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Ultrathin yet transferrable Pt- or PtRu-decorated
graphene films as efficient electrocatalyst for
methanol oxidation reaction

Zhuchen Tao'", Wei Chen”, Jing Yangz, Xiangyang Wangl, Ziqi Tan', Jianglin Ye',

Yanxia Chen® and Yanwu Zhu'

Direct methanol fuel cell (DMFC) has been regarded as
one of promising electric generators in portable electronic
equipment and electric vehicles because of the high
energy conversion efficiency and low pollutant emissions
[1,2]. Electro-oxidation of methanol has been studied
extensively in terms of its application in DMFC and
related theoretical analysis [3-5]. To date, the most
promising anode catalyst for methanol oxidation is
platinum (Pt). However, the development of commercial
Pt-based fuel cells has been limited by the toxicity of
carbon monoxide, the high cost of Pt and the aggregation
of catalyst particles [6-9]. Using binary or alloy catalysts
is an effective strategy for the removal of CO from the
catalyst surface [10-13]. Extensive research reveals that
ruthenium (Ru)-modified Pt nanoparticles (Pt NPs) are
efficient binary electro-catalysts for methanol oxidation
reaction (MOR) [14]. The addition of Ru to Pt-based
catalysts significantly lowers the overpotential in MOR
and enhances the CO-tolerance through the ‘bifunctional
mechanism’ [11,12,14-18].

Considerable efforts have been devoted to reducing the
amount of Pt by using various Pt-carbon hybrids, such as
Pt-carbon nanotubes (Pt-CNTs) [19], Pt-porous carbons
[20], and Pt-graphene [21]. Graphene is such a substrate
that has a large specific surface area (for high catalyst
loading), good stability (for tolerance to harsh conditions)
as well as a high electrical conductivity (for efficient
electron transfer) and therefore has been considered as a
promising catalyst carrier in DMFCs [22,23]. With
oxygen-containing functional groups, graphene oxide

(GO) is able to promote the growth of the metal NPs
[24], and thus hybridizing graphene materials derived
from GO with catalytic metals has been developed
[25,26]. Particularly, Pt-decorated three-dimensional
(3D) graphene hybrids exhibit improved electro-catalytic
performances owing to the excellent dispersion of Pt NPs
in the porous carbon architectures [27-32]. However, the
large amount of defects and impurity in the graphene
derived from GO substantially hinders the electrical and
mechanical properties of the hybrid catalysts [33,34]. The
defects may cause the graphene-based hybrids signifi-
cantly unstable under harsh electrochemical conditions
because of higher activity at the sites of defects [35]; the
re-stacking and agglomeration in GO-based materials
also impede the functionalization of graphene in the
hybrids. The good stability and excellent conductivity of
graphene from chemical vapor deposition (CVD) bring a
high-quality and neat platform to evaluate the role of
carbon in catalytic hybrids [36], but the surface of
graphene produced by CVD (CVDG) is inactive due to its
high degree of graphitization and thus it is challenging to
directly deposit highly dispersed metal NPs [37]. Till now,
CVDG has not been used to carry metal NPs for catalysis.

Herein, we demonstrate that controlled dispersion of Pt
NPs with special particle size is realized on gently-
modified CVDG using a mild and environmentally
friendly reductant, ethylene glycol (EG), in a hydro-
thermal process. The obtained ultrathin Pt NPs/CVDG
(Pt-CVDQG) hybrid films are different from the previously
reported hybrids in which pre-synthesized metal NPs
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were hybridized with graphene substrates by covalent
bonding [38], electrostatics [39] or ligand-metal ion-
ligand bridges [40], as these kinds of connections often
lead to dramatic decrease in catalytic activity. The Pt-
CVDG films can be transferred to other substrates due to
high mechanical strength of CVDG, using common
method performed on intrinsic CVDG [41]. Due to the
monolayer feature of CVDG, the mass loading of Pt in Pt-
CVDG hybrids is above 80 wt.%, much higher than that
of traditional Pt-carbon hybrid catalyst (20 wt.%) [28-
31,42-48]. The evaluation of Pt-CVDG catalysts for MOR
shows a low onset potential at 0.40 V vs. Ag/AgCl, and a
high mass specific current density of 293.1 mA mg 'p, in
forward scan, with a forward/reverse scan peak current
ratio of 1.33 for a Pt loading of 3.15 pug cm ~ measured in
the voltage range of 0-1.0 V. When Ru is electrochemi-
cally deposited onto the surface of Pt-CVDG film (with a
Pt loading of 5.49 ug cm °), the onset potential of the
PtRu-CVDG film electrode (for a nominal Pt and Ru
coverage ratio of 68:32) is 0.20 V-more negative than that
for Pt-CVDG film, and its mass activity (280.3 mA mg 'p
at 0.5V vs. Ag/AgCl) is about 2.5 times better than the
latter measured in the voltage range of —0.20 to 0.50 V.
As shown in Fig. 1, monolayer graphene was
synthesized on copper foils by a low pressure CVD
[49], and then transferred onto SiO,/Si substrates [41].
Oxygen plasma treatment was carried out to create

oxygen-containing functional groups, resulting in nega-
tive charges on the surface of the graphene [50]. Raman
spectrum (Fig. S1b) of CVDG transferred on Si/SiO,
confirms the features of uniform monolayer graphene
with intensity ratio (~2.0) of 2D (2,682 cm_l) to G
(1,584 cm ) band and the full width at half maximum
(FWHM) (33.1 cm ') of the 2D band. The absence of D
(1,350 cm ') band indicates the high quality of the CVDG
prepared [51]. After being exposed to a mildly O, plasma,
the Raman spectrum in Fig. S1b shows the appearance of
D band which is relevant to defects in graphitic materials,
especially when compared to the G band [51]. However,
the decrease in the Ip/I; ratio after the hydrothermal
process (Fig. S1d) indicates that the gentle O, plasma has
mostly introduced oxygen-containing groups noncova-
lently-bonded in close proximity to the carbon atoms
arranged in benzene rings [52]. After treatment with
oxygen plasma from 1 to 8s, the sheet resistance is
increased by about 1 to 3 times, which is still 1 to 2 order
of magnitude higher than those from reduced graphene
oxide (RGO), as shown in Fig. S1f and previous reports
[53]. A gradual attenuation as well as a slight broadening
of 2D band is observed with increase the exposure time
from 1 to 8s with a plasma power of 10 W. But the
FWHM of 2D peak recovers to the original value after
hydrothermal process (Fig. Sle), further proving that the
plasma treatment does not induce significant structural
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Figure 1 Schematic illustration of the synthesis of Pt-CVDG films. The procedure includes transfer of graphene films on desired substrates (SiO,/Si
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defects in graphene. After the O, plasma treatment, a
cationic polyelectrolyte, poly(dimethyldiallylammonium
chloride) (PDDA), was applied on the negatively charged
CVDG, resulting in a positively-charged surface [54].
After the sequential washing and drying, the sample was
sealed in a 50-mL autoclave equipped with 30 mL of
chloroplatinic acid (H,PtCly) solution in ethylene glycol-
water (5:1) and kept at 180°C for 24 h, for the deposition
of Pt NPs [27,55]. Then the sample was taken out and
washed several times with ethanol to remove residual
chloride ions. The SEM images in Figs S2 and S3 show
that the coverage of Pt NPs on CVDG is sensitive to the
duration of O, plasma treatment and that of PDDA
treatment. The O, plasma treatment for 4 s with a power
of 10 W and a PDDA solution treatment for 5 min were
typically used to obtain the samples with uniform
coverage of Pt NPs on CVDG and minimizing the
structural defects. Finally, the resulting sample was dried
and transferred to a glassy carbon electrode (GCE) by a
poly(methyl methacrylate) (PMMA) assisted method for
electrochemical evaluation.

The as-prepared Pt-CVDG films were examined with
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The mass density of Pt NPs
can be adjusted by the concentration of H,PtCly in the
hydrothermal process mentioned above; Pt-CVDG films
with Pt loading of 624 549 and 3.15ug cm ~ as
determined by inductively coupled plasma mass spectro-
meter (ICP-MS), are denoted as Pt-CVDG-1, Pt-CVDG-
2, and Pt-CVDG-3, respectively. Based on the density of
monolayer graphene (0.77 mg m ), the Pt loading on Pt-
CVDG films can be estimated as 89.0, 87.6 or 80.3 wt.%
for Pt-CVDG-1, Pt-CVDG-2 or Pt-CVDG-3, respectively.
As shown in the SEM images in Fig. 2a-c, all samples
have a uniform coverage of particles. The corresponding
HRTEM images (Fig. 2g-i) clearly show the lattice fringes
of Pt NPs, in which the typical interlayer distances of
0.223 nm and 0.195 nm are attributed to the interlayer
spacings of (111) and (100) planes in face-centered cubic
(fcc) Pt structure [56]. The Pt NPs aggregated on the
graphene surface and had diameters of 2-5 nm. The size-
distribution histograms (Fig. 2j-i) of the Pt NPs, obtained
by measuring about 100 randomly-selected particles for
each HRTEM image, show the average size of about 3.34,
3.29 and 3.25 nm, for Pt-CVDG-1, Pt-CVDG-2 and Pt-
CVDG-3, respectively. Although the monolayer graphene
is invisible from the SEM and HRTEM images, the
selected area electron diffraction (SAED) pattern (in Fig.
2m) taken on Pt-CVDG-2 shows the weak yet visible six-
fold symmetry diffraction of monolayer graphene [57,58],
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in addition to the multiple diffraction rings which are
ascribed to Pt crystalline reflections of (111), (200), (220)
and (311). Furthermore, X-ray photoelectron spectro-
scopy (XPS) was carried out to analyze the electronic
structure of the Pt-CVDG and the typical XPS spectra of
Pt-CVG-2 are shown in Fig. S4a, b. The C 1s spectrum of
Pt-CVDG-2 in Fig. S4a has been fitted with four peaks.
The most intense one at the binding energy of 284.7 eV
corresponds to C-C bonding, and the other three peaks at
286.4, 287.9 and 288.9 eV are ascribed to C-O, C=0 and
O-C=0, respectively, indicating the existence of oxygen
containing functional groups in CVDG after O, plasma
treatment [27]. The Pt 4f spectrum shown in Fig. S4b
consists of three pairs of doublets. The most intensive one
at 71.5 and 74.75 eV is contributed to Pt’ 4f,, and Pt’
4f;/,, while the other two weak doublets at 72.6/75.7 and
75.3/76.75 eV correspond to Pt*" and Pt"', respectively.
The metallic Pt° contributes to 75.2% in the whole Pt
content [59].

The electrochemical behavior of Pt-CVDG films was
investigated by means of cyclic voltammograms (CVs)
[27]. Fig. 3a shows the representative CV curves of Pt-
CVDG/GCE and Pt/C/GCE in 1.0molL "' H,S0,.
Electrochemically active surface area (ECSA) of all the
above catalysts were estimated by calculating the
coulombic charge for hydrogen adsorption and assuming
that the oxidation of full monolayer of H atoms on
polycrystalline Pt corresponds to a charge density of
210 uC cm’ (Table 1). We can see that the very little
electric double layer capacitance provided by CVDG
compared to Pt-CVDG from Fig. S5 [36]. The results in
Table 1 show that all the Pt-CVDG films have higher
ECSA values than Pt/C and the highest ECSA is obtained
from Pt-CVDG-3 (94.1 m* g ') which is about 3 times
higher than that from Pt/C catalyst (28.5m’ g,
14.15 ug cm ) under the same conditions, suggesting
that the Pt-CVDG possesses a higher dispersion and
utilization of Pt NPs. The peak near 0.0 V in Fig. 3a
indicates the adsorption of hydrogen on the Pt fcc (100)
surface site (I), and that near —0.10 V is ascribed to the
adsorption of hydrogen on the fcc (111) stage site (II)
(Fig. 3a) [60]. It has been suggested that fcc (100) surface
has better electro-catalytic activity than fcc (111) surface
for MOR due to its higher oxygen species adsorption
capacity [61]. The ratio of the peak current (I) to (II)
adsorption of hydrogen are 0.80, 0.81 and 0.79 for Pt-
CVDG-1, Pt-CVDG-2 and Pt-CVDG-3, which is much
higher than 0.58 in Pt/C, indicating that the Pt-CVDG
films are more MOR-active than Pt/C. The MOR
performance was investigated by CVs in the mixture of
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Figure 2 SEM images of Pt-CVDG films for (a) Pt-CVDG-1 (b) Pt-CVDG-2, and (c) Pt-CVDG-3. TEM images of Pt-CVDG films suspended on
lacey support film corresponding to (d) Pt-CVDG-1, (e) Pt-CVDG-2 and (f) Pt-CVDG-3, respectively. HRTEM images of (g) Pt-CVDG-1, (h) Pt-
CVDG-2, (i) Pt-CVDG-3, with insets showing the corresponding lattice fringes of the NPs marked in the dashed squares, respectively. Size
distribution of Pt NPs from (j) Pt-CVDG-1, (k) Pt-CVDG-2 and (1) Pt-CVDG-3. (m) Typical SAED pattern taken from Pt-CVDG-2.
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Table 1

Catalytic performance of Pt-CVDG films with different loadings of Pt. ECSA and Iy, Iy, It/Iy of Pt-CVDG films were investigated by means

of CVs in 1.0 mol L' H,S0, solution and 1.0 mol L”" H,SO, + 2.0 mol L' CH,OH solution, respectively.

Electrode Loading amount of Pt (mg cm ) ECSA (m’ g ") I (mA mg 'p) Iy (mA mg ') Ip/ Iy
Pt-CVDG-1 6.24 68.1 225.5 193.5 1.17
Pt-CVDG-2 5.49 60.3 237.4 179.4 1.32
Pt-CVDG-3 3.15 94.1 293.1 235.3 1.24

Pt/C 14.15 28.5 134 193.8 0.72
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Figure 3 CVs of Pt-CVDG films recorded in (a) 1.0 mol L™ H,S0, solution at a scan rate of 20 mV s, and (b) in 1.0 mol L™ H,SO, + 2.0 mol L™
CH,OH solution at a scan rate of 20 mV s . (c) Current evolution for MOR on Pt/C and Pt-CVDG-2/GC electrodes at 0.50 V. (d) Dependence of
anodic peak current density in the forward scan on the Pt mass loading. The red line indicates a linear fitting of the data.

1.0mol L' H,S0, + 2.0 mol L' CH,OH solution (Fig.
3b). The specific current at the peak potential in the
forward scan follows the order of Pt-CVDG-3
(293.1 mAmg ',) > Pt-CVDG-2 (253.4mA mg 'p) >
Pt-CVDG-1 (225.5 mA mgflpt). The specific current at
the peak potential decreases with the increase of Pt
loading, due to the agglomeration of NPs. And a slight
increase of the onset potential for MOR (forward scan) is
observed when comparing Pt-CVDG with Pt/C. It is
worth noting that Pt-CVDG has a Pt mass loading of
more than 80 wt.%, while the Pt loading in Pt/C is
20 wt.%. To investigate the long-term stability, chron-
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oamperometric measurements of Pt-CVDG-2 and Pt/C
were performed at 0.50 V for 300 s. As shown in Fig. 3c,
Pt-CVDG-2 retains the higher oxidation current over the
testing time, displaying the better electro-catalytic
durability than Pt/C catalysts for MOR. On the other
hand, we also calculated the ratio of forward-scan peak
current (Iz) versus reverse-scan peak current (Iy), It/Iy,
which is a key index for evaluating the catalyst tolerance
to the accumulation of intermediate carbonaceous
species. The ratio for Pt-CVDG-1, Pt-CVDG-2, Pt-
CVDG-3 and commercial Pt/C is calculated as 1.17,
1.33, 1.24 and 0.72, respectively. Thus Pt-CVDG films
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generally have less carbonaceous accumulation and hence
are much more tolerant toward CO [27,62]. Both the
mass activity and the anti-poisoning ability of Pt-CVDG
films are superior to most of Pt-based nanostructures
with Pt NPs about 3nm in diameter (Table SI,
Supporting information) [28-31,42,43,45-47]. All the
results above indicate that with ultrahigh ECSA and a
record-high mass activity for MOR, Pt-CVDG films
possess much higher catalytic efficiency and utilization
than commercial Pt/C.

Such high utilization of Pt atoms may be due to the
uniform distribution and sub-monolayer coverage of Pt
NPs on the CVDG, and the preferential fcc (100)
orientation of Pt NPs is another reason for their high
MOR activity. Based on the above data, we prepared
samples of three different Pt loadings. The mass specific
Iz increases with the decrease of loading, due to the
agglomeration of Pt NPs. From the linear fitting of mass
specific Iy versus Pt mass loading (Fig. 3d), the highest
mass peak current of Pt NPs in the hybrid films is
estimated to be 362mAmg 'p. Thus Pt-CVDG-3
achieves 70% of the maximum catalytic capacity of Pt
NPs toward MOR, while those of most results reported in
literatures are lower than about 200 mA mgﬂ;t under
similar conditions [28-32,42].

To further improve the MOR activity at lower
potentials for practical DMFC applications, Ru was
electrochemically deposited onto the Pt-CVDG films.
With balanced coverage and dispersion, Pt-CVDG-2 was
used for preparing PtRu-CVDG electrode. Fig. 4a shows
the CV curves in 0.1 molL' HCIO, solution for Pt-
CVDG-2 and Pt,Ru,-CVDG electrodes (x and y represent
the nominal coverage of Pt and Ru at the surface with x
+y=1), which were prepared by depositing Ru for 20, 40,
60 and 80 potential cycles, respectively, in the potential

278 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018

range of —0.10-0.20 V and at a scan rate of 50 mV s . To
further evaluate the chemical composition of the PtRu-
CVDG hybrids, XPS were carried out on PtRu-CVDG, as
shown in Fig. S4c. The peak at about 462 eV (Ru 3p)
illustrates the existence of Ru. The chemical state of Ru
has been further confirmed by using the Ru 3p spectrum
rather than Ru 3d because of the overlap between the Ru
3d and C 1s spectra. As shown in Fig. S4d, the Ru 3p;),
spectrum could be fitted into three peaks located at 462.2,
464.3 and 466.3 eV, corresponding to metallic Ru, RuO,
and RuO,H,, respectively. The formation of oxide states
might result from the slight oxidation of Ru upon
exposure to air. The MOR activity of Pt,Ru,-CVDG films
was measured by CV in a mixture solution containing
0.1 mol L' HCIO, + 2.0 mol L' CH,OH. From Fig. 4b,
the mass specific current density of PtRu-CVDG film
catalysts at 0.50V are 2225, 280.3, 223.75 and
122.4 mA mgﬂPt after deposition of Ru for 20, 40, 60
and 80 potential cycles, respectively, all higher than
111.9 mA mg 'p, of the pristine Pt-CVDG-2 at 0.50 V.
The highest MOR current is obtained from PtRu-CVDG
film with the nominal Ru coverage 32%, which was about
2.5 times higher than pristine Pt-CVDG-2 at 0.50 V. The
onset potential of Pt;Ru,;,-CVDG for MOR shifts to
0.25 'V, which is about 0.20 V more negative than that
from Pt-CVDG-2 (0.45 V). The higher MOR activity of
PtRu-CVDG films may be related to the highly dispersed
capping-agent-free Pt NPs on CVDG and the good
distribution of Ru on Pt NPs [63], and it is well accepted
that the strong adsorption of hardly-oxidized CO on Pt
surface leads to the self-poisoning [8]. The higher MOR
activity for PtRu can be explained by two effects: 1)
ensemble effect in which Ru adsorbs OH at the lower
potential than Pt so that CO adsorbed on Pt can be
oxidized to CO, more easily; 2) electric effect in which the

February 2019 | Vol.62 No.2
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electron-charge transfer from Ru to Pt makes the Pt-CO
bond weaker and more suitable to oxidize methanol [16].
In the electro-deposition of Ru on Pt NPs [17], the
contact between Pt and Ru increases with the number of
deposition cycles, leading to the increased catalytic
activity till the Ru coverage of 32% (Fig. 4b). But the
further deposition of Ru may cover more Pt active sites,
thus deteriorates the MOR activity for higher Ru contents
[12].

In summary, we have demonstrated the preparation of
Pt NPs films supported by CVDG using a simple and
cost-effective method. The obtained Pt-CVDG films have
advantages of uniform dispersion of Pt NPs, transfer-
ability and structural stability. When being used as an
anode of DMEFCs, the hybrid films exhibit excellent
electro-catalytic activity and high poison tolerance, which
can be attributed to the high utilization of Pt atoms
dispersed on CVDG and the excellent electric con-
ductivity of the films. Meanwhile, the mass load of Pt
(80-89 wt.%) in Pt-CVDG hybrids was greatly increased
compared with that of traditional Pt-carbon hybrid
catalyst (20 wt.%). In addition, the introduction of Ru
has further improved the methanol oxidation activity.
The optimized PtRu-CVDG film has a nominal Pt and Ru
coverage ratio of 2:1, from which the onset potential is
0.24 V vs. Ag/AgCl and the mass activity of Pt is 2.5 times
higher than that of Pt-CVDG film. In principle, the
method can be applied to other metal NPs for fabrication
of high-performance CVDG-based nanostructure. We
believe that this synthesis strategy can be also extended to
more applications such as sensors, electronic devices,
information storage, biomedicine and more.
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