO dispersed in 100ml of DI water in an ultrasonic bath)
under vigorous stirring for 30min to obtain an aqueous
Pd–Pt/GO sol–gel as shown in the Supporting Information:
Figure S2, which was highly viscous even though the gel in
the beaker was inverted. The Pd–Pt/GO sol–gel ink was then
added to a 100ml syringe, which was placed on the food
extrusion cartridge of the 3D printer. 3D structure (2 cm×
7 cm) fabrication was achieved using the DIW method of a
computer‐designed pattern (Fusion 360) using a chilling
plate equipped inside the printer for the bottom‐up layer‐by‐
layer formation at −30°C. Extrusion of the Pd–Pt/GO ink
was achieved by the setting a layer height of 1mm, a path
width of 0.3 mm, infill speed and outline speed of
40 mm s−1, and a filament diameter of 7.15 mm in the
3D printer. The as‐printed structure was further frozen
in liquid nitrogen (liquid N2) for 30 min to completely
freeze the product. The liquid‐N2 frozen Pd–Pt/GO
hydrogel was then freeze‐dried in a freeze‐dryer for 48 h
to obtain Pd–Pt/GO aerogel (GOA). The final Pd–Pt/GA
was obtained by thermal reduction at 60°C in a
0.5 mgml−1 vitamin C (VC) solution for 10 h, followed
by vacuum freeze‐drying. DIW Pd–Pt/GA with a low
Pd–Pt precursor level (Pd:Pt = 117.9:145.8 mg) and a
high Pd–Pt precursor level (Pd:Pt = 943.2:1166.4 mg)
were denoted as Pd–Pt/GA‐1 and Pd–Pt/GA‐2, respec-
tively. For comparison, pure DIW GA was also prepared
using the same process, but without the addition of
Pd–Pt to the GO sol–gel.

2.4 | Characterization

The synthesized 3D‐printed Pd–Pt/GA block was charac-
terized by transmission electron microscopy (TEM)
(Philips FEI Tecnai G2 20 S‐Twin Scanning TEM) and
scanning electron microscopy (SEM) (Hitachi S4800
SEM) for the material morphology analysis. The ele-
mental information of the product was obtained using
energy‐dispersive X‐ray spectroscopy equipped with a
SEM system. All metal loadings were based on SEM/
EDAX by nondestructive analysis. The crystal structure
of the 3D‐printed Pd–Pt/GA was analyzed on the basis of
the selected area electron diffraction (SAED) pattern by
TEM analysis, and XRD analysis was carried out using an
Ultima IV in the scanning range of 10–90°. The

Brunauer–Emmett–Teller (BET)‐specific surface area of
the DIW GA products was determined using a nitrogen
adsorption–desorption method (Micrometritics 3Flex
Physisorption). The electrochemical activity of the direct
Pd–Pt/GA‐1 and Pd–Pt/GA‐2 electrodes was analyzed by
using the CHI660E electrochemical workstation.

2.5 | GOR

Electrooxidation was conducted using a VC‐reduced DIW
Pd–Pt/GA block after cutting it into pieces 2cm× 3.5 cm in
size as shown in the Supporting Information: Figure S3.
Then, it was transferred into a working electrode
holder before placement in a CHI‐660E electrochemical
workstation. A conventional three‐electrode system is
commonly used in the fuel‐cell electrode evaluation. In
brief, DIW Pd–Pt/GA was used as a working electrode
without post‐treatment. A platinum plate and a standard
Ag/AgCl electrode were used as a counter electrode and a
reference electrode, respectively. The fuel solution for direct
glucose fuel cell (DGFC) evaluation was a 0.3M glucose/1M
NaOH solution. The scanning rate and range of the system
were set at 50mV s−1 and −0.8 to +1.0 V, respectively. The
reaction was carried out for 3000 cycles (60 h) at room
temperature (25°C) and pressure,34 and the 25th cycle result
was extracted from the 3000 cycles. This parameter is
commonly used in DGFC studies.35–41 The mean values
along with the standard deviations (within ±5%) of three
sets of independent experiments are reported.

3 | RESULTS AND DISCUSSION

3.1 | DIW Pd–Pt/GA product

DIW Pd–Pt/GA was successfully synthesized by smooth
extrusion of a Pd–Pt/GO hybrid filament gel from the
printer as shown in the Supporting Information:
Figure S4a, and the size‐ and shape‐scalable characteristics
of black DIW Pd–Pt/GA products were determined from
the digital image shown in the Supporting Information:
Figure S4b. Figure 1 shows the SEM images of DIW Pd–Pt/
GA. Under the same magnification, the larger the amount
of the Pd–Pt precursor mixed into the GO sol–gel, the
higher the particle density observed in the DIW GA array
(Figure 1A–D,F–I). This phenomenon was reflected in the
difference between the Pt and Pd peak signal patterns in
the EDAX spectra shown in Figure 1E,J, and the Pd–Pt
loading levels are summarized in Table 1. In the low Pd–Pt
precursor level GO sol–gel, the overall loading of Pd–Pt was
only 3.3wt%, with a low Pd:Pt atomic ratio (1:15.2) in
Pd–Pt/GA‐1 after VC reduction. In contrast, the overall
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loading of Pd–Pt increased substantially to 59.43wt%, with
a relatively higher Pd:Pt atomic ratio (2.02:1) in Pd–Pt/GA‐2
when the Pd/Pt precursor in the raw Pd–Pt/GO sol–gel was
increased to eight times that in the sol–gel ink of
Pd–Pt/GA‐1. The possible reason for the difference in the
Pd/Pt ratio (at% and wt%) in the two DIW GA products
may be the difference in the reduction potential between
Pd4+ (+0.96 V) and Pt4+ (+1.435 V) in the as‐printed Pd–Pt/
GOA, even though the Pd/Pt precursor mole ratio was the
same (Pd:Pt = 1:1 [0.3:0.3 in Pd–Pt/GA‐1, 2.4:2.4 in Pd–Pt/
GA‐2]) in two different GO hybrid sol–gels with identical
GO concentrations (30mgml−1). Table S1 in the Support-
ing Information shows that the surface area of Pd–Pt/GA‐2
is 24.37m2 g−1 with a pore size of 0.0699 cm3 g−1, which is
approximately 12 times larger than that of Pd–Pt/GA‐1
(surface area: 2.24m2 g−1; pore size: 0.00582 cm3 g−1). The
results show that the higher the loading of Pd–Pt particles,
the larger the BET surface area of the sample.

The Pd–Pt/GA‐1 and Pd–Pt/GA‐2 samples were further
investigated by TEM analysis. Figures 2 and 3 show that
Pd–Pt alloy NPs were successfully loaded on DIW GA arrays
via one‐step printing. Under an identical magnification in
TEM images, the size of the Pd–Pt alloy particles on the GA
was similar in the two samples. This may be because larger
particles (did not adhere well properly to the GA) fell off
during the preparation of the TEM samples via ultrasonica-
tion (Figure 2A–C,E–G). The blank spots on the GA samples
suggest the loading of Pd–Pt alloy particles on the GA. The
EDAX mapping analysis of Pd–Pt/GA samples, as shown in
Figure 3, revealed that C–O pairs (Figure 3A–D) and Pd–Pt
pairs (Figure 3E–H) had identical patterns, compared to the
corresponding bright‐field TEM image (Figure 3I–J). The
results showed black spots, which were Pd–Pt alloys, and
they were dispersed into GA. The crystal structure of the NPs
was analyzed by the SAED pattern, as shown in
Figure 2D,H. From the summarized SAED results in

FIGURE 1 (A–D) SEM image and (E) EDX of Pd–Pt/GA‐1 and Pd–Pt/GA‐2; (F–I) SEM image and (J) EDX of Pd–Pt/GA‐2. Scale bar:
(A, F) 400 µm, (B, G) 50 µm, (C, H) 10 µm, and (D, I) 2 µm. EDX, energy‐dispersive X‐ray spectroscopy; GA, graphene aerogel;
SEM, scanning electron microscopy.

TABLE 1 List of the average metal composition of the Pd–Pt/GA‐1 and Pd–Pt/GA‐2 electrodes (based on SEM/EDAX analysis)

Sample Pd:Pt (mg) Pt (at%) Pd (at%) Pd:Pt Pt (wt%) Pd (wt%) Total loading (wt%)

Pd–Pt/GA‐1 117.9:145.8 0.025 0.38 1:15.2 0.33 2.93 3.26

Pd–Pt/GA‐2 943.2:1166.4 6.97 3.45 2.02:1 46.78 12.65 59.43

Abbreviations: EDAX, energy‐dispersive X‐ray spectroscopy; GA, graphene aerogel; SEM, scanning electron microscopy.

4 of 11 | TSANG ET AL.

 27681696, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bte2.20220004 by U

niversity O
f E

ast A
nglia, W

iley O
nline L

ibrary on [04/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Table 2, it is clear that three spots in Pd–Pt/GA‐1 reflected
the crystal faces of (111) (spot 1), (200) (spot 2), and (220)
(spot 3) (Figure 2D), and eight spots in Pd–Pt/GA‐2 reflected
the crystal faces of (111) (spot 1), (200) (spots 2 and 3), (220)
(spot 4), (311) (spots 5 and 6), (222) (spot 7), and (400) (spot
8) (Figure 2H), respectively. The d‐spacing was very close to
or between that of pure Pd and Pt, which indicates that the
black nanoparticles in TEM images were Pd–Pt alloy by

nature with the f–c–c arrangement in DIW Pd–Pt/GA
monoliths.

The crystal structure of particles and the reduction of GO
in DIW Pd–Pt/GA products were investigated by XRD
measurement as shown in the Supporting Information:
Figure S5. Figure S5a in the Supporting Information
shows the presence of M (111), M (200), M (220), and M
(311) peaks, which generally matched the microscopic

FIGURE 2 (A–C) TEM image and (D) SAED pattern of Pd–Pt/GA‐1, and (E–G) TEM image and (H) SAED pattern and Pd–Pt/GA‐2.
Scale bar: (A, E) 1 µm, (B, F) 100 nm, (C, G) 5 nm, and (D, H) 2 1/nm. EDX, energy‐dispersive X‐ray spectroscopy; GA, graphene aerogel;
SAED, selected area electron diffraction; TEM, transmission electron microscopy.

FIGURE 3 Elemental mapping pattern (A, B) C‐Kα, (C, D) O‐Kα, (E, F) Pd‐Lα, (G, H) Pt‐Lα, and (I, J) corresponding TEM image of Pd–Pt/GA‐
1 and Pd–Pt/GA‐2. Scale bar: (A, C, E, G, H) 500 nm; (B, D, F, H, J) 1 µm. GA, graphene aerogel; TEM, transmission electron microscopy.

TSANG ET AL. | 5 of 11
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results of the Pd–Pt crystal structure via SAED analysis
(Figure 2D,H). The zoomed‐in result (Supporting
Information: Figure S5b) shows that the M (111) peak in
Pd–Pt/GA‐2 was located at a higher 2θ value relative to
Pd–Pt/GA‐1. According to the atomic loading ratio of Pd/Pt

(Table 2), the ratio in Pd–Pt/GA‐1 is larger than that of
Pd–Pt/GA‐2 (1:15.2 vs. 2.02:1), with the shifting of the
2θ value to a higher value (40.22° vs. 40.225°), and the
recorded M (111) in the current samples shifted from that
of the pure Pd and Pt M (111) peaks' reference positions

TABLE 2 d‐spacing, angles, and corresponding face of the SAED pattern of Pd–Pt NPs in Pd–Pt/GA‐1 and Pd–Pt/GA‐2 versus pure Pd
and Pt from the built‐in database of the TEM based on Figure 2

Sample Spot d‐spacing (Å) Degree to spot 1 Face (h, k, l)

Pd–Pt/GA‐1 1 2.660 0 111

N/A 2.4458 (Pd) N/A 111

N/A 2.265 (Pt) N/A 111

2 1.975 23.49 200

N/A 1.9451 (Pd) N/A 200

N/A 1.9616 (Pt) N/A 200

3 1.385 15.75 220

N/A 1.3753 (Pd) N/A 220

N/A 1.3873 (Pt) N/A 220

Pd–Pt/GA‐2 1 2.554 0 111

N/A 2.4458 (Pd) N/A 111

N/A 2.265 (Pt) N/A 111

2 2.099 2.20 200

N/A 1.9451 (Pd) N/A 200

N/A 1.9616 (Pt) N/A 200

3 1.939 5.08 200

N/A 1.9451 (Pd) N/A 200

N/A 1.9616 (Pt) N/A 200

4 1.376 1.58 220

N/A 1.3753 (Pd) N/A 220

N/A 1.3873 (Pt) N/A 220

5 1.216 5.14 311

N/A 1.1729 (Pd) N/A 311

N/A 1.1826 (Pt) N/A 311

6 1.171 3.06 311

N/A 1.1729 (Pd) N/A 311

N/A 1.1826 (Pt) N/A 311

7 1.123 0.85 222

N/A 1.1229 (Pd) N/A 222

N/A 1.1325 (Pt) N/A 222

8 0.9769 9.24 400

N/A 0.9725 (Pd) N/A 400

N/A 0.9808 (Pt) N/A 400

Abbreviations: GA, graphene aerogel; N/A, not available; NP, naoparticle; SAED, selected area electron diffraction; TEM, transmission electron microscopy.
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according to the JPCDS card position (Pd: 40–1043; Pt:
04–0802). Furthermore, the presence of a peak at 12.10° in
Pd–Pt/GA‐1 and at 13.05° in Pd–Pt/GA‐2 (Supporting
Information: Figure S5a) reflected the reduction of GO into
reduced GO.34,42 These results were similar to those found
in similar materials synthesized using the conventional
method as reported in our previous study.34,42 The results
suggested f–c–c structured Pd–Pt alloy nanoparticle forma-
tion throughout the DIW printing process and a chemical
reduction of DIW Pd–Pt/GOA.

Elemental information of DIW products was further
obtained by X‐ray photoelectron spectroscopy (XPS) analysis,
as shown in Figure 4. The appearance of Pd and Pt signals in
the survey spectra of DIW Pd–Pt/GA (Figure 4A,B) reflected
the presence of Pd–Pt NPs in the DIW products. Further

analysis from the high‐resolution XPS recorded in
Figure 4C‐H is summarized as follows. In the C1s of two
samples (Figure 4C,D), the intensities of –C–O–C– peaks
(286.2–286.9 eV) and O=C–OH peak (288–289.2 eV) were
much weaker than that of the C–C sp2 peak
(284.2–284.8 eV), which was concrete evidence of GO
reduction by VC solution under mild conditions. A
clear pattern of Pt and Pd peaks in Pt4f spectra
(Figure 4E,F) and Pd3d spectra (Figure 4G,H) reflected the
appearance of Pt0 (70.7–71.45 eV, 74–74.75 eV) and Pt2+

(71.9–72.45 eV, 75.5–75.95 eV) twin peak pairs, and Pd0

(335.2–335.65 eV, 340.5‐340.9 eV) and Pd2+ (335.2‐336.65 eV,
342.5–342.7 eV) twin peak pairs. Combined with XRD
results (Supporting Information: Figure S5), the results
suggest f–c–c Pd–Pt NPs with reduced graphene in the DIW

FIGURE 4 XPS spectra of Pd–Pt/GA‐1 and Pd–Pt/GA‐2: (A, B) Survey and high‐resolution XPS: (C, D) C1s, (E, F) Pt4f, and (G, H) Pd3d.
GA, graphene aerogel; XPS, X‐ray photoelectron spectroscopy.
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GA arrays, showing the successful reduction of Pd/Pt binary
precursors into metallic Pd/Pt with GO in VC solution
simultaneously. The results show the potential of one‐step
additive‐free DIW of Pd–Pt/GA without the use of cross-
linkers or additives. The problem of size contraction and the
requirement of the use of a specific reactor in the synthesis
of GA can also be eliminated (Supporting Information:
Figure S4b).

3.2 | GOR activity of binder‐free DIW
Pd–Pt/GA

DIW‐printed Pd–Pt/GA electrodes in a fixed alkaline
glucose fuel solution (0.3 M glucose/1 M NaOH) were

investigated for GOR. The half‐cell activity operation
for 60 h (3000 cycles) at room temperature (25°C) was
conducted to measure the electrochemical perform-
ance of the electrodes. From the cyclic voltammetry
(CV) curves measured at the 25th cycle of the GOR
operation (Figure 5A–C), the normalized CV results
with respect to the mass of active catalysts (Figure 5A)
showed no obvious peak in the DIW‐printed pure GA,
while a weak peak at +0.16V appeared at the 25th
cycle (Figure 5C) with a current density of 1.79 A g−1

in the Pd–Pt/GA‐1 system. The current density
recorded in the Pd–Pt/GA‐2 system at +0.16 V was
2.46 A g−1, which was approximately 1.4 times larger
than that of the Pd–Pt/GA‐1 system. A high Pd–Pt
loading in Pd–Pt/GA‐2 provided more active catalysts

FIGURE 5 CV results of normalized GOR by Pd–Pd/GA‐1 and Pd–Pd/GA‐2 versus pure GA at (A) the 25th cycle and (B) non‐
normalized CV results of the corresponding analysis at the 25th cycle and (C) zoomed‐up region of Pd–Pd/GA‐1 versus pure GA; (D, E) CV
curve, (F) Jf variation of Pd–Pd/GA‐1 and Pd–Pd/GA‐2 throughout 3000 cycles of the GOR operation, and (G) zoomed‐up region of the first
100 cycles. CV, cyclic voltammetry; GA, graphene aerogel; GOR, glucose electrooxidation.
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for GOR (Table 1). Figure 5B,C shows that the DIW
pure GA shows no activity.

Figure 5D–G and Table 3 show that the Pd–Pt/GA‐
1 and the Pd–Pt/GA‐2 electrodes were first activated
(at the 10th cycle) and then the current density (Jf)
gradually decreased over the 3000 cycles. As shown in
Table 3, the decrease in the Jf value of the Pd–Pt/GA‐2
electrode is less than that of the Pd–Pt/GA‐1 electrode
at the 100th cycle (39.7% vs. 57.2%) and the 3000th
cycle (72.4% vs. 72.8%), suggesting that the electro-
chemical stability of the Pd–Pt/GA‐2 electrode is
better than that of the Pd–Pt/GA‐1 electrode. This
observation was indicative of further development of
the binder‐free DIW‐printed Pd–Pt loaded GA elec-
trodes for the liquid phase or moist gas‐phase energy
conversion systems, including solid oxide fuel cell and
fuel cell batteries.

4 | CONCLUSION

Free‐standing, additive‐free Pd–Pt/GA electrodes without
size contraction were successfully synthesized using the
one‐step DIW method with a Pd–Pt/GO hybrid sol–gel. The
results showed that the Pd–Pt loadings (wt%) on the DIW
Pd–Pt/GA samples could be tuned by changing the amount
of Pd and Pt precursors. The Pd–Pt/GA‐2 electrode showed
good performance in GOR throughout the 3000 cycles
(60 h) (only 39.3% of the output current density depreciation

with respect to the 100th cycle). This study may provide a
new strategy for the preparation of binder‐free DIW‐printed
GA‐based electrodes for electrocatalysis in energy conver-
sion and energy storage applications.
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