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p-N-S-rGO. The obtained catalysts (Pt–N-S-rGO and 
Pt-p-N-S-rGO) were characterized by scanning elec-
tron microscopy (SEM), high-resolution transmission 
electron microscopy (HRTEM), energy-dispersive 
X-ray spectroscopy (EDX), mapping, X-ray powder 
diffraction (XRD), and X-ray photoelectron spectros-
copy (XPS). Electrochemical performance of pre-
pared electrodes for methanol oxidation was investi-
gated by cyclic voltammetry (CV), electrochemical 
impedance (EIS), and amperometric measurements. 
Current densities of Pt–N-S-rGO and Pt-p-N-S-rGO 
electrodes were determined as 139.4  mA/cm2 and 
86.17  mA/cm2, respectively. Besides, Pt–N-S-rGO 
exhibited higher anti-CO poisoning properties than 
Pt-p-N-S-rGO. It was concluded that the strong inter-
action between the oxidized S group and Pt caused Pt 
deposited on the graphene layer with ultra-small size 
and homogeneous, which increased catalytic activity 
of Pt–N-S-rGO towards methanol oxidation. Further-
more, it was found that Pt–N-S-rGO revealed 95.34% 
stability even after the long-term accelerating test.

Keywords N-S co-doped · Methanol oxidation · 
Graphene · Pt nanoparticles · Nanostructured 
catalysts

Introduction

Over the past decades, almost all studies about direct 
methanol fuel (DMFC) cells have been focused on 

Abstract Designing a highly efficient catalyst for 
methanol oxidation largely depends on fabricating a 
new material that exhibits a superior synergistic effect 
with Pt. Until now, heteroatom-doped graphene has 
been used as a promising material for deposition of 
highly ultrafine Pt particles. Also, each heteroatom 
has different configurations that affect the catalytic 
activity of the catalyst. N and S-doped graphene layer 
includes different types as a thiophenic S and oxidized 
S and different N types as a pyrrolic, graphitic, and 
pyridinic N. In this study, the effect of different types 
of S and N atoms (S type and N type) on methanol 
oxidation was investigated. For this, N, S co-doped 
graphene layer and its pyrolysed form at 500  °C 
were obtained and labeled N-S-rGO and p-N-S-rGO. 
Then, Pt was deposited chemically on N-S-rGO and 
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enhancing the kinetics of methanol oxidation. For this 
purpose, different electrode materials were fabricated. 
Although Pt has been regarded as a promising mate-
rial for DMFC, it is easily poisoned by intermediate 
products of methanol oxidation that affect the perfor-
mance of the cell [1, 2]. In addition, Pt is not suitable 
for commercial usage due to its high price [1]. There-
fore, synthesized new catalyst compared to bulk Pt 
electrode should show higher catalytic activity even 
including a low amount of Pt.

Graphene is an excellent supporting material due 
to its good electrical, mechanical properties as well as 
high specific surface area [3, 4]. Recently, graphene-
based catalysts have been developed with low content 
of Pt to enhance the methanol oxidation compared to 
bulk Pt [3, 5]. However, according to the results of 
the studies, graphene does not meet the expectations 
sufficiently due to its chemical low inertness and easy 
agglomeration through hydrophobic interaction [3]. 
These problems limit its usage; to overcome them, it 
is necessary to improve its features. To activate gra-
phene, various atoms such as transition metals, halo-
gens, and heteroatoms have been used as a dopant [6]. 
All dopants enhance the electron density in the gra-
phene sheet and improve the electrocatalytic surface 
in the catalyst. Moreover, many studies showed that 
doping two different heteroatoms into the graphene 
layer could provide much more electroactive sites and 
catalytic ability toward various electrochemical reac-
tion [7, 8]. In addition, it is reported that heteroatoms 
of different configurations are formed during the dop-
ing process and these configurations affect the reac-
tion kinetics. For example, Jiang et  al. investigated 
the effect of pyridinic and pyrrolic-nitrogen on elec-
trochemical performance of Pd for formic acid elec-
trooxidation. They found that pyrrolic N enhanced 
the formic acid oxidation reaction compared to pyri-
dinic N [9]. Yang et  al. examined N, S heteroatom 
doped on graphene oxide catalyst including different 
configurations of N and S atom for oxygen reduction 
reaction (ORR). They reported that the content of dif-
ferent configurations of N and S atom affects the per-
formance of the reaction [10]. In a few studies about 
electroreduction of  CO2, the effect of different config-
urations of N and S atom on reduction pathway was 
investigated [7, 11].

Recently, Pt nanoparticle-deposited N, S co-doped 
graphene-based catalysts also have been examined for 
MOR [1, 3, 12]. For all mentioned electrodes, Pt was 

deposited after N and S atom doped into graphene, 
carbon nanotube with carbonization step. However, 
in these studies, there has been no investigation into 
which configuration of heteroatoms improved the 
kinetic of MOR. Our aim is to investigate which con-
figuration of N and S enhances the MOR rate.

It is known that thanks to heat treatment under an 
inert atmosphere, heteroatoms such as N, S can be 
doped on graphene with different configurations. In 
this study, we have synthesized two different catalysts 
based on graphene doping with N and S with and 
without pyrolysis. They were examined for MOR in 
acidic media.

Materials and method

Graphene oxide (GO) synthesis

Graphene oxide was prepared according to modi-
fied Hummers’ method. Herein, 0.5  g graphite 
powder (Sigma 325 mesh) and 0.25  g  NaNO3 were 
mixed with concentrated sulfurıc acid (25  mL) in a 
250 mL round bottom flask and stirred in an ice bath 
for 1 h. Afterward, 1.5 g  KMnO4 was slowly added 
into the mixture and the temperature was kept under 
5 °C. After 2 h, the temperature was kept at 35 °C for 
30 min, bi-distilled water (25 mL) was added, and the 
mixture was heated up to 95 °C and kept for 15 min. 
Then, 125 mL of water and 2 mL of  H2O2 were added 
to complete the process. Finally, the mixture was 
centrifuged and washed by 0.1 M HCl solution. The 
products were dried at 70 °C for 24 h.

Catalyst synthesis

For synthesis of N-rGO, 65 mg GO was dispersed in 
40 mL bi-distilled water and was mixed for an hour; 
0.3 g urea was added to the GO solution, which was 
mixed again for an hour. After that, the pH of the 
solution was adjusted to 9‒10 with  NH4OH. In the 
last step, the mixture was transferred to a Teflon-lined 
autoclave and maintained at 180 °C for 14 h. The sol-
ids were filtered and washed with distilled water and 
methanol several times.

For N-S rGO synthesis, instead of urea, 0.42 thiou-
rea was added in GO solution. The other steps are the 
same as the above procedure. Then, the obtained N-S-
rGO was calcined at 500 °C for 2 h and it is labeled 
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p-N-S-rGO (p: pyrolysed). Finally, three catalyst 
powder samples were collected, and for fabricated 
catalyst, Pt was deposited on their surface chemically. 
For this, the pre-obtained powders were dispersed 
in 35  mL ethylene glycol and 5  mL distilled water. 
Afterward, 2 mg chloroplatinic acid hexahydrate was 
added to the reaction mixture, which was refluxed at 
a temperature of 115  °C for 4  h. Then, the mixture 
was centrifuged and washed with water and ethanol 
and dried at 70  °C in an oven. In addition, the per-
formances of the fabricated electrodes for MOR were 
compared with Pt/C which was synthesized and used 
in our previous research [13].

Characterization of catalysts

An energy-dispersive X-ray spectrometer (EDS), field 
emission microscopy (FESEM), and high-resolution 
transmission electron microscopy (TEM, Hitachi 
Hightech HT7700) were used to determine surface 
morphology of catalyst and their elemental compo-
sition. Mapping of catalysts was recorded to observe 
distribution of particles. An X-ray diffractometer with 
a Cu-Kα (λ = 1.54  Å) irradiation used as an X-ray 
source (40 kV/30 mA) was used to collect X-ray dif-
fraction patterns (XRD).

Electrochemical measurements

To carry out electrochemical measurements, the 
electrodes were fabricated by dropping the prepared 
catalysts onto a glassy carbon electrode (GCE, 3 mm 
diameter, surface area 0.07   cm2). Briefly, catalyst 
(5 mg) was dispersed in a solution of 100 µL ethanol 
and 5 µL Nafion (Ion-Power, 152%) via ultrasonica-
tion for 1 h. Then, catalyst ink (10 µL) was dropped 
onto a GCE and dried at 50 °C.

The electrocatalytic performance of pre-prepared 
Pt/C, Pt–N-rGO, Pt–N-S-rGO, and Pt-p-N-S-rGO 
samples was examined via CHI-660C electrochemi-
cal workstation. For the comparison of electrode 
performances in acidic media and methanol oxida-
tion measurements, Pt and Ag/AgCl were used as 
counter electrode reference electrodes, respectively. 
The electrochemical surface area (ECSA), long-term 
durability, effect of concentration and scan rate, and 
charge transfer of catalyst were examined by the CV, 
amperometric and EIS measurement in 0.5 M  H2SO4 
including 0.5 M MeOH.

Result and discussion

SEM analysis

SEM images of Pt–N-rGO, Pt–N-S-rGO, and Pt-p-N-
S-rGO are shown in Figs.  1a–c. It is reported that 
the defect of graphene layer increased with S con-
tent [14]. It is seen from the figure that Pt–N-S-rGO 
exhibits a layer accompanied with porous surface 
compared to Pt–N-rGO. After thermal annealing, this 
porous structure converts to a compact surface. The 
mapping analysis result shows that Pt has dispersed 
more homogenous on N-S-rGO compared with p-N-
S-rGO (Figs. 1d, e and Fig. S1). In Fig. 1e, it is seen 
that N and S interact homogeneously with graphene. 
Therefore, C, marked in red, could not be observed as 
it was obscured by the mentioned atoms.

According to the EDX result, the elemental com-
position of Pt–N-S-rGO and Pt-p-N-S-rGO catalysts 
includes N, S, O, and Pt elements, which shows that 
they are successfully doped on graphene. In addi-
tion, Table 1 shows the observed elements and their 
weight percentage values. The reason why oxygen 
is observed may be because graphene oxide is not 
properly converted to graphene. It was determined 
that C content is increased with high temperature 
while O decreased. In addition, the content of S 
decreased after annealing. That is an expected result 
that under high temperature S atoms incorporated 
into the carbon lattice hardly because of its high 
molecular weight [15]. To support mapping analysis 
of the Pt–N-S-rGO catalyst, TEM measurement of 
the same catalysts was carried out. As can be seen 
from Fig. 2, on the graphene layer, Pt deposited with 
ultra-nanosize.

XRD measurement

The XRD patterns of catalysts are shown in Fig. 3. All 
diffrograms have the same peak located at 2θ = 40°, 
45.8°, 67.2°, and 81.2° which can be indexed to the 
(111), (200), (220), and (311) corresponding to the 
cubic structure of Pt [16]. On the other side, the inset 
figure in Fig. 3 displays that the diffraction pattern of 
GO which has a sharp peak at 2θ = 11.8° is associated 
with the reflection on the (001) plane [17, 18]. The 
observed peaks at 2θ = 25.78°, 23.38°, and 25.84° for 
Pt–N-rGO, Pt–N-S-rGO, and Pt-p-N-S-rGO, respec-
tively, are the characteristic peaks of the reduced 
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Fig. 1  SEM images of (a) Pt–N-rGO, (b) Pt–N-S-rGO, and (c) Pt-p-N-S-rGO catalysts and elemental mapping images of (d) Pt-
p-N-S-rGO and (e) Pt–N-S-rGO

Table 1  Elemental composition of Pt–N-S-rGO and Pt-p-N-S-rGO catalysts and their weight percentage values from EDX result

Catalyst C (wt. %) N (wt. %) S (wt. %) O (wt. %) Pt (wt. %)

Pt–N-S-rGO 37.78 6.48 2.2 16.35 37.19
Pt-p-N-S-rGO 44.02 6.71 1.79 11.46 36.03

Fig. 2  TEM image of Pt–N-S-rGO
Fig. 3  XRD patterns of Pt–N-rGO, Pt–N-S-rGO, and Pt-p-N-
S-rGO
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GO that indicates deoxygenation process occurs suc-
cessfully [17]. When graphene co-doped with N and 
S, the peak shifted from 23.38° to 25.84°, and after 
annealing, N-S-rGO peak intensity increased due to 
higher graphitic degree [19]. (Note: other observed 
peaks belong to indium tin oxide glass (ITO) which 

was used as supporting material to perform the char-
acterization of the samples.)

Using the Debye–Scherrer approach (D = Kλ/βcosθ) 
from XRD spectra, the mean grain sizes of Pt were 
estimated as 4.24 nm, 2.345 nm, and 3.13 nm for Pt–N-
rGO, Pt–N-S-rGO, and Pt-p-N-S-rGO, respectively.

Fig. 4  XPS spectra of (a) Pt–N-S-rGO and Pt-p-N-S-rGO and their high resolution of (b, c) N1s and (d, e) S2p
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XPS measurement

In Fig.  4a, comparison XPS spectra of Pt-p-N-S-rGO 
and Pt–N-S-rGO are shown. Both spectra include 
C1s (284.8  eV), O1s (532  eV), Pt4f (71–75  eV), N1s 
(399.3 eV), and S2p (168.4 eV) signals. However, it was 
observed that the signals of Pt–N-S-rGO have a higher 
intensity than Pt-p-N-S-rGO indicating that maybe the 
enhanced electronic effect between Pt and N-S-rGO is 
stronger than p-N-S-rGO [3]. In Fig. 4b, the high-reso-
lution S2p spectrum of Pt-p-N-S-rGO was deconvoluted 
to produce five peaks at 161.7 eV, 163.5 eV, 168.15 eV, 
169.53 eV, and 171.9 eV. In Fig. 4c, the high-resolution 
S2p spectrum of Pt–N-S-rGO was deconvoluted to pro-
duce six peaks at 162.03  eV, 163.47  eV, 167.183  eV, 
168.12 eV, 169.31 eV, and 170.22 eV. For both samples, 
S2p spectrum exhibited two pairs of peaks, originating 
from the thiophene like C-S-C and C-SOx groups [3]. 
The ratio of peak area of C-S-C and C-SOx was deter-
mined as 0.44 and 0.99 for Pt–N-S-rGO and Pt-p-N-S-
rGO, respectively. It is suggested that the C-SOx group 
is dominant in Pt–N-S-rGO. Additionally, although N1s 
spectrum of Pt–N-S-rGO and Pt-p-N-S-rGO decon-
voluted into different peaks, the main peak belongs to 
the pyrrolic N (Figs. 4d, e). When comparing the peak 
areas of pyrrolic N peaks for both catalysts, it is seen 
that Pt–N-S-rGO has the highest pyrrolic N peak area. 
It is reported that pyrrolic N shows n-type conductivity, 

Table 2  Elemental composition of Pt–N-S-rGO and Pt-p-N-S-
rGO catalyst and their weight percentage values determined by 
XPS analysis

Pt-p-N-S-rGO Pt–N-S-rGO

Element wt. % wt. %
C 55.06 43.31
O 10.71 8.94
Pt 29.88 43.65
N 2.22 1.75
S 2.14 2.35

Fig. 5  CVs of the Pt–N-rGO, Pt–N-S-rGO, and Pt-p-N-S-rGO 
catalyst in 0.5 M  H2SO4 (scan rate: 30 mVs.−1)

Fig. 6  CVs of the Pt–N-rGO, Pt–N-S-rGO, and Pt-p-N-S-
rGO catalyst in 0.5  M  H2SO4 including 0.5  M  CH3OH scan 
rate = 30 mV s.−1

Fig. 7  Chronoamperometric curves of the Pt–N-rGO, Pt–N-
S-rGO, and Pt-p-N-S-rGO catalyst in 0.5 M  H2SO4 including 
0.5  M  CH3OH at the constant potential at maximum current 
intensity
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indicating that it can transfer charge faster than other N 
types [20]. Therefore, N-S-rGO surface promotes the 
electron transfer faster compared to p-N-S-rGO. Fur-
thermore, Table  2 lists the elemental composition of 
Pt–N-S-rGO and Pt-p-N-S-rGO and their wt. %. Both 
EDX and XPS results showed that the Pt content in 
Pt–N-S-rGO is higher than that in Pt-p-N-S-rGO. It is 
concluded that N-S-rGO provided active sites for excess 
Pt deposition compared to p-N-S- rGO.

Electrochemical measurements

Cyclic voltammograms of Pt–N-rGO, Pt–N-S-rGO, 
and Pt-p-N-S-rGO catalysts in 0.5  M  H2SO4 can 

be seen in Fig.  5. In all CVs, hydrogen adsorption/
desorption peaks were observed in a range of − 0.25 
and − 0.1  V. From this range, it can be calculated 
ECSA of the Pt-based catalysts [21]. According to 
the equation, ECSA = QH/(0.21 mC  cm−2 × mPt), the 
ECSA value of Pt–N-rGO, Pt-p-N-S-rGO, and Pt–N-
S-rGO was calculated as 143.54  m2g−1, 155.3  m2g−1, 
and 172.6   m2g−1, respectively. Although the val-
ues are close to each other, the highest ECSA value 
belongs to Pt–N-S-rGO. As known, the particle size 
of the catalyst decreases as the ECSA values increase. 
According to the literature, sulfur species is com-
monly used as a capping agent for the deposition of 
metal particles [15]. Among the fabricated catalysts, 

Fig. 8  (a) CVs of Pt–N-S-rGO in 0.5  M  H2SO4 and differ-
ent concentrations of methanol (0.1, 0.2, 0.3, 0.4, and 0.5 M). 
(b) CVs of Pt–N-S-rGO at various scan rates (20, 30, 40, 50, 

60, 80, and 100   mVs−1) in 0.5 M  H2SO4 and 0.5 M  CH3OH. 
(c) The variations of the forward peak currents versus ν1/2. (d) 
Relationship of log ν–log ĵ 
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those with S content have high ECSA values. This 
result indicates that the presence of S enhances the 
deposition of Pt with nano-sized particles. Also, 
according to the estimated ECSA values, the C-SOx 
group and pyrrolic N promote the deposition of ultra-
nano-sized Pt particles more than the C-S-C group 
and other N configurations. This result is also sup-
ported by XRD measurement.

Figure 6 shows the CVs of Pt–N-rGO, Pt-p-N-S-
rGO, and Pt–N-S-rGO catalysts in a 0.5  M  H2SO4 
electrolyte including 0.5  M  CH3OH. All Pt-based 
catalysts showed the characteristic anodic (in for-
ward scan) and cathodic (in backward scan) peaks 
of Pt for MOR. As it can be seen from this figure, 
among catalysts, Pt–N-S-rGO has the highest peak 
current density in the forward scan associated with 

a higher methanol oxidation activity. When its cur-
rent density is compared with Pt/C (Fig.  S2a), it 
was observed that it is higher 8.5 times. Pt–N-rGO 
exhibited low catalytic activity towards MOR com-
pared to Pt-p-N-S-rGO and Pt–N-S-rGO. On the 
other hand, Pt–N-S-rGO showed higher catalytic 
activity towards MOR compared to Pt-p-N-S-rGO. 
This result depends on two main approaches [22, 
23]. It is reported that S and N group enhanced the 
methanol decomposition rate. For MOR, a higher 
anodic current means the electrode has a higher 
methanol decomposition ability. Therefore, the first 
approach is in the presence of the C-SOx group and 
pyrrolic N, methanol decomposition ability greater 
than in the presence of the C-S-C group and other 
N species. Secondly, as mentioned above, Pt–N-S-
rGO has the lowest particle size of Pt that distrib-
uted homogeneously on graphene because of the 
presence of the C-SOx group and pyrrolic N. There-
fore, among fabricated catalysts, Pt–N-S-rGO has 
the highest surface area which enhanced the meth-
anol adsorption. It is thought that two effects may 
have increased the catalytic activity of Pt–N-S-rGO 
towards methanol oxidation.

To understand the CO tolerance ability of Pt-based 
catalysts, chronoamperometric measurement was 
recorded at fixed potential of 0.65 V (Fig. 7). Current 

Fig. 9  (a)The  1st and  200th cycles of Pt–N-S-rGO catalyst in 
0.5 M  H2SO4 including 0.5 M  CH3OH electrolyte. (b) Durabil-
ity study for methanol on Pt–N-S-rGO catalyst in 0.5 M  H2SO4 
including 0.5 M  CH3OH electrolyte

Fig. 10  Nyquist diagrams of Pt–N-rGO, Pt-p-N-S-rGO, 
and Pt–N-S-rGO catalysts in 0.5  M  H2SO4 including 0.5  M 
 CH3OH at the constant potential and the maximum current 
intensity
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densities of all catalyst were dropped dramatically 
due to accumulation of intermediate species such as 
 COads,  CH3OHads, and  CHOads. However, when look-
ing at the first 250  s, Pt–N-S-rGO showed a good 
anti-poisoning property compared to its counterparts 
and Pt/C (Fig. S2b), and this property of the electrode 
continued throughout the measurement. Its good anti-
poisoning property may be related to preventing the 
loss of the active surface area of Pt as a result of the 
strong interaction of Pt with the C-SOx group and 
pyrrolic N.

Effect of methanol concentration and scan rate 
on MOR

Figure  8a shows the CVs of Pt–N-S-rGO in 0.5  M 
 H2SO4 and including different concentrations of 
methanol. As it can be seen in Fig.  8a, the current 
increased with concentration of methanol. In addi-
tion, when the concentration of methanol increases, 
the peak potential shifts to more positive values. This 
result may depend on IR drop due to high oxidation 
current at high concentrations [2]. Moreover, to fur-
ther investigate the kinetics of the methanol oxidation 
on the Pt–N-S-rGO catalyst, the CVs were recorded 
at different scan rates (Fig.  8b). The relationship 
between oxidation peak current (in forward scan) and 
scan rate is shown graphically in Fig. 8c. According 
to both figures, the current density increased with 
increasing scan rate. As shown in Fig. 8d, the slope of 
the linearity between log j and log ν was found 0.165; 
this value in the range of 0 < x < 5 indicates that the 
process is diffusion controlled [24].

Stability

To investigate the stability of catalysts for MOR, con-
tinuous 200 cycles were recorded between 0 and 1 V 
in 0.5  M  H2SO4 including 0.5  M  CH3OH solution. 
The  1st and  200th cycles of N-S-rGO-Pt were com-
pared as shown in Fig. 9a. In Fig. 9b, the graphic of 
the current densities versus cycle numbers shows that, 

after 200 cycles, electrode preserves its stability of 
95.336%.

EIS measurement

To compare the catalytic activity of electrodes, EIS is 
used commonly. In Fig. 10, it is seen the Nyquist dia-
grams of all Pt-based electrodes that were recorded 
in a mixture of 0.5 M  H2SO4 including 0.5 M MeOH 
at 0.3 V. The related electrical equivalent circuit dia-
gram (EECD) is shown in Fig.  10. The EECD con-
sists of two resistances that implies the resistance of 
the electrode/electrolyte interface (R1) at high fre-
quencies and charge transfer resistance (R2) at low 
frequencies, respectively [25]. The EIS data were 
fitted by Zview.2b software. According to the fit-
ting results, charge transfer resistance (R2) of Pt–N-
rGO, Pt-p-N-S-rGO, and Pt–N-S-rGO was found to 
be 351.8, 132, and 80.47  Ω, respectively (Table  3). 
The different R2 values indicate that Pt has a different 
interaction with supporting materials which formed 
different elemental configurations of S and N. The 
charge mobility in Pt–N-S-rGO electrode enhances 
due to the presence of C-SOx and pyridine N configu-
rations that shows a synergistic effect with Pt. Based 
on the results, among the fabricated electrodes, Pt–N-
S-rGO with low charge transfer resistance has more 
catalytic activity toward methanol oxidation.

Conclusion

In this study, the catalytic effects of different con-
figurations of S and N atoms, including thiophenic 
and oxidized S and pyrrolic, graphitic, and pyri-
dinic N, on the methanol oxidation were investi-
gated. N-S-rGO and p-N-S-rGO were prepared as 
support materials for Pt deposition. Through XPS 
analysis, it is concluded that N-S-rGO includes 
a higher amount of oxidized S group compared to 
p-N-S-rGO. Due to the high amount of oxidized S 
group and pyrrolic N, Pt was able to be deposited 

Table 3  Fitting results of 
EIS measurements of the 
Pt–N-rGO, Pt-p-N-S-rGO, 
and Pt–N-S-rGO catalysts

Electrode CPE1-T (µF) CPE1-P (n) R1 (Ω) CPE2-T (mF) CPE2-P (n) R2 (Ω)

Pt–N-rGO 0.088 0.95 33.23 0.0038 0.506 351.8
Pt-p-N-S-rGO 0.1203 0.93 26.2 0.0057 0.654 132
Pt–N-S-rGO 0.1919 0.91 25.39 0.007 0.758 80.47



 J Nanopart Res          (2022) 24:233 

1 3

  233  Page 10 of 11

Vol:. (1234567890)

on N-S-rGO at a lower nanoscale and more homo-
geneous compared to p-N-S-rGO. This data is also 
supported by mapping analysis. According to the 
experimental result, it was observed that the oxi-
dized S group and pyrrolic N promote the methanol 
decomposition ability of the electrode. This situa-
tion enhanced the methanol oxidation performance 
of Pt–N-S-rGO with high ECSA (172.6   m2g−1), 
high current density (139.4 mA/cm2), high anti-CO 
poisoning capability, and high stability (95.34%).
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