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A B S T R A C T

In this work, the low-loading (3 wt%) palladium/graphene oxide (Pd/GO) aerogels are facilely prepared via the
lyophilisation, vacuum and reduction treatments. The Pd/GO aerogels display enhanced activity and stability in
comparison to the commercial Pd/C. The enhancement of electrocatalytic performance can be attributed to the
functional groups on the surfaces of the GO support, such as carbonyl and carboxyl groups, which can be tuned
to interact with palladium to form active phases for the reaction. In addition, Pd nanoparticles (NPs) remain
dispersed in nanoscale on the reacted catalyst.

1. Introduction

Fuel cells are widely studied for environmentally friendly power
generation because they are capable of directly and conveniently con-
verting chemical energy into electrical energy. Direct ethanol fuel cells
(DEFCs) are remarkable due to their high current density and the fact
that ethanol is an abundant and low-cost liquid fuel [1]. Thus, the
design and preparation of a superior electrocatalyst has become vital
for producing DEFCs [2]. In the current DEFCs, the anode catalysts are
generally based on either Pd or Pt. The Pd-based electrocatalysts are not
only low-cost, but also display higher ethanol oxidation reaction (EOR)
activity [3–9] and superior anti-CO poisoning characteristics [10–11]
than the Pt-based catalysts in an alkaline medium.
The support materials play a key role in the design of the catalysts

for the EOR. Carbon materials with excellent physicochemical proper-
ties and unique structures are very attractive as supports for DEFCs
palladium-containing electrocatalysts [12–17]. Among the numerous
carbon materials, graphene with the atomic layer of sp2 C-bonded two-
dimensional (2D) nanosheets is universally considered to be a pro-
spective catalyst supporting material due to its high conductivity
[18–19]. This not only helps to maximise the electron transfer rate on
the surface of the nanoelectrocatalyst, but also provides better mass
transfer of reactants to the electrocatalyst. Furthermore, the surface

chemistry of carbon is also a significant aspect to consider when de-
signing highly active catalysts [20–22]. The functional groups on the
support materials can promote the catalytic reaction by affecting the
electronic structure of the loaded metal particles. The outer surface of
graphene can be chemically modified by introducing oxygen-containing
functional groups such as carboxyl, carbonyl, and hydroxyl by an oxi-
dation treatment. Based on interaction between the metal and support
[23–24], Pd nanostructures can be anchored on the oxygen-containing
functional groups by effectively forming a stable metal bond through
electrostatic interaction.
In this work, the low-loading (3 wt%) Pd/GO aerogels, with large

surface areas and enrich functionalities, are prepared by the lyophili-
sation, vacuum and reduction treatments. Functional groups on the GO
surface can help anchor Pd nanoparticles (NPs) and inhibit particle
aggregation, thereby achieving nanoscale uniform dispersion of Pd NPs.
The Pd/GO aerogels displayed higher activity and stability than the
commercial Pd/C in EOR. The fresh and reacted catalysts were analyzed
to study the correlation between structure and performance.

2. Experimental

The graphene oxide (GO) is from Tanyuan Co. Ltd (Shanghai). The
Pd(NO3)2 (10 wt% in 10 wt% HNO3), Pd/C (3 wt%) and Nafion (5 wt%)
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are purchased from Sigma Aldrich. The ethanol (> 99.7%) and KOH
are supplied by Sinopharm Co. Ltd (China). The hydrogen (H2,
99.99%), helium (He, 99.99%) and nitrogen (N2, 99.99%) are pur-
chased from Weichuang Co. Ltd (Shanghai). The experimental water is
Millipore ultrapure water.
Fig. 1 is a schematic diagram of the preparation of the Pd/GO

aerogels. Firstly, the raw GO solution was stirred for 2 h while under-
going sonication, PdNO3 solution was then added whilst undergoing
sonication for 0.5 h. After 2.5 h of sonication, the cations were de-
posited on the surface of the support meanwhile the interlayer spacing
of the raw GO increased. Subsequently, the mixed solution was dried by
lyophilisation (freeze drying) to maintain the integrity of the mor-
phology. The interlayer spacing was further expanded after vacuum
treatment at 500 °C at a heating rate of 10 °C/min for 0.5 h. Finally, the
cations were reduced by H2 through an annealing treatment at 250 °C at
a heating rate of 3 °C/min for 1 h to form Pd nanocrystals. Notably, as
shown in Fig. 2, the Pd/GO aerogels obtained after the vacuum and
hydrogen reduction treatment still maintained a good two-dimensional
morphology. Supporting Information provides experimental details in-
formation for sample preparation and electrochemical measurements.
Field emission transmission electron microscopy (TEM, FEI Tecnai

G2 F20) images were employed in scanning TEM (STEM) mode to
characterise the morphologies and microstructures of the catalysts. The
morphology of the catalysts was characterised using scanning electron
microscopy (SEM, JSM 6701F). X-ray photoelectron spectroscopy (XPS)
was carried out by a Thermo ESCALAB 250 instrument using an Al Kα
radiation source. X-ray diffraction (XRD) analyses were performed on a
Bruker D8 Advance instrument employing Cu Ka radiation. Raman
spectra were performed on a HORIBA LabRAM HR Evolution Raman
spectrometer at an excitation wavelength of 633 nm with an Ar-ion
laser.

3. Results and discussion

Fig. 2a shows the typical STEM images of Pd/GO aerogels, the Pd
NPs are uniformly and well dispersed on the support, indicating the
anchoring effect from the graphene oxide. The inset of Fig. 2a shows the

particle size distribution of the Pd NPs. From statistical analysis, the
average diameter of Pd NPs is ca. 2.95 nm. However, in the case of the
Pd/C (shown in Fig. S1), the mean size of metal particles is ca. 3.53 nm.
The TEM image of the well-dispersed Pd/GO aerogels is shown in
Fig. 2b. From the energy-dispersive X-ray spectroscopy (EDX) elemental
mapping images (Fig. 2e-g), it can be seen that there is a homogeneous
distribution of Pd and O over the surfaces of the Pd/GO aerogel cata-
lysts. In order to demonstrate the fine structure of the samples, high-
resolution transmission electron microscopy (HRTEM) was performed
with corresponding local Fast Fourier Transformation (FFT). As shown
in Fig. 2h, the lattice fringes Pd (1 1 1) and Pd (2 0 0) with d-spacing of
2.24 and 1.94 Å can be identified in the Pd/GO aerogel samples re-
ferring to JCPDS NO. 65–6174. Fig. 2i shows the SEM image of the Pd/
GO aerogels, which evidences the two-dimensional sheet morphology
of the Pd/GO aerogels.
Fig. 3A shows the XRD of the (a) Pd/C and (b) Pd/GO aerogels and

provides information on the crystallographic structures. The broad
diffraction peak at 24.46° is consistent with the (0 0 2) plane of a
carbonaceous structure. Meanwhile, the characteristic diffraction peaks
located at 40.00°, 46.53°, 67.92°, and 81.85° correspond, respectively,
to the (1 1 1), (2 0 0), (2 2 0), and (3 1 1) crystalline planes of the
metallic Pd (JCPDS No. 88–2235). For the Pd/GO aerogels, the strength
of the Pd peaks is not obvious due to the NPs size of the metal was too
tiny [25], which is consistent with the TEM results.
Raman spectroscopy was used to rapidly detect the structural fea-

tures of the carbonaceous catalysts and qualitatively characterise them.
Fig. 3B shows the Raman spectra of (a) Pd/GO aerogels and (b) Pd/C,
which demonstrates the disorder and defects of the carbon structure.
Both catalysts have two evident bands, namely the G and the D band at
1598 and 1325 cm−1. The D-band originates from defects in the gra-
phite plane [26], and the G-band corresponds to the vibration of the
sp2-bonded carbon domains [27]. The intense G band in the Pd/GO
aerogels indicates that the catalyst remains in the graphite structure
after vacuum annealing at 500 °C. The value of ID/IG is generally used
to reveal the amount of in-plane and edge flaws of the catalysts [28].
The ID/IG value (1.28) for Pd/GO aerogels is slightly higher than the
value for Pd/C (1.13), suggesting that there are planar lattice defects in

Fig. 1. Schematic diagram of the preparation of the Pd/GO aerogels.
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the Pd/GO aerogels.
XPS was utilised to inspect the valence of the elements and the

properties of the Pd/GO aerogels at the surface and subsurface regions.
In the fitted Pd 3d spectrum of the Pd/GO aerogels (Fig. 4a), the Pd 3d5/
2 (335.68 eV) and Pd 3d3/2 (340.86 eV) peaks are assigned to Pd0, while
the Pd 3d5/2 (337.16 eV) and Pd 3d3/2 (342.36 eV) peaks are both as-
cribed to Pd2+ [29–30]. The remaining two peaks at 338.13 and
343.35 eV are ascribed to the bivalent polynuclear Pd-hydroxo com-
plexes due to the imcomplete reduction of the palladium salt [31]. As
illustrated in Fig. 4b, the C 1 s spectrum of the Pd/GO aerogels is fitted
to four independent peaks that represent different functional groups.
The intense peak of 284.78 eV is attributed to the sp3 hybrid CeC. The
binding energy peak located at 285.69 eV corresponds to hydroxyl (C-

OH), 287.12 eV corresponds to carbonyl (C]O), and 290.12 eV cor-
responds to carboxyl (COOH) [32–34]. Based on the deconvolution of
the C 1 s peak, the percentage of total oxygen-containing groups of the
Pd/GO aerogels is estimated to exceed 37%, which is higher than 19%
of the Pd/C (as shown in Fig. S2).
Fig. 5A illustrates the cyclic voltammograms (CVs) of the Pd/GO

aerogels and Pd/C conducted between −0.8 V and 0.6 V at 50 mV s−1

in 1 M KOH + 1 M ethanol solution while purging with nitrogen. Both
catalysts show forward and backward peaks and the lower onset po-
tential of the Pd/GO aerogels indicates that it is easier to achieve an
EOR. As the CVs show, the EOR performance of the Pd/GO aerogels
features a forward peak current density (If) around −0.2 V to ethanol
oxidation, and the backward current density (Ib) around −0.5 V to

Fig. 2. (a) Typical STEM image of the Pd/GO aerogels with the inset shows the Pd particle size distribution. (b) TEM image of the Pd/GO aerogels. (c)-(g) EDX
elemental maps of (e) C, (f) O and (g) Pd in the Pd/GO aerogels. (h) HRTEM image of the Pd/GO aerogels with FFT. (i) SEM image of the Pd/GO aerogels.
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remove residual carbonaceous materials that were not totally oxidised.
Understanding the mechanism of electroxidation of ethanol in detail is
essential for the anode design of Pd-based DEFCs. Zhao et al. [35] has
explored the mechanism of electroxidation of ethanol on palladium
electrodes. It was found that the dissociative adsorption of ethanol
proceeded quite quickly, and the rate-determining step was to remove
the adsorbed ethoxy groups through the hydroxyl groups adsorbed on
the surface of the Pd electrode (Eqs. (1)–(3)).

Pd + OH– → Pd-OHads + e− (1)

Pd-(CH3CH2OH)ads + 3OH– → Pd-(COCH3)ads + 3H2O + 3e− (2)

Pd-(COCH3)ads + Pd-OHads → Pd-CH3COOH + Pd (3)

As demonstrated in Fig. 5A, the Pd/GO aerogels have a visible mass
activity of 1300 A g−1, which is 2.7 times higher than the 480 A g−1 for
commercial Pd/C. The electrochemical active surface area (ECSA) was
generally used to investigate the electrochemical active sites. The
ECSAs of the Pd-based electrocatalysts are calculated as follows:
ECSA = Q/(0.405 × m), where Q (mC) is the Coulomb charge defined
by integrating the PdO reduction peak area, 0.405 (mC cm−1) re-
presents the charge required to reduce a PdO monolayer, and m (g) is
the Pd loading on the glassy carbon electrode [36]. Fig. S3 shows the
CV measurements in 1 M KOH, the calculated ECSAs for the Pd/GO
aerogels and Pd/C equal 97.43 and 38.41 m2 g−1, respectively. Clearly,

the Pd/GO aerogels have an ESCA that is 2.5 times larger than that for
commercial Pd/C, thus increasing the electrochemical activity of the
electrocatalyst. Furthermore, the peak current ratio of the forward scan
(If) to backward scan (Ib), If/Ib, is usually used to investigate the ability
of catalysts to withstand the poisoning of carbonaceous materials [37].
The If/Ib ratios of Pd/GO aerogels and Pd/C equal 1.96 and 0.58, re-
spectively, which demonstrates that the Pd/GO aerogels have a stronger
anti-poisoning ability.
In order to assess the stability of the Pd/GO aerogels, 3600 s

chronoamperometric curves were acquired in 1 M KOH + 1 M ethanol
at a potential of −0.2 V. As shown in Fig. 5B, the Pd/GO aerogel cat-
alysts exhibit higher current densities both in the initial and final
measurements, indicating that the performance of the Pd/GO aerogels
in the EOR is superior to Pd/C. At first, the current density of the EOR
on both catalysts decrease sharply, possibly owing to the accumulation
of toxic intermediates and adsorption on the catalyst surface, which
tends to stabilise after a certain period of time. In terms of the Pd/GO
aerogels, in the first 1000 s, the mass activity is 132.1 A g−1, and in the
following 1000 s, the mass activity is 95.2 A g−1. After 3600 s of the
stability test, the mass activity of the Pd/GO aerogels is 71.6 A g−1,
which is higher than the Pd/C (17.4 A g−1). These observations

Fig. 3. (A) XRD patterns of (a) Pd/C and (b) Pd/GO aerogels. (B) Raman spectra
of (a) Pd/GO aerogels and (b) Pd/C.

Fig. 4. (a) XPS spectrum of the Pd/GO aerogels in Pd 3d region. (b) XPS
spectrum of the Pd/GO aerogels in C 1s region.
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indicate that Pd/GO aerogels have a relatively good stability towards
EOR.
Fig. 6a and 6b show the representative TEM images of used Pd/GO

aerogels, at different measurement scales. After 3600 s of the stability
reaction, no significant morphological differences were observed. The
Pd/GO aerogels still maintained a good two-dimensional morphology,
meanwhile there was no obvious growth in the dimension of the Pd NPs

after the reaction and a favourable distribution of particles was pre-
served. The inset of Fig. 6b shows the particle size distribution of the Pd
NPs. The average dimension of the Pd NPs on the used catalysts in-
creased slightly to ca. 3.79 nm, indicating that the Pd/GO aerogels had
no significant particle agglomeration and metal leaching during the
reaction.
Generally, graphene aerogels (GAs) can be prepared either by the

polymerisation of an organogel or by assembling primary carbon na-
nomaterials [38]. Due to their excellent chemical durability and par-
ticular architecture, graphene aerogels have many extraordinary char-
acteristics. GAs usually have an ultra-low density, their adjustable pore
structures ensure a large internal surface area and low mass transfer
resistance, and their carbon-based supports are an excellent way of
transferring electrons. GAs also exhibit surprising catalytic activity
[39]. In our work, the lyophilisation connected with the vacuum an-
nealing ensures the integrity of the Pd/GO aerogels morphology and the
uniform distribution of Pd NPs on the surface, the catalyst is free of
surfactant formation process.
The elemental components of the Pd/GO aerogels and Pd/C de-

termined using XPS are illustrated in Table S1. As can be seen from
Table S1, the C 1s/O 1s ratio of the Pd/GO aerogels and Pd/C are 8.00
and 12.86, and the Pd0/Pd2+ ratios are 1.04 and 3.64, respectively.
Further calculations (Table S2) show that the oxygen-containing func-
tional groups hydroxyl (C-OH), carbonyl (C]O), and carboxyl (COOH)
groups of the Pd/GO aerogels account for 17.78%, 10.16%, and 9.08%,
respectively, which are higher than 7.86%, 4.59% and 6.55% of the Pd/
C. The percentage of total oxygen-containing groups of the Pd/GO
aerogels is 37.13%, which is nearly double the Pd/C (19.00%). It is well
known that functional groups can affect interactions with supported
metal nanoparticles [40]. Here, we concluded that the O-containing
functional groups, such as carbonyl and carboxyl, on the surface of GO
are vital for the interaction of Pd with the support. It was reported that
the lone pair of electrons around the C]O bond in the anhydride or
carboxylic acid can be shared with the 4d orbital of Pd [41], which may
result in an intense interaction between the Pd and GO. This possibly
facilitates the anchoring of the Pd NPs, while also limiting the growth of
the Pd NPs. Meanwhile, the particle size effects in Pd catalysis are
closely related to the electrocatalytic performance [29,42]. The smaller
particle size may contribute to relatively higher specific surface area
and high exposed surface atoms density of Pd [43,44], which is of great
significance for low-loading Pd-catalyzed ethanol oxidation. Moreover,
the TEM images after the stability reaction further demonstrated the
stability of the Pd/GO aerogels that we prepared. The Pd/GO aerogels
still maintained the original morphology, while the size of Pd NPs did
not increase significantly after the reaction, and still showed improved
stability and dispersity, further confirming the intense interaction

Fig. 5. (A) CV curves in 1 M KOH + 1 M ethanol at a scan rate of 50 mV s−1.
(B) chronoamperometric curves in 1 M KOH + 1 M Ethanol at a potential of
−0.2 V vs. SCE, (a for Pd/GO aerogels and b for Pd/C).

Fig. 6. (a), (b) TEM images of used Pd/GO aerogels with the inset of (b) shows the Pd particle size distribution.
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between the Pd NPs and GO.

4. Conclusion

In summary, the low-loading (3 wt%) Pd/GO aerogels, with large
surface areas and enrich functionalities, have been obtained aided by a
relatively facile way combining the lyophilisation, vacuum, and re-
duction processing. The Pd/GO aerogels exhibit enhanced activity and
stability compared with the commercial Pd/C. The GO with large sur-
face provided a platform for immobilizing Pd NPs, on which the surface
carbonyl and carboxyl groups promote the formation of active sites by
forming the interaction between palladium and support. Due to the
metal-support interaction, nanoscale Pd NPs on GO showed improved
stability and dispersity after 3600 s reaction. Such a facile synthesis
method can be used for a general catalyst development which exploits
the role of enriched surface chemistry of aerogels in influencing cata-
lysis.
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