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ABSTRACT

One suitable strategy to improve the utilisation and performance of Pd-based catalysts in direct methanol
fuel cells (DMFCs) is by combining or blending carbon supports. In this study, Pd nanoparticles (NPs)
were decorated on bi-hybrid carbon supports consisting of carbon nanotubes (CNTs), graphene nano-
plates (GNPs) and carbon black (XC-72) with varying ratios of CNTs: GNPs, CNTs: XC-72 and XC-72:
GNPsthrough microwave-assisted ethylene glycol (EG) reduction. All as-prepared catalysts were charac-
terisedby Transmission Electron Microscope (TEM), X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS), and their electrocatalytic activities towards methanol oxidation reaction (MOR) in
alkaline solution were investigated by electrochemical measurements. Results indicated that the use of
hybrid supports for catalysts substantially increases the electrochemical surface area, reduces the over-
potential to methanol oxidation and improves kinetic performance. These effects can be attributed to the
unique structure formed after mixing that allows for complete surface utilisation.Among the bi-hybrid
electrocatalysts, Pd/CNT-GNP (1:0.1), Pd/CNT-XC-72(1:0.2) and Pd/XC-72-GNP (1:0.2) catalysts have
higher activity and better performance.Particularly, Pd/CNT-GNP (1:0.1) catalyst shows a superior activ-
ity and the highest oxidation peak current density towards MOR at 57.34 mA/cm?.TEM and XRD results
show that the catalyst nanoparticles on the bi-hybrid carbon support have good dispersion, are not
agglomerated and havea small particle size. Hence, the catalyst exhibits an optimised performance and
long stability towards methanol electrooxidation in alkaline media.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

ate catalyst and catalyst support. Pd-based electrocatalysts are
widely used because the Pd in the alkaline medium increasesthe

In direct methanol fuel cells (DMFCs), methanol oxidation reac-
tion is the main source for producing electrical current. Further
improvement on this processcan be achieved by using an appropri-
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tolerance for carbon monoxide poisoning and the catalytic activity
for methanol oxidation (Calderén Gomez et al., 2016; Liu et al.,
2014; Nguyen et al., 2011; Shao, 2011; Wei et al,, 2011).

Carbon materials have merits as carbon supports, including low
cost, quick reduction of metallic phase, superior acid and basic
resistance, stable structure at high temperatures and ease of metal-
lic reduction (Cao et al., 2020; Staykov et al., 2014; Wang et al.,
2016). As typical SP?-hybridised carbon material, carbon nan-
otubes (CNTs) are lightweight and have high effective specific sur-
face area and excellent electrical conductivity (Chiang and Ciou,
2011; Ning et al., 2019). Nevertheless, pristine CNTs are extremely
inert to stabilise or optimise metal particles. although carbon tubes
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can be functionalised to create specific sites on their surface for
activation, they are still limited and need further improvement.

Carbon black (CB) was also used as a catalyst support due to its
highly conductive and extensive surface area. Many studies were
carried out to boost CB’s performance as a supporting material.
However, this material is susceptible to carbon corrosion, particu-
larly under a tough operating environment, which can result in the
separation and aggregation of particulate matter in catalysts
(Garba et al., 2020; Zhang et al., 2019; Zhang et al., 2017; Zhou
et al., 2020). As a promising electrocatalyst support, graphene
has gained attention because of its strong electrical conductivity,
unique mechanical properties and enormous specific surface area
(Schulze et al., 2020; Ghosh et al., 2013; Yousaf et al,, 2019; Liu
et al, 2019; Mu et al,, 2017; Zhang et al., 2018; Chen et al., 2020;
Suzuki et al., 2015; Fan et al., 2015). However, van der Waals force
causesgraphene nanoplates to stack and reduces the surface area
(Tang et al., 2018). In addition to blocking many of the metal
nanoparticles’ catalytic sites, the stacking creates a large resistance
to molecule transport and thus slows down the catalytic activity.
Therefore, the catalytic activity and stabilisation of Pd-based cata-
lysts must be further improved. Among the developed methods,
choosing a suitable catalyst support has an important effect on
the performance of these catalyst (Carvalho et al, 2017; Wu
et al,, 2011).

The research and modification of catalyst supports have
recently aroused widespread interest. Different carbon materials
have been used to create a composite support with a unique spatial
structure. In addition, CNTs, graphene, activated carbon and other
carbon materials are mixed to build a hybrid carrier. The composite
carrier’s unique spatial structure allows it to outperform a single
carbon carrier in terms of mass transfer, reaction rate and catalyst
poisoning. Thus, finding effective carbon supports that interact
well with metal nanocatalysts is critical (Lv et al., 2021). CNTs
and CBwere used to construct hybrid carrier materials and showed
good results because the formed unique spatial structure is suit-
able for loading nano-metal catalyst particles (Gharibi et al., 2010).

Li and co-workers (Li et al., 2012) prepared Pt-based hybrid
support catalyst by mixing (XC-72)with reduced graphite oxide
(RGO) for oxygen reduction reaction (ORR). In addition to catalytic
activity, the composite construction of hybrid support also
improved the catalyst’s durability; the mixture of (XC-72) between
graphene nanoplates resulted in major mass transport in the layer
of catalyst and the disturbance of the graphene nanoplates’ hori-
zontal stacking (Das et al., 2019). Additionally, the combination
of graphite sheets and CNTs showed novel support with unique
properties, and the catalysts exhibited high catalytic activity
towards alcohol oxidation (Pham et al., 2016; Fu et al., 2018; Cog
enli et al, 2019). Chen and co-workers (Chen et al, 2017)
employed graphite nanoplates with CNTs functionalised by chi-
tosan tosynthesise a Pd-based hybrid support catalyst thathas a
large active electrochemical surface area (ECSA), a high catalytic
activity, and superior resistance to poisoning. These features are
attributed to the CNTs mixing with graphene nanoplates in the
hybrid support and thus preventing the stacking of graphene
nanosheets and enabling the full use of the support surface.

As an extension of our efforts in developing complexes with dif-
ferent types of metal ion center and then converting these com-
plexes into nano-sized materials for catalytic or medical
purposes (Warad et al., 2013; Badran et al., 2021; Al-Zaqri et al.,
2020; Saleemh et al., 2017; Warad et al., 2014), As in this work,
Pd/CNTs-GNPs, Pd/CNTs-XC-72, and Pd/XC-72-GNPs hybrid cata-
lysts with various ratios were synthesised through microwave-
assisted reduction with ethylene glycol (EG) as the reducing agent.
The prepared electrocatalysts were characterised by TEM, XRD and
XPS analysis. Methanol electrooxidation was studied using cyclic
voltammetry (CV), linear sweep voltammetry (LSV), chronoamper-

Journal of King Saud University — Science 34 (2022) 102118

ometry (CA) and electrochemical impedance spectroscopy (EIS).
Catalytic activity towards methanol electrooxidationin the alkaline
medium was studied and compared among the catalysts.

2. Experimental
2.1. Preparation of Pd/CNTs, Pd/XC-72 and Pd/GNPs catalysts

Catalysts were prepared through microwave-assisted EGreduc-
tion with Pd loading of 20 wt%. For the synthesis of Pd/CNTs,
120 mg of CNTs were placed in a three-necked flask containing
20 mL of EG and mixed well.Under ultrasonic dispersion for
15 min, 12.7 mL of 2.36 mg/mL PdCI,EG solution was added. pH
value was adjusted by adding NaOH (0.1 M) solution to 12, and
ultrasonic dispersion was continued for another 15 min. The mix-
ture was then placed in an oil bath, heated at 130 °C for 2 h under
magnetic stirring, allowed to stand and then filtered.The filtrate-
was washed with deionised water until complete CI- removal
and fully dried to prepare a Pd/CNT catalyst. Pd/XC-72 and
Pd/GNP catalysts were prepared using the same steps as Pd/CNTs,
except for the use of 120 mg of graphene nanosheets or 120 mg of
XC-72 (XC-72)as replacement for 120 mg of CNTs.

2.2. Preparation of Pd/mix support catalysts

Catalyst hybrid supports (CNTs-GNPs, CNTs-XC-72 and XC-72-
GNPs) were prepared as follows. The mixed sample CNTs-GNPs
were ground for approximately 20 min, added with 30 mL of EG,
ultrasonically dispersed for 15 min, added with 12.7 mL of
2.36 mg/mL PdCI,EG solution, and ultrasonically dispersed again
for 15 min. The pH of the above mixture was adjusted to 12 with
NaOH EG solution, and ultrasonic dispersion was continued for
another 15 min. The mixture was then placed in an oil bath, heated
at 130 °C for 2 h under magnetic stirring, cooled and filtered at
room temperature. The filtrate was washed with deionised water
until complete CI° removal and dried sufficiently to prepare
Pd/CNTs-GNPs catalysts. All the catalysts were prepared with the
mass ratios of 1:0.5, 1:0.2, 1:0.1 and 1:0.06.

Other mixed supports including Pd/CNTs-XC-72 and Pd/XC-72-
GNPs were prepared using the previous method for the catalysts.

2.3. Characterisation

TEM images were obtained employing a JEOL JEM-2000 EX
microscope at 120 kV. X-ray diffraction (XRD) patterns were
acquiredat tube voltage ~40 kV, tube current ~30 mA and scan-
ning rate ~5°/min. Thermo VG ESCALAB250 multifunction surface
analysis system was used to measure X-ray photoelectron spectra
(XPS). At 284.6 eV, Cls level was used to correct the collected XPS
spectra.

2.4. Electrode preparation

For the preparation of catalyst ink, 5 mg of the catalyst was
added to 25 pL of Nafion solution and 1 mL of ethanol and ultra-
sonically dispersed for 15 min. A glassy carbon electrode (GCE)
with diameter of 4 mm was rinsed with ethanol and deionised
water and dried at room temperature. A micro-injector was used
to drop 25 L of the slurry onto the surface of GCE, which was then
dried for later use as a working electrode.

Electrochemical tests, namely, CV, LSV, CA and EIS were carried
out in a three-electrode single-compartment Pyrex glass cell. A
GCE (4 mm) was used as a working electrode, and a Pt electrode
213 and Hg/HgO were applied as auxiliary and reference elec-
trodes, respectively.The scanning range of the CV curve was
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between —1 and 0.2 V, and the catalyst was activated by scanning
the CV potential at a scanning rate of 50 mV/s. When the CV curve
reached stability, the scan rate was changed to 20 mV/s, and the
test was performed again. The remaining electrochemical tests
(LSV, CA and EIS) were carried out after the completion of the CV
test. All electrochemical experiments with and without containing
methanol were performed in 0.5 mol/L KOH and 1.0 mol/L CH50H.
The electrochemical performances of catalysts were investigated
using a GAMRY Reference 3000 potentiostat/galvanostat. Prior to
testing, the solution was deaerated with high-purity nitrogen. All
experiments were carried out at 25 °C.

3. Results and discussion
3.1. Physical characterisation

3.1.1. TEm

Fig. 1 shows the TEM images of catalysts. In Pd/CNTs (Fig. 1a),
the metal particles supported by CNTs are locally agglomerated.
In the Pd/XC-72catalyst (Fig. 1b), the dispersion of Pd nanoparticles
is poor, and the particles have agglomerated. In the Pd/GNPs cata-
lyst (Fig. 1c), the distribution of Pd nanoparticles is extremely
uneven, and the majority of the surface is not supported by metal
particles. Some degree of Pd-nanoparticles aggregation can be

() PaGNPS

—
100 nm
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noted. In the Pd/CNTs-GNPs catalyst (Fig. 1d), Pd particles are
evenly distributed on the CNTs and graphene nanosheets, and
almost no local agglomeration can be observed. In the Pd/CNTs-
XC-72 catalyst (Fig. 1e), the distribution of Pd particles is relatively
uniform without local agglomeration. In the Pd/XC-72-GNPs cata-
lyst (Fig. 1f), the Pd nanoparticles have a small particle size and a
uniform distribution.Therefore, the use of mixed carriers can effec-
tively inhibit the occurrence of agglomeration to uniformly dis-
tribute and fix the metal components of the catalyst on the
surface of the hybrid carbon support.

3.1.2. XRd

Fig. 2 shows the XRD patterns of prepared catalysts. For all cat-
alysts, the diffraction peaks at 20 diffraction angles of 40.0°, 46.4°,
68.0° and 81.9° correspond to the (111), (200), (220) and (311)
lattices of the Pd face-centred cubic crystal structure, respec-
tively.The Pd (220) peak at the 2q angle of 67.8° was chosen for
the estimationof catalyst particle size with Scherrer’s equation.
The results show that the average particle diameters of Pd/CNTs,
Pd/XC-72 and Pd/GNPs are 4.54,5.15 and 5.89 nm, respectively
|Fig. 2(a, b and c)], and those of Pd/CNTs-GNPs, Pd/CNTs-XC-72,
Pd/XC-72-GNPs are 4.51, 4.35 and 4.04 nm, respectively.

Compared with the single supports, the Pd/CNT-GNP cata-
lysthas widerPd diffraction peak and smaller average particle size,

Fig. 1. TEM photographs of catalysts (a) Pd/CNTs, (b) Pd/XC-72, (c) Pd/GNPs, (d) Pd/CNTs-GNPs, (e)Pd/CNTs-XC-72 and (f) Pd/XC-72-GNPs.

3
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Fig. 2. X-ray diffractograms of the Pd/CNTs-GNPs, Pd/CNTs-XC-72 and Pd/XC-72-GNPs catalysts.

indicating the good dispersion effect of Pd nanoparticles on the
CNTs-GNPs carrier. The diffraction peak at around 25° [Fig. 2(b)]
is attributed to the carbon (002) crystal plane of the hexagonal
graphite structure. Compared with that inthe highly graphitised
CNTs, the carbon in XC-72 has an amorphous structure and thus
has a wider (002) diffraction peak. Hence, the Pd/CNTs-GNPs cat-
alyst has a wide Pd diffraction peak and small particles. The mixed
carrier composed of CNTs and XC-72 has better dispersing ability
for metal components than single supports. As shown in Fig. 2(c),
the average particle size of Pd/XC-72-GNPs catalyst is only
4.04 nm, indicating that the large diffraction peak and small aver-
age particle size of this catalyst lead to a good dispersion effect.
This finding is consistent with the TEM results.

3.1.3. XPs

Fig. 3a;_3 shows the Pd 3d XPS spectra of Pd/CNTs, Pd/XC-72 and
Pd/GNPs catalysts, and Fig. 3.b;_3 shows the Pd 3d XPS spectra of
Pd/CNTs-GNPs, Pd/CNTs-XC-72 and Pd/XC-72-GNPs catalysts. The
XPS data of all catalysts are peak-fitted as shown in Table 1. All
the catalysts have two peaks near the binding energies of 335.5
and 336.8 eV which correspond to Pd (0) and Pd (II), respectively.
The contents of Pd (0) and Pd (II) varyin the three single-support
catalysts.

The Pd (0) content of the three catalysts was compared.The
results of the supported catalysts are consistent, that is, the Pd
(0) content ofPd/CNTs-GNPs, Pd/CNTs-XC-72 and Pd/XC-72-GNPs
catalysts are lower than those of Pd/CNTs, Pd/XC-72 and Pd/GNPs

Table 1
The XPS data of Pd 3d in all catalysts.

Electrocatalysts Binding energy | eV Relative ratio | %

Pd/CNTs 335.5 68.8
336.8 31.2
Pd/XC-72 3355 69.4
336.8 30.6
Pd/GNPs 3355 71.4
336.8 28.6
Pd/CNTs-GNPs 3355 67.8
336.8 322
Pd/CNTs-XC-72 3355 67.9
336.8 321
Pd/XC-72-GNPs 3355 63.8
336.8 36.2

catalysts using mixed support. Therefore, the use of a mixed carrier
can improve the structure of the catalyst and enhance the interac-
tion between the metal components and the oxygen-containing
functional groups on the surface of the mixed carrier. This finding
can be attributed to the role of oxygen-containing functional
groups on the surface of the mixed carrier. A strong interaction
possibly occurs between the mixed carrier and the metal compo-
nents and thus increases the oxidation state of Pd.

PA/CNTs-GNPs by b, b,
PA/CNTS-XC-72 " PA/XC-T2-GNPs
3 3 5
g i 3
] g z
= E E
355 350 345 340 335 330 355 350 345 340 335 330 355 350 5 340 335 330
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Fig. 3. XPS spectrum of Pd 3d in (a;) Pd/CNTs, (a;) Pd/XC-72, (a3) Pd/GNPs, (b;) Pd/CNTs-GNPs, (b,) Pd/CNTs-XC-72 and (bs) Pd/XC-72-GNPs catalysts.

4



A. Al-Khawlani, B.M. Al-Maswari, W. Chen et al.
3.2. Electrochemical performance

321 Cv

The CV of the Pd nanoparticles of all catalysts were recorded in
the potential region from —1.0 V to +0.30 V at the scan rate of 50
mVs~! in 0.5 mol/L KOH solution at 25C. As shown in Fig. 4.1(a),
hydrogen adsorption peaksappear in the potential area of 1.00-
0.60 V. The catalysts with mixed support all show clear hydrogen
adsorption peaks, and their ECSA is remarkably larger than that
of the catalyst with single support. In the figures, ECSA is repre-
sented by the Pd oxide reduction peak in the backward scan of
the potential region from 0.10 V to 0.50 V (transformation of palla-
dium metal into palladium (II) oxide).In Pd/CNTs-GNPs (1:0.1), Pd/
CNTs-XC-72(1:0.2) and Pd/XC-72-GNPs (1:0.2), this areais signifi-
cantly larger than that in Pd/CNTs, Pd/XC-72 and Pd/GNPs. This
finding is ascribed to the unique structure of these hybrid supports
that allow full surfaceutilisation.

Fig. 4.2(a) shows that theoxidation peak current densities of Pd/
CNTs-GNPs (1:0.1), Pd/CNTs-GNPs (1:0.2), Pd/CNTs-GNPs (1:0.5)
and Pd/CNTs-GNPs (1:0.06) are 57.34, 49.34, 41.49 and 33.77
mA/cm?, respectively. All these values are greater than those of
Pd/CNTs (28.45 mA/cm?) and Pd/GNPs (24.80 mA/cm?) catalysts.
Among which, Pd/CNTs-GNPs (1:0.1) catalyst has the highest oxi-
dation peak current density which is attributed to the increase in
active sites on the catalyst surface. When mixed with the graphene
nanosheets, the CNTs are either dispersed on the surface or filled in
the gaps between the graphene nanosheets. The distance between
the graphene nanosheets is increased, and Pd nanoparticles can be
loaded on both sides of the graphene nanosheets. Therefore, the
specific surface area of the graphene nanosheets and CNTs can be
fully utilised to form a unique spatial structure of the hybrid carrier
which increases the available surface area of the carbon support
and is beneficial to the loading of Pd nanoparticles. Fig. 4.2(b)
shows that the methanol oxidation peak current density of Pd/
CNTs-XC-72 (1:0.2) catalyst is 50.88 mA/cm?, which is significantly
higher than those of Pd/CNTs (28.70 mA/cm?) and Pd/XC-72 (30.68
mA/cm?) catalysts. This finding can be attributed to the unique
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spatial structure of the mixed carrier composed of CNTs and XC-
72 which facilitates the loading and dispersion of nanoparticles.
Additionally, the oxygen-containing functional groups on the sur-
face of the mixed carrier (ex: -OH and -COOH) increase the
surface-active sites of the catalyst and improve its catalytic perfor-
mance. Fig. 4.2(c) also shows that the methanol oxidation peak
current densities of Pd/GNPs-XC-72 (1:0.2) catalyst is 37.74 mA/
cm?, which is higher than those of Pd/XC-72 and Pd/GNPs catalysts
(30.75 and 24.76 mA/cm? respectively). After the graphene
nanosheets are mixed with (XC-72), the structure is optimised
which increases the carrier’s usable surface area. This phenomenon
is conducive to the loading of metal particles and increases the
active sites on the catalyst surface, which in turn is conducive to
the improvement of catalyst activity. Compared with that of single
carbon support, the structure of mixed carbon support promotes
the dispersion of Pd nanoparticles and provides thecatalyst with
many active sites. This structure also effectively reduces the mass
transfer resistance, thus allowing the reactants to easily approach
the catalyst’s active site. This result is in line with the ECSA
findings.

3.2.2. LSv

Fig. 5(a, b and c) shows the LSV curves of mixed and single sup-
port catalysts towards methanol oxidation in 0.5 mol/L KOH and
1.0 mol/L CH30H solution. As shown in Fig. 5(a), the methanol oxi-
dation onset potential of Pd/CNT-GNP (1:0.1) catalyst is —0.371 V,
which is lower than those of Pd/CNTs and Pd/GNPs catalysts
(—=0.359 and —0.271 V, respectively).This finding indicates that
the use of a mixed carrier composed of CNTs and graphene can
reduce the methanol oxidation overpotential of the catalyst and
improve its catalytic performance. As shown in Fig. 5(b), the initial
oxidation potential of methanol on the Pd/CNT-XC-72 (1:0.2) cata-
lyst is —0.591 V, and those of Pd/CNT and Pd/xc-72 catalysts are
—0.485, and —0.404 V, respectively. Therefore, the use of mixed
catalyst supports (CNTs and (XC-72)) can improve the kinetic per-
formance and reduce the initial potential of the methanol elec-
trooxidation reaction. Fig. 5(c) shows that the methanol

3
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Fig. 4.1. (a) Shows CV curves of prepared catalysts in 0.5 mol/L KOH-1.0 mol/L.
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Fig. 4.2. (b) Cyclic voltammetry curves of all prepared catalysts in KOH (0.5 M)-CH30H (1.0 M) solution.
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oxidation onset potential of Pd/XC-72-GNPs (1:0.2) catalyst
(—0.507 V) is significantly lower than those of catalysts Pd/XC-72
(—0.463 V) and Pd/GNPs (—0.455 V). The negative shift of the initial
potential of Pd/XC-72-GNPs (1:0.2) for methanol oxidation indi-
cates that the use of mixed supports improves the kinetic perfor-
mance of the catalyst and reduces the overpotential of the
methanol electrooxidation reaction. This finding may be related
to the change in the spatial structure of Pd/XC-72-GNPs (1:0.2) cat-
alyst brought about by the mixed carrier.

323. Ca

The chronoamperograms of active catalysts Pd/CNTs-GNPs,
Pd/CNTs-XC-72, and Pd/XC-72-GNPs were recorded at a potential
of 0.50Vin 0.5 M KOH and 1 M CH30H solution to evaluate the poi-
son resistance of catalysts towards methanol oxidationas shown in
Fig. 6(a, b and c). During the entire test, the activity decay ratio or
the performance degradation ratio of Pd/CNTs-GNPs (1:0.1),
Pd/CNTs-XC-72 (1:0.2), and Pd/XC-72-GNPs (1:0.2) are 45%, 59%
and 56% respectively, and the current density decay ratio of Pd/
CNTs, Pd/XC-72 and Pd/GNP catalysts are 58%, 60%, and 70%, respec-
tively. Therefore, the mixedsupport-based catalysts have higher
stability and stronger poisoning resistanceto intermediate products
than those with single support. This finding can be attributed to the
unique spatial structure of the mixed carrier. After the CNTs are
mixed with the graphene nanosheets, the available surface area
increases, and the electrochemical stability of the catalyst is
improved. Additionally, mixing (XC-72) with CNTs or with
graphene nanosheets increases the available surface area of the

carbon support and forms a unique spatial structure that enhances
the anti-poisoning ability and electrochemical stability of the cata-
lyst.The oxygen-containing functional groups on the surface also
affect the stability of the catalysts.

3.2.4. EIs

Fig. 7 shows the EIS of Pd/CNTs-GNPs, Pd/CNTs-XC-72 and Pd/
XC-72-GNPs versus Pd/CNTs, Pd/XC-72 and Pd/GNPs in alkaline
methanol solution. The charge transfer resistance of Pd/CNTs-
GNPs, Pd/CNTs-XC-72, and Pd/XC-72-GNPs is smaller than that of
their components. Therefore, the mixing of CNTs with GNPs expe-
dites methanolelectrooxidation [Fig. 7(a)]. This finding can also be
explained by the structure of the mixed support composed of (XC-
72) and CNTs. The mixing of carbon materials with different struc-
tures and scales increases the utilisation rate of the material sur-
face and improves the mass transfer performance of reactants as
shown in Fig. 7(b). Additionally, the (XC-72) and GNP nanosheets
come in contact to form a carrier with a unique spatial structure
which increases the active sites of the catalyst and the methanol
electrooxidation rate on Pd/XC-72-GNPs (1:0.2) catalyst. As a
result, the charge transfer resistance decreases. Therefore, the
mixed support has a clear promoting effect on methanolelectroox-
idation reaction as shown in Fig. 7(c).

4. Conclusions

Pd-based anodecatalysts (Pd/CNTs-GNPs, Pd/CNTs-XC-72 and
Pd/XC-72-GNPs) for DMFCs were prepared throughEG reduction
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by using a hybrid carbon carrier.Their catalytic performance
towards methanol electrooxidation in an alkaline medium and
their electrochemical stability were investigated. Compared with
those using single carbon support, the catalysts based on hybrid
supports (CNTs-GNPs, CNTs-XC-72 and XC-72-GNPs) showed
higher catalytic activity in electrochemical tests, especially when
the proportion of graphene nanosheets and (XC-72) in the mixed
carriers was relatively small, such as in CNTs-GNPs (1:0.1), CNTs-
XC-72 (1:0.2) and XC-72-GNPs (1:0.2). After the hybrid support
was used, the content of Pd (0) species (in the form of metal) in
the catalyst was reduced due to the interaction between Pd
nanoparticles and the oxygen-containing functional groups on
the carbon support. Comparison of the methanol electrooxidation
performance among the three types of mixed carrier supported
catalystsreveals that the Pd/CNTs-GNPs (1:0.1) catalysthas the
highest methanol oxidation activity. This findingcan be attributed
to the structural optimisation between CNTs and graphene
nanosheets. CNTs effectively use the size advantage to increase
the distance between graphene nanosheets, prevent them from
agglomerating and significantly improve the dispersion perfor-
mance of the carrier. Therefore, the use of a hybrid carbon carrier
in the anode catalyst of DMFC is beneficial.
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