
ORIGINAL PAPER
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Abstract
In this paper, we prove an efficient and facile synthesis method for preparing PtRu nanoparticles (NPs)/graphene nanosheets
(GNS) catalysts for methanol electrooxidation. Our approach employed carboxylated-graphene nanosheets (C-GNS) as the
support which prepared by the Friedel-Crafts reaction between succinic anhydride and GNS. The reaction conditions are mild
without cumbersome pretreatment of GNS. The morphology and component of PtRu NPs/C-GNS catalysts were characterized
by transmission electron microscopy (TEM) and inductively coupled plasma-atom emission spectroscopy (ICP-AES), respec-
tively. The TEM observation reveals that PtRu NPs with an average diameter of ca. 4.0 ± 0.5 nm uniformly distributed on the
edges and wrinkles of C-GNS. The further electrochemical characterizations including cyclic voltammograms (CV) and
chronoamperometry (CA) methods show that PtRu NPs/C-GNS catalysts have significantly higher electrocatalytic activity
and stability toward methanol electrooxidation compared to the PtRu catalysts supported on the unmodified GNS. This provides
an easy approach to synthesize GNS-based electrode materials for high-performance energy conversion devices in the future.
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Introduction

Over past decades, with the decrease in the supply of fossil
fuels and the ever-increasing environmental issues from these
fuels, fuel cells are receiving much attention [1–3]. Fuel cells
are considered as one of the most important power sources
because of their low emissions, high energy efficiency, and
ease of handling of liquid fuel. Due to easy transportation and
storage, small organic molecules such as methanol and etha-
nol have been widely studied as potential candidates for use in
fuel cells. As is well known, nanosized platinum and platinum
alloys are the most important electrocatalysts in these fuel
cells. However, the high cost of Pt and the gradual decrease

in their catalytic activity caused by carbonaceous intermediate
products such as COads being chemisorbed on these catalysts
are the main barriers to commercialize direct methanol fuel
cells (DMFCs) [4–8]. To alleviate the CO poisoning of the Pt,
one of the strategies is to employ bimetallic catalysts that
combine Pt with other metals such as Ru [4, 5, 9], Fe [10],
Co [11], Cu [12], and so on. In particular, PtRu alloy is one of
the superior binary Pt-based electrocatalysts for DMFCs. Ru
is highly oxophilic, and therefore can form oxygenated spe-
cies at lower potentials than Pt, which will facilitate the re-
moval of CO species adsorbed on the Pt and then release the
occupied reaction active sites [1, 2, 5].

On the other hand, it is necessary to further maximize the
electrocatalytic performance of the PtRu catalysts andminimize
the usage of Pt. So, it is important to prepare uniform dispersion
of PtRu nanoparticles (NPs) with small particle size and narrow
size distribution because of its large surface-to-volume ratio
and facile access to each catalyst particle. However, because
of large metal-metal cohesion, PtRu NPs tend to agglomerate.
This leads to a decrease in electrochemically active surface area
(ESA), which is unfavorable to enhance the catalytic activity.
To overcome this problem, it is necessary to develop suitable
catalysts supporting materials that possess a high surface area,
excellent electronic conductivity, and strong affinity toward
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catalysts particles to obtain high dispersion and stability of
catalysts NPs. Besides, the support also contributes in altering
the electronic properties and geometry of the catalysts particles.
Graphene is a single-atom-thick sheet of hexagonally arrayed
sp2-bonded carbon atoms. It has been intensively studied and
received much attention for its applications in a wide variety of
areas, such as fuel cells, lithium ions batteries, dye-sensitized
solar cells, and chemo/biosensors. Especially, owing to its
unique properties such as large specific surface area, high elec-
tronic conductivity, great mechanical strength, and outstanding
chemical and electrochemical stability, graphene is widely used
as the support material for metal NPs catalysts [10, 13–26].

Usually, metal catalysts with support are often prepared in
solution-phase. In order to uniformly anchor and grow the
metal NPs, the supports must have good dispersion without
aggregation for high available surface areas. Unfortunately,
graphene nanosheets (GNS) as support materials have been
hindered by their agglomeration and poor dispersibility in
solvents [17, 22, 26]. What is more, due to its inert nature of
the graphitized surface, GNS have insufficient binding sites
for anchoring the metal ions or NPs. Consequently, metal
catalysts on GNS usually have large particle size and poor
dispersion.

To dispersemetal catalysts and control particle size, themost
efficient strategy is surface functionalization of GNS to intro-
duce more binding sites. One of the most common methods is
using graphene oxide (GO) as the support material. There are
abundant oxygen-containing functional groups on GO surface
which can act as the binding sites. However, the poor conduc-
tivity and electrochemical stability of GO result in a loss of the
ESA and reduced the durability of the supported metal catalysts
during fuel cells works. Recently, functionalization of GNS
such as π-π stacking, modification with ionic liquid [19], graft
poly(styrenesulfonic acid-g-pyrrole) [26] or poly(pyrogallol)
[22], nitrogen-doped [15], etc. have been developed to support
uniform metal catalysts. Although great progress has been
made, the great challenges still remain. Especially, it is highly
desirable to develop rational functionalization method that can
attach high dispersion of metal catalysts with small particle size
on GNS for high electrocatalytic activity and stability.

Herein, we report a facilely covalent functionalization of
GNS strategy to uniformly disperse PtRu catalysts because of
wide use as anode catalysts in DMFCs. Our approach is graft
carboxyl-terminated functional groups onto GNS surface by
the Friedel-Crafts reaction between GNS and succinic anhy-
dride (SA) (Scheme 1). These carboxyl groups improve the
hydrophilicity of the C-GNS. Thus C-GNS can offer more
accessible specific surface area for supporting catalysts.
More importantly, the carboxyl groups on the surface of
GNS could provide enough active sites for anchoring the cat-
alysts precursors (PtCl6

2− and Ru3+). So, PtRu NPs can firmly
and uniformly fix on the surface of carboxylated-graphene
nanosheets (C-GNS) and resist aggregate after reduction.

The TEM characterization indicated the as prepared PtRu cat-
alysts distributed well on the C-GNS surface. The further
electrochemical experiments showed that the PtRu NPs/C-
GNS catalysts have enhanced activity, more stability, and
anti-poison ability for methanol oxidation than PtRu NPs sup-
ported on GNS without modification. These metal NPs/GNS
nanohybrids were expected to work as the new anode
electrocatalysts for DMFCs application.

Experimental

Materials

Graphite powder (diameter 1–10 μm, 99.9% purity) was pur-
chased from Nanjing XFNANO Materials Tech Co., Ltd.,
China. H2PtCl6·6H2O, RuCl3, and succinic anhydride were
purchased from Alfa Aesar. Other chemicals were of analyti-
cal grade and used as received.

Synthesis of PtRu NPs/C-GNS catalysts

GO was prepared from pristine graphite powder according to
Hummers’ method with some modifications. Briefly, 5 g of
graphite powder and 3.75 g of NaNO3 were added to 230 mL
of concentrated H2SO4 (98%) with stirring in an ice-water
bath. Then, 15 g of KMnO4 was slowly added over about
1 h, so that the temperature of the mixture was maintained
less than 10 °C. After the mixture was stirred at 35 °C for
5 days, 500 mL of 5 wt.% H2SO4 aqueous solutions were
added over about 1 h under magnetic stirring and the temper-
ature was kept at 98 °C for 2 h. Then, the temperature was
reduced to 60 °C, 15 mL of 30 wt.% H2O2 solutions were
added, and the mixture was stirred for 2 h at 30 °C. The
collected precipitates were repeatedly washed with 3 wt.%
H2SO4 + 0.5 wt.% H2O2 solutions, 5 wt.% HCl aqueous so-
lution, and distilled water. Finally, the products were dried in a
vacuum oven for 3 days to obtain GO. To obtain GNS, chem-
ical reduction of the suspension of GO was carried out with
hydrazine monohydrate (0.1 mL, 0.3 g GO) for 24 h at 80 °C.
The synthesized samples was washed with distilled water and
dried under vacuum oven for 24 h at 40 °C.

The preparation procedure for the C-GNS was as follows:
GNS (200 mg), succinic anhydride (1.5 g) were refluxed with
AlCl3 (2 g) in dried N-methyl-2-pyrrolidone at approximately
110 °C under the dry nitrogen atmosphere for 6 h. Then, the
reaction mixture was stirred at 150 °C for 48 h. After the
reaction, the mixture was decomposed with double-distilled
water followed by 0.5MHCl aqueous solutions. The obtained
samples were then washed with double-distilled water five
times and following adjusted the pH to 9 with 1.0 M KOH
aqueous solutions. Finally, the filtered solid was dried under
vacuum for 12 h at 40 °C to obtain C-GNS.
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A microwave-assisted reduction process in ethylene glycol
solution was used for deposition of PtRu NPs on the C-GNS.
The details were as follows: 40 mg of C-GNS was mixed with
876 μL H2PtCl6 (38.6 mM) and 700 μL RuCl3 (48.2 mM) in
ethylene glycol solution. After ultrasonication for 40 min, the
pH value of the solution was adjusted to 9 with 1.0 M KOH
aqueous solution. The mixture was placed in a microwave
oven and heated by microwave irradiation for 30 min at
120 °C. The product was allowed to cool to room temperature.
Then, it was centrifuged and washed three times with distilled
water. The obtained sample was dried in vacuum oven at
55 °C for 24 h and denoted as PtRu NPs/C-GNS catalysts.
For comparison, PtRu NPs supported on the unmodified
GNS, labeled as PtRu NPs/GNS catalysts, was prepared under
the same procedure as described above.

Materials characterization

The surface chemical compositions of the C-GNS were ana-
lyzed by Fourier transform infrared spectrometry (FTIR)
(Nicolet, 6700). The Raman spectrum (inVia Reflex,
Renishaw, England) was also used to study the integrity and
structure of the C-GNS and the prepared catalysts. The struc-
ture and composition of the PtRu NPs/C-GNS and PtRu NPs/
GNS catalysts were determined by powder X-ray diffraction
(XRD, Bruker AXS X-ray diffractometer) and inductively
coupled plasma-atom emission spectroscopy (ICP-AES,
Spectro Ciros), respectively. The morphology of the catalysts
was investigated by transmission electron microscopy (TEM,

JEOL-3010) and scanning electron microscope (SEM,
Quanta450&IE250X-Max50).

For electrochemical investigation, a glassy carbon (GC,
5 mm diameter) electrode was polished with the slurry of
0.5 and 0.03 μm alumina successively and washed ultrasoni-
cally in double-distilled water prior to use. The catalysts ink
was prepared by dispersing 5 mg of catalysts in 5 mL of water
by sonication. When a dark homogeneous dispersion was
formed, 40 μL of the ink was dropped onto the GC electrode
using micro-syringe. The total loading mass of catalysts on
glassy carbon electrode is 203.82 μgcm−2. After dried in air,
the electrode was coated with 10 μL of 0.05 wt.% Nafion
ethanol solution to fix the catalysts powder. All electrochem-
ical measurements were performed on a CHI660D electro-
chemical workstation (Chenhua Instrument Company of
Shanghai, China). A conventional three-electrode glass cell
was used with a platinum wire as the counter electrode and a
saturated calomel electrode (SCE) as the reference electrode.
The electrochemical surface area (ESA) and the electrochem-
ical performance of the electrocatalysts were evaluated by
cyclic voltammetry. CO stripping voltammograms were ob-
tained on PtRu NPs/C-GNS and PtRu NPs/GNS catalysts at a
scan rate of 50 mV s−1 in a 0.5 M H2SO4 solution. The
electrocatalysts on the working electrode were pre-adsorbed
of CO at − 0.16 V for 10 min. Then, the dissolved CO was
removed by bubbling N2 into solution for 20 min, and the
stripping voltammograms were collected at a scan rate of
50 mV s−1. All the potentials reported herein were in respect
to SCE. Double-distilled water was used throughout.

Scheme 1 Schematic diagram of
the C-GNS and preparation of
PtRu NPs/C-GNS catalysts.
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Results and discussion

Figure 1 shows the FTIR patterns of GNS, SA, C-GNS, PtRu
NPs/C-GNS, and PtRu NPs/GNS catalysts recorded in 4000–
500 cm−1. The characteristic features of GNS are the absorp-
tion band that corresponded to C–O vibration at 1062 cm−1

and C–C skeleton vibration of carbon ring in graphene at
1593 cm−1. Similarly, the above two characteristic absorption
peaks of GNS appear in the PtRu NPs/GNS catalysts, except
for a slight shift in the peak position. The characteristic peaks
of SA that occurred at 2975 cm−1 can be ascribed to the sat-
urated C-H stretching vibration. The peaks at 1805 and
1784 cm−1 are the asymmetric and symmetric vibration of
C=O, respectively. For the FTIR spectra of C-GNS, a broad
peak occurred at 3435 cm−1, which assigns to O-H stretching
vibration. One at 2916 cm−1 assigns to asymmetric and sym-
metric C-H vibrations; and peak at 1605 cm−1 assigns to the
stretching vibration of C=O in carboxyl group. The character-
istic peaks of SA at 1850 and 1784 cm−1 were not observed in
C-GNS, which suggested that the SA rings are completely
opened. Obviously, the PtRu NPs/C-GNS catalysts exhibit
the same FTIR absorption characteristic peaks with the C-
GNS support materials. This result revealed that the carboxyl
acid groups were successfully grafted on the surface of GNS.
These surface functional groups on the C-GNS and GNS sup-
ports can be preserved during the process of catalyst
preparation.

Raman spectroscopy is a useful tool for the characterization
of carbon materials, especially for analyzing the surface struc-
ture and distinguishing sp2 and sp3 hybridized forms of car-
bon. Figure 2 displays Raman spectroscopy of GNS, PtRu
NPs/GNS, C-GNS, and PtRu NPs/C-GNS. The appearance
of two prominent peaks at 1368 cm−1 and 1590 cm−1 could
be ascribed to the D and G bands of graphene [17], respec-
tively. The D band corresponds to defects in the curved
graphene sheet, while the G band is related to the stretching
mode of crystal graphite. It can be deduced that there are large
number of structural defects in C-GNS since the D band is
very intense. On the contrary, the D band is greatly suppressed
in the Raman spectrum of GNS, indicating that the GNS pre-
pared by the chemical route exhibits perfect ordered graphite
structure. The extent of the defects in graphite materials can be
quantified by the intensity ratio of the D to G bands (i.e., ID/
IG). It can be obtained from Fig. 2 that the values of the ID/IG
ratio are 0.82 and 1.13 for the GNS and C-GNS, respectively.
It is noted that C-GNS shows higher ID/IG value than that of
GNS. In combination with the FTIR spectra results, it can be
deduced that C-GNS have been grafted massive carboxyl
groups by the Friedel-Crafts reaction process, which led to
the more structural damage of GNS. Moreover, the values of
the ID/IG ratio of PtRu NPs/GNS and PtRu NPs/C-GNS cata-
lysts are 0.80 and 1.09, respectively, which are slightly less
than that of corresponding support materials. It can be

attributed that some of defect sites on the surface of the
GNS or C-GNS are covered by the supported PtRu NPs. In
addition, comparing PtRu NPs/GNS catalysts, the more re-
duced ID/IG value of PtRu NPs/C-GNS catalysts than that of
their support may be ascribed to the more high dispersion of
PtRu NPs that covered more defect sites on the surface of C-
GNS.

As mentioned in above, the excellent dispersibility in sol-
vents is one of the necessary conditions for GNS as superior
support materials. Hence, a comparison of the dispersibility of
GO, GNS, and C-GNS in water was carried out and the cor-
responding result is shown in Fig. S1 (Supporting

Fig. 1 FTIR spectra of GNS, PtRuNPs/GNS, SA, C-GNS and PtRuNPs/
C-GNS
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information). The suspension of GO, GNS, and C-GNS in
pure water with concentrations of 1 mg mL−1 placed for
1 month after ultrasonic treatment. As shown in Fig. S1, there
are no signs of phase separation for GO and C-GNS when the
above solution sitting undisturbed for 1 month. In comparison,
the dispersion of GNS produced black precipitation at the
bottom of tube. This demonstrates that the more carboxyl
groups improves obviously the dispersion of C-GNS in water,
which is helpful for anchoring and growing PtRu catalysts,
and C-GNS are the more excellent support materials for noble
metal catalysts in fuel cells.

Figure 3 shows the TEM images of the PtRu NPs/C-GNS
and PtRu NPs/GNS catalysts. It can be seen from Fig. 3 that
the C-GNS is decorated successfully with lots of well-
dispersed PtRu NPs. Their size distribution was evaluated
statistically through measuring the diameter of 100 PtRu
NPs in the selected TEM images. It is noted that the particle
size of PtRu NPs distributes mainly between 2.2 and 6.2 nm
with an average diameter of ca. 4.0 ± 0.5 nm. Notably, no NPs
aggregation is clearly observed on the C-GNS surface.
However, for the unmodified GNS, PtRu NPs do not disperse
uniformly on the GNS surface and have a broad distribution
(5.5–15.5 nm) with an average diameter of ca. 10.0 ± 2.0 nm.
The reasons for this finding should be as follows. For the
unmodified GNS, there are few defect sites on GNS surface
with uneven distribution. When PtRu NPs are deposited on
the GNS, PtRu NPs tend to deposit on these localized defect
sites, thus leading to poor dispersion and aggregation.
However, for the GNS with SA modification, the carboxyl-
terminated groups on the surface of GNS produces a uniform
distribution of the carboxylic groups that serve as functional
groups for the immobilization of catalysts precursors (PtCl6

2−

and Ru3+) on the surface of the GNS through electrostatic
interaction and coordination. Therefore, a much more uniform
distribution of PtRu NPs is observed on the surface of the C-
GNS supports. Moreover, the SEM is also used to investigate
the morphology of the catalysts and support materials
(Supporting information). Figure S2a and b are the high mag-
nified SEM images of GNS and C-GNS, respectively. Both of
them display obviously layered structure of reduced grapheme
oxide. The highmagnification SEM images of GNS (Fig. S2c,
2e) and C-GNS (Fig. S2d, 2f) indicate that PtRu NPs on the
surface of GNS and C-GNS. Comparing the accumulation-
mode PtRu NPs on the GNS, the PtRu NPs uniformly dis-
persed on the C-GNS with small particle size. Figure S2g and
h (i and j) show the elemental mapping of Pt (Ru) of PtRu
NPs. Both elements are evenly distributed in the whole sur-
face of GNS and C-GNS. The results of TEM and SEM indi-
cate that carboxylic groups play key roles in obtaining PtRu
NPs with high dispersion and small particle size supported on
the GNS surface. On the other hand, the composition of the
prepared catalysts was determined by ICP-AES and the cor-
responding result is shown in Table S1 (Supporting

information). There are 12.63 and 6.39 wt.% of Pt and Ru in
PtRu NPs/C-GNS, whereas PtRu NPs/GNS has 12.58 and
6.44 wt.% of Pt and Ru. The results of ICP-AES show that
the PtRu NPs/C-GNS and PtRu NPs/GNS catalysts have the
same Pt and Ru loadings.

The crystal structure of GNS, C-GNS, PtRu NPs/C-GNS,
and PtRu NPs/GNS catalysts are characterized by the XRD
measurements (Fig. 4). It can be seen that the peak at 2θ =
26.3° in curves can be attributed to the C (002) plane of GNS.
It is noted that both GNS and C-GNS support materials have
very similar XRD pattern and exhibit sharp diffraction peaks
at 2θ = 26.3°, which can be assigned to the graphite crystallo-
graphic planes (002) of graphene. The three peaks at 39.8°,
46.3°, and 67.8° can be assigned to the crystalline diffractions
of Pt (111), Pt (200), and Pt (220), respectively, which indi-
cates the face-centered cubic (fcc) Pt structure of PtRu alloys
in catalysts [1]. It should be noted that the Pt (111) bands at
39.8° are broader and weaker for PtRu NPs/C-GNS than that
for PtRu NPs/GNS, suggesting that the size of PtRu nanopar-
ticles on C-GNS is smaller. Moreover, the average size of
PtRu nanoparticles in both catalysts was calculated based on

Fig. 2 Raman spectrum ofGNS, PtRuNPs/GNS, C-GNS, and PtRuNPs/
C-GNS
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the Pt (220) diffraction peak according to Scherrer’s formula
[1]. The average PtRu crystallite sizes are estimated to be 4.5
and 10.4 nm for PtRu NPs/C-GNS and PtRu NPs/GNS cata-
lysts, respectively. These values agree with the TEM results. It

is well known that high dispersion and small size of PtRu
nanoparticles on C-GNS supports have larger surface areas
and advantages in catalytic activity. Thus, PtRu NPs/C-GNS
catalyst presumably possessed excellent electrocatalytic per-
formance toward methanol oxidation.

The electrochemically active surface area (ESA) of cata-
lysts can reflect the intrinsic electrocatalytic activity of the
catalysts. Here, the CO stripping voltammetry was used to
compare the ESA of PtRu NPs/C-GNS and PtRu NPs/GNS
catalysts. Figure 5 shows the CO stripping voltammograms
and subsequent cyclic voltammograms for PtRu NPs/C-GNS
and PtRu NPs/GNS catalysts in 0.5 M H2SO4 solution at a
scan rate of 50 mV s−1. It can be observed from the voltam-
mograms that for the two catalysts in the first scan, the hydro-
gen desorption peaks are largely suppressed in the lower po-
tential region due to the saturation of Pt surface with COad

species. It is noted that the CVs showed the appearance of
two peaks for CO stripping on PtRu NPs/C-GNS catalysts,
whereas a single oxidation peak appeared on PtRu NPs/GNS
catalysts. No CO oxidation was monitored in the second scan
for the two catalysts, which conforms the complete removal of
COad species. It can be found that for the PtRu NPs/C-GNS
catalysts, the onset potential for CO oxidation is 0.25 V, and
the two peaks potential are 0.34 and 0.47 V, respectively. It is

Fig. 3 TEM images and size
distribution of PtRu NPs of PtRu
NPs/C-GNS (a, c) and PtRu NPs/
GNS (b, d) catalysts

Fig. 4 XRD patterns of GNS, C-GNS, PtRu NPs/C-GNS, and PtRu NPs/
GNS catalysts
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well known that Ru is not active for CO adsorption. The
possible reason for this fact is that some Pt is not alloyed with
Ru and still remains beside the PtRu domain. There are sur-
face Pt atoms with Ru atoms or RuOx in adjacent sites. As the
first peak (0.34 V) shows a lower CO stripping potential, it is
very likely to be the oxidation by OH species that can be
generated in adjacent Ru (RuOx) sites at a lower potential.
However, PtRu NPs/GNS catalysts have onset potential
(0.29 V) and peak potential (0.45 V) for CO oxidation.
Comparing PtRu NPs/GNS catalysts, the negative shift in
the onset for CO oxidation on PtRu NPs/C-GNS catalysts
might indicate that it is more active for CO oxidation, which
can be ascribed to the higher Ru loading in the PtRu NPs/C-
GNS catalysts. The ESA value of the two catalysts were de-
termined using the CO oxidation charge after subtracting the
background current of the subsequent CV curves with the
assumption of 420 μC cm−2 as the oxidation charge for one
monolayer of CO on smooth Pt surface. The results show that
the ESA values of the PtRu NPs/C-GNS and PtRu NPs/GNS
catalysts are 64.1 m2 g−1 and 27.8 m2 g−1, respectively. The
ESA of PtRu NPs/C-GNS catalysts is significantly higher
comparing that of PtRu NPs/GNS because of the nature of

higher dispersion and smaller size of PtRu NPs on C-GNS
surface. This also demonstrates that the PtRu NPs/C-GNS
catalysts are electrochemically more accessible, which is very
important for electrooxidation methanol reactions.

The electrocatalytic activity of the PtRu NPs/C-GNS and
PtRu NPs/GNS as potential electrocatalysts for DMFCs was
characterized by cyclic voltammograms (CVs) and
chronoamperometry (CA) measurements in acidic media.
Figure 6 shows CVs of PtRu NPs/C-GNS and PtRu NPs/
GNS catalysts measured in nitrogen-saturated 0.5 M H2SO4

+ 1.0 M CH3OH aqueous solution. As shown in Fig. 6, the
voltammogram profiles of both two catalysts exhibit the well-
known features of methanol oxida t ion on PtRu
electrocatalysts. As a kinetically controlled reaction, the activ-
ity of methanol oxidation on PtRu catalysts can be represented
by the magnitude of the anodic peak. The higher anodic cur-
rent on PtRu NPs/C-GNS catalysts means their higher elec-
trocatalytic activity, which is in agreement with the observa-
tion of a larger ESA. It is noted that the forward peak current
of methanol oxidation on the PtRu NPs/C-GNS catalysts is
657.3 mA mg−1, being 1.8 times higher than that on the PtRu
NPs/GNS catalysts (361.1mAmg−1), respectively.Moreover,
on the other hand, although the two catalysts have the same
forward peak potential of methanol oxidation (0.65 V), the
onset potential on the PtRu NPs/C-GNS catalysts (0.20 V)
shifts more than 75 mV in negative direction comparing that
of PtRu NPs/GNS catalysts (0.275 V). These show a notice-
able feature that PtRu NPs/C-GNS catalysts exhibit better
electrocatalytic performance for methanol oxidation than
PtRu NPs/GNS catalysts, which can be ascribed to some su-
perior features of PtRu NPs/C-GNS catalysts over the PtRu
NPs/GNS sample: smaller size, better dispersion, and higher
ESA of PtRu NPs on the GNS surface. A comparison to the

Fig. 5 CO stripping voltammograms of PtRu NPs/C-GNS (a) and PtRu
NPs/GNS (b) catalysts 0.5 M H2SO4 aqueous solution at a scan rate of
50 mV s−1. The dotted line voltammograms refer to the second cycle
(after removal of the absorb CO)

Fig. 6 Cyclic voltammograms of PtRu NPs/C-GNS (a) and PtRu NPs/
GNS (b) catalysts in nitrogen-saturated 0.5 M H2SO4 + 1.0 M CH3OH
aqueous solution at a scan rate of 50 mV s−1
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recently reported electrocatalysts [27–29] has been summa-
rized in Table 1. Except Pt/TiO2/r-GO catalysts [29], the
PtRu NPs/C-GNS catalysts provide the higher electrocatalytic
activity toward methanol oxidation with respect to known
oxidation peak potential and current density.

Figure 7 shows the amperometric i-t curves for PtRu NPs/
C-GNS and PtRu NPs/GNS catalysts at a potential of 0.50 V
in a nitrogen-saturated 0.5 M H2SO4 + 1.0 M CH3OH aque-
ous solution for 60 min. Before each experiment was per-
formed, the electrolyte was deaerated with N2 for 15 min.
These curves reflect the activity and stability of the two cata-
lysts in catalyzing the methanol oxidation reaction. The decay
current density decreased rapidly in the initial period for all the
catalysts because of the formation of the intermediate species
(such as COads) during the methanol oxidation reaction. It is
noted that during the whole time, the current density of meth-
anol oxidation on PtRu NPs/C-GNS is higher and the current
density decay is much slower than that of PtRu NPs/GNS
catalysts, though the current decay with time was observed
for the two catalysts modified electrodes. The PtRu NPs/C-
GNS catalysts retain a current density of 66.8 mA mg−1 at
3600 s, which is much higher than that of PtRu NPs/GNS
catalysts (19.74 mA mg−1), indicating that PtRu NPs/C-GNS
catalysts is more suitable for long-term operation. Five repet-
itive measurements on PtRu NPs/C-GNS catalysts gave a
standard deviation of 4.2%, showing good reproducibility of
the catalysts. Furthermore, the amperometric i-t curves for
24 h were carried out and the morphology of the
electrocatalysts after the amperometric tests was investigated
and the results are shown in Fig. S3 and S4, respectively. It is
noted that the PtRu NPs/C-GNS catalysts exhibited higher
long-term stabili ty since their current density of
58.3 mAmg−1 at 24 h. However, the PtRu NPs/GNS catalysts
only retain a current density of 18.1 mAmg−1 at 24 h. On the
other hand, PtRu NPs in the PtRu NPs/GNS catalyst were
seriously aggregated after amperometric tests. The PtRu ag-
gregation (68 (length) × 40 (width) nm) appears in PtRu NPs/
GNS catalyst after potential cycling. However, for the PtRu
NPs/C-GNS electrocatalyst, the morphology does not change
obviously except the slight increase of the particle size (the

diameter is increased from 4.0 ± 0.5 to 7.0 ± 1.5 nm). The
TEM results confirm the excellent long-term operation stabil-
ity of the PtRu NPs/C-GNS electrocatalyst mainly because the
PtRu NPs in the catalyst can keep their size and morphology.
The increased stability also indicates that PtRu nanoparticles
fixed strongly on C-GNS via carboxyl groups as interlinker.
These results in this study demonstrate that the C-GNS pre-
pared by the Friedel-Crafts reaction between succinic anhy-
dride and GNS can be used as efficient and effective catalysts
supports, especially for the development of PtRu
electrocatalysts with high loading for the methanol
electrooxidation in DMFCs.

Conclusions

In summary, we have successfully developed a new strategy
for the synthesis of noble metal NPs/GNS nanohybrids based
on the carboxylated-graphene nanosheets. Thanks to the ex-
cellent dispersion of C-GNS in water and its much higher
density and homogeneity of surface carboxyl groups, small
PtRu NPs with an average diameter of ca. 4.0 ± 0.5 nm were

Table 1 Methanol oxidation
behavior of various
electrocatalysts

Electrocatalyst Peak potential (mV vs.
SCE)

Peak current
(mA mg−1)

Reference

PtRu NPs/C-GNS 0.65 657.3 This work

PtRu NPs/GNS 0.65 361.1 This work

PtCo@Co-BA/Gr 0.70 283.6 Reference [27]

Pt@holey r-GO@Pt hollow spheres 0.65 572.5 Reference [28]

Pt@r-GO@Pt hollow spheres 0.65 440.4 Reference [28]

Pt/TiO2/r-GO 0.63 698.9 Reference [29]

Pt/SnO2/r-GO 0.65 609.5 Reference [29]

Fig. 7 Chronoamperometry curves of PtRu NPs/C-GNS (a) and PtRu
NPs/GNS (b) catalysts in nitrogen-saturated 0.5 M H2SO4 + 1.0 M
CH3OH solutions at 0.5 V

4606 Ionics (2020) 26:4599–4608



uniformly deposited on C-GNS surface. Comparing to PtRu
NPs/GNS catalysts, PtRu NPs/C-GNS catalysts toward meth-
anol electrooxidation exhibit significantly enhanced catalytic
current density, lower oxidation peak potential, and longer-
term operation stability, due to the smaller particle size and
higher dispersion of PtRu NPs on C-GNS, higher ESA. The
developed C-GNS should be the promising catalysts support
for noble metal NPs in fuel cells.
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