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Abstract
The higher methanol utilization efficiency in direct methanol fuel cell (DMFC) is one of the key factors that determine the 
performance of DMFC. Herein, we have synthesized bimetallic PtCo nano-particles (with optimized Pt:Co ratio) decorated 
reduced graphene oxide (rGO) nano-composite as anode catalyst. The electrochemical response of optimized PtCo (1:9)/
rGO catalyst revealed efficient oxidation of 5 M methanol in half-cell configuration with ~ 60% Faradaic efficiency. A cur-
rent density of 463.5 mA/cm2 and a power density of 136.8 mW/cm2 were achieved using PtCo (1:9)/rGO anode catalyst 
in a complete DMFC set-up at 100 °C with 5 M methanol supply which is ~ three times greater as compared to commercial 
Pt/C (48.03 mW/cm2). The low activation energy of 9.88 kJ/mol indicates the faster methanol oxidation reduction (MOR) 
kinetics of PtCo (1:9)/rGO anode catalyst. Furthermore, the higher methanol utilization and open-circuit voltage in com-
plete DMFC using PtCo (1:9)/rGO as compared to commercial Pt/C indicate the reduced methanol crossover. The excellent 
catalytic behavior of PtCo (1:9)/rGO towards MOR and high methanol utilization warrant its potential application as anode 
catalyst in DMFC.
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Introduction

Direct methanol fuel cells (DMFCs) are the promising 
source of green and affordable energy which directly con-
verts chemical energy into electrical energy [1]. Methanol is 
considered as an attractive organic fuel due to its high power 
density (theoretical power density of 6100 Wh/kg at 25 °C, 
30–40 times compared to Li-ion battery), low exhaust, and 
low operating temperatures [2, 3]. Despite its promises, 
DMFC suffers from sluggish reaction kinetics of methanol 
oxidation at the anode. Furthermore, the cell performance 
is considered to be adversely affected by the methanol 

crossover, whereas the use of high methanol feed is consid-
ered advantageous for DMFCs. The reaction kinetics at the 
anode could be enhanced significantly by appropriate choice 
of catalyst that could reduce the initial activation over poten-
tial [4]. Conventionally, platinum supported on carbon has 
been used as an anode catalyst, but its activity degrades due 
to carbon monoxide (CO) poisoning and other carbonaceous 
species adsorption [5]. To overcome catalyst poisoning, Pt 
active sites could be regenerated by engineering the surface 
electronic and chemical properties via electronic structure 
manipulation through impregnation of transition metals 
(Co, Ni, Fe, Cr, V, and Ru), which will assist in dissociative 
adsorption of water molecules to form  OH− species near Pt 
surface. These  OH− species will promote the oxidation of 
CO on neighboring Pt sites and thereby facilitating its regen-
eration for further methanol oxidation reaction (MOR) [6].

Moreover, to attain maximum utilization efficiency and 
minimum platinum usage, the ultrafine Pt–M (M=Co, Ni, 
Cr, Pd, and Rh) alloys having large surface area with maxi-
mum active sites are proposed. However, the agglomera-
tion and Ostwald’s ripening of nano-particles may lead to 
deterioration in stability and activity of these alloys [7]. 
Recently, various engineered allotropes of carbon such as 
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carbon black, carbon nanotubes, graphene, and graphene 
oxide (GO) have been investigated as a support matrix owing 
to their high surface area and a better electron conductivity 
[8]. The oxidized form of graphene, i.e., reduced graphene 
oxide (rGO) acts as a conductive material to modulate the 
electrochemical reaction in a controlled fashion. The pres-
ence of functional groups such as –OH and –COOH on rGO 
nanosheets provide sites for metal anchoring and their 2D 
structure allow higher loading of nanosize catalysts with 
almost no agglomeration contributing to higher current effi-
ciency during MOR [9–11]. Furthermore, the hydrophilic 
nature of rGO promotes water activation at lower poten-
tial and induce the oxidation of adsorbed CO on active Pt 
sites of pure Pt or Pt–M nano-catalysts, by the bi-functional 
mechanism [12–14]. Among numerous reported bimetallic 
Pt-based catalysts, PtCo is considered a better catalyst as the 
incorporation of Co into the lattice of platinum introduce 
enhanced Pt d-band vacancies which modify the adsorp-
tion energy of the carbonaceous species on Pt surface and 
produce oxidized species at a lower potential [15, 16]. The 
modified electronic structure of PtCo alloys affects Pt–Pt 
bond distance resulting in easier adsorption of oxygen moi-
eties on to alloy nano-particles and reduced CO poisoning 
[17]. Recently, we have reported the synthesis of PtCo nano-
particles with varying Pt and Co molar ratio onto rGO sup-
port using co-impregnation reduction method, where PtCo 
(1:9)/rGO catalyst showed the highest catalytic activity and 
long-term stability towards MOR [18].

In the present work, we have investigated the methanol 
oxidation efficiency and electrical performances of PtCo 
(1:9)/rGO catalyst at varying operating conditions and 
compared them with commercially available Pt/C cata-
lyst. The detailed study of PtCo (1:9)/rGO electrocatalyst 
towards Faradaic efficiency, methanol utilization percentage, 
and activation energy for MOR have been carried out. The 
results for PtCo (1:9)/rGO catalyst show higher CO toler-
ance, resistance to methanol crossover, and high power den-
sity using 5 M methanol fuel feed (highest reported value to 
the best of our knowledge) indicating its commercial poten-
tial in DMFCs.

Experimental

Materials required

H2PtCl6·6H2O (Alfa Aesar, 99.9%) and  CoCl2·6H2O (Alfa 
Aesar, 98%) were used as platinum and cobalt metal precur-
sors, respectively, for the preparation of anode electrocata-
lysts.  NaNO3 (Merck, Germany, > 98%),  KMnO4 (Merck, 
Germany, > 98%),  H2O2 (Alfa Aesar, 30% in water), NaOH 
(Merck, Germany, > 98%), and  (CH2OH)2 (Merck, Ger-
many) were used to prepare the catalyst.  Nafion® 117 (DE 

521, DuPont, USA) dispersion was used to prepare catalyst 
slurry. Methanol  (CH3OH) (Merck, Germany, > 98%) and 
sulfuric acid ((H2SO4) Merck, Germany) were used as fuel 
and as electrolyte, respectively. Ultrahigh-purity graphite 
powder (Ultra Carbon, USA) was used for the synthesis 
of (GO). Commercially used Pt/C catalyst was procured 
from Alfa asear. De-ionized (DI) water was used for all the 
experiments.

Preparation of graphene oxide

Graphene oxide has been synthesized from graphite powder 
using modified Hummers method reported by Kovtyukhova 
et al. [19]. The pre-oxidized graphite powder (0.5 g) was 
treated with concentrated sulfuric acid (20 mL) at 0 °C. 
Then,  NaNO3 (0.5 g) and  KMnO4 (1.5 g) were added with 
continuous stirring. After keeping the mixture at room 
temperature for 3 h, the temperature was raised to 35 °C 
and stirred for 30 min. In the resulting mixture, DI water 
(100 mL) was added slowly and the temperature of the solu-
tion increased as result of the exothermic reaction. After 
bringing the solution to room temperature, 30%  H2O2 (1 mL) 
was added and centrifuged at 12,000 rpm till a pH value 
of 7 is attained. This GO powder was further used for the 
preparation of different compositions of PtCo/rGO electro-
catalysts by the co-impregnation reduction method.

Catalyst preparation

The PtCo (1:9)/rGO electrocatalyst has been prepared using 
co-impregnation reduction and the detailed method with 
optimization has been published elsewhere [18]. A calcu-
lated amount of graphene oxide, Pt, and Co metal precursors 
were first refluxed and stirred with ethylene glycol at 120 °C 
for 5 h and then ultrasonicated for 2 h. The resulting solution 
was washed, centrifuged, and vacuum dried to obtain the 
desired ratio of PtCo/rGO catalysts.

Physical characterization

The structural properties of rGO and PtCo/rGO were stud-
ied by powder X-ray diffraction using Rigaku miniflex-300 
bench top X-ray diffractometer having Cu Kα (λ = 1.541Å) 
X-ray source. The infrared spectra of synthesized support 
and catalyst were measured in ATR mode using Agilant 
Cary 360 Fourier transform infrared (FTIR) spectrometer. 
Raman measurements were conducted on Ranishaw win-via 
reflex spectrometer within the spectral range of 500–3000/
cm. Atomic Force Microscope nanoscope (Veeco V) was 
used to identify the formation of single or few layers of 
graphene oxide by capturing topographical images in tap-
ping mode. The morphology of rGO, commercial Pt/C and 
PtRu/C and PtCo/rGO anode catalysts and the dispersion 
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nano-particles onto reduced graphene oxide nanosheets was 
studied using transmission electron microscopy (TEM), Tec-
nai G2 F30 S-Twin (FEI; Super twin lens with Cs = 1.2 mm) 
instrument operated at accelerating voltage of 300 kV, hav-
ing a point resolution of 0.2 nm and lattice resolution of 
0.14 nm. The morphology of rGO was also imaged using 
scanning electron microscopy (SEM), FEI, and Quanta FEG 
450. X-ray photoelectron spectroscopy (XPS) measurements 
were performed using monochromatic AlKα X-ray source 
and EA 125 HR electron analyzer from Omicron GmBH. 
Core levels were acquired using 20 eV pass energy. Overall 
experimental resolution is about 0.4 eV and binding energy 
(BE) calibration of spectrometer is done using Fermi edge 
position of a clean polycrystalline silver foil. Shirley back-
ground subtraction was performed on each core level. Uncer-
tainty in determining the BE position and full width at half 
maximum (FWHM) is estimated to be ± 0.05 eV. Uncer-
tainty in determining relative percentage is estimated to be 
± 5% of the base value.

Electrochemical measurements

The electrochemical activity of commercial Pt/C and PtCo 
(1:9)/rGO catalyst has been evaluated using cyclic voltam-
metry in a standard three-electrode cell using electrochemi-
cal workstation (Palm Sens 3) at room temperature. Ag/AgCl 
was used as a reference electrode and Pt mesh as the coun-
ter electrode. Glassy carbon (GC) was used as the working 
electrode. For the preparation of working electrode, 2.5 mg 
of the catalyst was dispersed in 500 µL of 5%  Nafion® 117 
dispersion and ultrasonicated for 1 h. 5 µL of the dispersed 
electrocatalyst was drop cast onto the glassy carbon elec-
trode surface and dried at room temperature for 1 h. Prior to 
drop cast, the electrodes were polished well with 0.05 µm 
alumina pastes and washed with DI water. The methanol 
electrooxidation efficiency of PtCo (1:9)/rGO and commer-
cially available Pt/C, electrocatalysts was evaluated using 
cyclic voltammetry (CV) curves in 1 M  H2SO4 and varying 
concentrations of  CH3OH solution, i.e., 1–6 M at a scan 
rate of 20 mV/s in the voltage range of 0–1.0 V. Similar 
experiments were performed for chronoamperometric (CA) 
measurements to study the long-term stability of various 
catalysts. CA measurements were done at 0.7 V in  CH3OH 
and  H2SO4 aqueous solution for 3600 s.

Methanol oxidation reaction by‑product estimation

The methanol electrooxidation reaction product analysis was 
carried out using UV–visible spectrophotometer (Agilent 
technologies, CARY 5000 series). To estimate methanol 
oxidation by-products (formic acid and formaldehyde), CA 
measurements were done at 0.7 V in varying concentrations 
of  CH3OH and 1.0 M  H2SO4 in aqueous solution for 3600 s. 

The resulting solution was subjected to spectroscopic analy-
sis to measure optical density (OD) at 350 nm and 280 nm 
for formic acid and formaldehyde, respectively, correspond-
ing to their concentrations. The UV–visible scans were done 
in the wavelength range from 200 to 500 nm to monitor 
respective ODs, by taking 3 mL of oxidized solution in a 
quartz cuvette (10 mm path length). For each distinctive 
peak related to the by-products, the standard curves were 
plotted.

Direct methanol complete cell test

The performance of rGO-supported PtCo nano-catalysts 
synthesized in the present work was tested using single 
DMFC set-up. The membrane electrode assembly (MEA) 
was prepared using the conventional method [20]. The cat-
alysts tested in the anode side were commercial Pt/C and 
PtCo (1:9)/rGO with 3 mg/cm2 loading. Pt/C (40 wt.%) with 
1 mg/cm2 catalyst loading was used at the cathode side in 
all the tests. The catalyst slurry was prepared by mixing the 
calculated amount of catalyst with  Nafion® 117 (DE 521, 
DuPont, USA) dispersion in an ultrasonic bath for 1 h. The 
prepared slurry was spread onto the porous carbon paper (90 
T, Toray, USA) and dried at 100 °C for 1 h to develop the 
anode and cathode electrodes.  Nafion® 117 membranes were 
treated with  H2O2 (3 wt.%) and 1 M  H2SO4 for 1 h each. 
The treated membrane was sandwiched between the catalyst-
coated anode and cathode electrodes to obtain MEA. The 
current–voltage characteristics were obtained using poten-
tiostat–galvanostat (Autolab, PGSTAT 30, GPES). Effect of 
variation in methanol fuel concentration and operating tem-
perature was also studied using the same DMFC cell set-up.

Results and discussion

The detailed physical characterization of highly exfoli-
ated rGO sheets serving as support matrix for PtCo nano-
particle catalyst was carried out using AFM, SEM, TEM, 
and Raman spectroscopy, and is given as supplementary 
information (Fig. S1a–d). Furthermore, the structural 
properties of synthesized PtCo (1:9)/rGO and commer-
cial Pt/C catalyst have been investigated using XRD and 
TEM. Figure 1 shows the XRD pattern for commercial 
Pt/C and PtCo (1:9)/rGO nano-composite exhibiting the 
characteristic diffraction peaks at 39.54°, 45.90°, and 
67.9° corresponding to the (111), (200), and (220) planes 
of the face-centered cubic (FCC) structure of Pt (JCPDS 
87-0646). The right-hand shift in 2θ value for PtCo (1:9)/
rGO as compared to Pt/C revealed a decrease in the ‘d’ 
spacing due to lattice contraction because of smaller Co 
atom substitution for Pt indicating the formation of PtCo 
alloy. The average metal particle size for Pt/C and PtCo 
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(1:9)/rGO is observed to be 2–3 nm, whereas, for commer-
cial PtRu/C, the metal particles size is ~ 18 nm as observed 
from TEM measurements shown in Fig. 2a–c. It could be 
clearly seen that PtCo nano-particles in PtCo (1:9)/rGO 
composite are uniformly and densely distributed onto rGO 
sheets compared to Pt and PtRu nano-particle on carbon 
support indicating higher loading of PtCo (1:9) on rGO 
sheets that would contribute to higher catalytic perfor-
mance. The smaller size and dense distribution of PtCo 
nano-particles onto rGO sheets is attributed to the anchor-
ing site provided by defects in rGO for metal ions during 
the synthesis process; both these parameters are critical 
in achieving improved activity and stability of the catalyst 
[21]. Figure S2a depicts FTIR spectra of rGO in which 
peaks at 3171/cm-1, 1583/cm-1, 1218/cm-1, 1226/cm-1,  
and 1068/cm-1 correspond to OH stretching of hydroxyl 
groups, C–O stretching of the carboxyl, epoxy, and alkoxy 
groups, respectively, revealing the hydrophilic nature of 
rGO sheets. However, the intensity of these peaks was 
reduced significantly when PtCo was decorated on to rGO 
sheets indicating deoxygenation of graphene oxide [22]. 
Figure S2b shows the Raman spectra of rGO and PtCo/
rGO. The presence of D-band related to defects induced 
breathing mode at 1354/cm-1 and the G-band related to 

the  sp2 carbon at 1596/cm-1 confirms the formation of 
rGO. The D- and G-bands in PtCo/rGO nano-composite 
were observed at 1361 and 1597/cm-1. The ID/IG ratios for 
rGO and PtCo/rGO were calculated to be 0.88 and 0.98, 
respectively. The higher value of ID/IG ratio for PtCo/rGO 
suggests that overall defects have increased on loading of 
PtCo nano-particles onto rGO sheets [23].

Furthermore, XPS spectra exhibiting the character-
istic features for rGO and PtCo over a selected binding 
energy (BE) range have been shown in (Fig. 3a, b). C 1 s 
core-level spectra of rGO and PtCo(1:9)/rGO samples are 
compared in Fig. 3a. C 1 s core levels have been fitted 
using five near Gaussian components which correspond to 
C=C/C–C, C–OH, C–O, C=O, and –COOH [24]. Attach-
ment of PtCo(1:9) to rGO results in further reduction as 
C–O component of C 1 s core level in PtCo(1:9)/rGO is 
significantly reduced compared to rGO sample. Figure 3b 
shows the Pt 4f core-level spectra for commercial Pt/C and 
PtCo(1:9)/rGO samples. Spin–orbit splitted components 
(4f7/2 and 4f5/2) of Pt 4f core levels have been fitted using 
three peaks to achieve satisfactory fit. Full width at half 
maximum has been kept the same for fitting components 
corresponding to spin–orbit splitted peaks along with 
maintaining branching ratio of 4:3 and keeping spin–orbit 
splitting fixed. Fitting components for Pt 4f7/2 of commer-
cial Pt/C appear at 71.35, 72.05, and 73.95 eV, and these 
can be assigned to metallic Pt [Pt (0)] and higher valence 
states of Pt [Pt(II) and Pt(IV)], respectively [25–27]. For 
Pt 4f7/2 of PtCo(1:9)/rGO, Pt (0)-, Pt(II)-, and Pt(IV)-
related peaks appear at 71.55, 72.3, and 74.35 eV, respec-
tively, and thus exhibit 0.2 eV positive BE shift compared 
to commercial Pt/C sample. Such shift has been seen in 
the cases of PtCo alloys and it has been associated with 
the loss of 5d electrons of Pt when alloyed with Co and 
also attributed to the increased interaction with oxygen 
atoms and resultant higher catalytic activity of PtCo alloy 
compared to pure Pt [13]. It is also interesting to note 
that relative percentage of higher valence states of Pt [Pt
(0):Pt(II):Pt(IV) = 33.8:43.3:22.9] is more for PtCo(1:9)/
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Fig. 1  X-ray diffraction pattern of commercial Pt/C and PtCo (1:9)/
rGO

Fig. 2  TEM micrographs of a comm. Pt/C b comm. PtRu/C c PtCo (1:9)/rGO
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rGO compared to Pt/C [Pt(0):Pt(II):Pt(IV) = 43.1:37.1:19
.8] indicating the electronic structure modification of Pt 
and thereby expected to enhance the catalytic properties of 
PtCo(1:9)/rGO compared to Pt/C with more CO tolerance. 
XPS core-level data show that Co is in divalent state in the 
PtCo(1:9)/rGO (Fig. S3).

The CV has been used to evaluate the electrochemical 
properties and MOR efficiency of the synthesized PtCo 
(1:9)/rGO nano-composites, commercial Pt/C and PtRu/C. 
Figure 4a, c shows the MOR kinetics and Fig. 4b, d rep-
resents the dependence of forward oxidation peak current 
on the methanol concentration of Pt/C and PtCo (1:9)/rGO 
anode catalyst, respectively. The peak anodic current den-
sity for Pt/C is found to be 7.71 mA/cm2 at 2 M metha-
nol concentration, and thereafter, a continuous decrease is 
observed up to 6 M. Interestingly, the anodic peak current 
density for PtCo (1:9)/rGO increases from 9.38 to 46.8 mA/
cm2 for methanol concentration of 1–5 M and then decreases 
to about 4 mA/cm2 on further increasing the methanol 

concentration to 6 M. It is worth noting that the PtCo (1:9)/
rGO catalyst exhibits six times higher maximum peak cur-
rent density at 5 M as compared to commercial Pt/C electro-
catalyst at 2 M methanol concentration, indicating efficient 
MOR and higher methanol utilization. Furthermore, the 
decrease in current density at higher methanol concentra-
tion (above 5 M) is attributed to the saturation of electrode 
active site by methanol molecules and also contamination 
of catalyst surface by the intermediate products during the 
methanol oxidation [21]. In addition, MOR activity of highly 
efficient commercial PtRu/C anode catalyst is compared with 
PtCo(1:9)/rGO and commercial Pt/C. Figure 5 shows the CV 
curves representing catalytic activity of commercial Pt/C in 
1 M  H2SO4 and 2 M  CH3OH along-with commercial PtRu/C 
and PtCo (1:9)/rGO anode catalyst in the presence of 1 M 
 H2SO4 and 5 M  CH3OH at a scan rate of 20 mV/s. The 
MOR onset potential of PtCo (1:9)/rGO anode catalyst is 
negatively shifted by ~ 200 mV and ~ 40 mV, as compared 
to commercial Pt/C and PtRu/C, respectively, and is shown 
in Fig. 5 (inset). The negatively shifted MOR onset poten-
tial indicates that the overpotential of methanol oxidation is 
lower and facilitates the fast methanol oxidation at the elec-
trode surface [28]. The ratio of forward anodic peak current 
density related to methanol oxidation and backward peak 
current density corresponding to the removal of the incom-
pletely oxidized carbonaceous species defines the carbon 
mono-oxide tolerance of the catalyst [16]. The IF/IB ratios 
for PtCo (1:9)/rGO, commercial PtRu/C, and Pt/C are 1.139, 
1.133, and 1.264, respectively. The IF/IB ratio for the synthe-
sized PtCo (1:9)/rGO catalysts similar to PtRu/C suggests 
comparable carbonaceous species tolerance.

The catalytic stability of commercial Pt/C (2 M  CH3OH), 
PtRu/C (5 M  CH3OH), and PtCo (1:9)/rGO (5 M  CH3OH) 
catalysts were analyzed at 0.7 V for 3600 s using chrono-
amperometry technique. Figure 6 shows the chronoampero-
metric curves for PtCo (1:9)/rGO, commercial PtRu/C, and 
Pt/C electrocatalysts. A fast decay in the initial current den-
sity was observed for all the catalysts, which is attributed to 
the formation of surface adsorbed intermediate species, such 
as  COads,  CH3OHads, and  CHOads, during the methanol oxi-
dation reaction and is in agreement with the reported results 
[29]. The sub-linear decay in current density for PtCo(1:9)/
rGO could be associated with the multifunctional adsorption 
and desorption kinetics of carbonaceous species. The metha-
nol oxidation current for PtCo (1:9)/rGO catalysts reaches 
to stabilization at 5.206 mA/cm2, whereas, for commercial 
PtRu/C catalyst and Pt/C, it stabilizes at 1.681 mA/cm2 and 
0.21 mA/cm2, respectively. The ~ four times higher residual 
current density for PtCo (1:9)/rGO compared to PtRu/C 
catalyst after 3600 s indicates the higher electrocatalytic 
activity, stability, and greater extent of CO tolerance. In 
case of smaller particles size, a higher fraction of surface 
atoms interact with carbon support compared to the larger 

Fig. 3  XPS core-level spectra. a C 1  s core-level spectra (open cir-
cles) for rGO and PtCo(1:9)/rGO samples. b Pt 4f core-level spectra 
of commercial Pt/C and PtCo(1:9)/rGO samples. Fitted data (solid 
line) and deconvoluted fitting components (shaded and patterned 
regions) are also shown here
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Fig. 4  Cyclic voltamograms 
of a commercial Pt/C c PtCo 
(1:9)/rGO catalyst with varying 
methanol concentrations at a 
scan rate of 20 mV/s b, d show 
the corresponding methanol oxi-
dation peak current vs methanol 
concentration plots
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particles and improve the charge transfer and enhance the 
catalytic activity [30]. Furthermore, the hydrophilic nature 
of rGO promotes water activation and helps in oxidizing 
CO-adsorbed onto metallic catalyst surface; also strong 
interaction between Pt and rGO modulates favorably the 
Pt electronic structure [12]. The enhanced performance of 
PtCo (1:9)/rGO towards MOR could be attributed to densely 
distributed smaller size PtCo nano-particles onto the rGO 
nanosheets (Fig.  2c) and electronics structure modula-
tion of PtCo on the surface of rGO corroborated by XPS 
measurements.

The long-term poisoning rate of a catalyst is calculated 
by measuring the linear decay of current using the following 
equation [7]:

where (dI/dt)t>500s is the slope of the linear portion of 
the current decay, and Io is the residual current density 

(1)𝛿

(

%

S

)

=
100

Io
×
(

dI

dT

)

t>500s
,

calculated by extrapolating linear current decay values from 
CA curves. According to the above equation, the poison-
ing rate of PtCo (1:9)/rGO is calculated to be 0.021% per 
s which is about 42% lower than previously reported using 
pure Pt nano-particles (0.05% per s) as the anode catalyst 
in DMFC [7]. The reduction in electrode poisoning rate for 
PtCo (1:9)/rGO indicates that this novel electrocatalyst has 
higher tolerance towards CO and other intermediate carbo-
naceous species that are responsible for degrading the elec-
trode activity.

Faradaic efficiency ( � ) of fuel cell in a half-cell configura-
tion is used to investigate the fuel utilization capabilities of 
PtCo (1:9)/rGo catalyst and commercial Pt/C by varying the 
methanol concentrations and have been calculated using the 
following equations [31]:

where t is the time required in discharging, i(t) is the dis-
charging current, CM is methanol concentration, VM is the 
volume of methanol solution, and F is Faraday constant 
(96485.33 °C). Figure 7a shows the Faradaic efficiency of 
commercial Pt/C with varying methanol concentrations from 
1 to 6 M, which is highest (~0.05%) at 2 M methanol. On the 
other hand, the highest Faradaic efficiency of ~ 60% (Fig. 7b) 
was observed for PtCo (1:9)/rGo catalyst at 5 M methanol 
concentration. Interestingly, the faradic efficiency of PtCo 
(1:9)/rGO catalyst is ~ 46% at 2 M methanol concentration 
which is also way higher than that of commercial Pt/C. 
Furthermore, an abrupt decrease in Faradaic efficiency was 
observed from 60 to 6% for PtCo (1:9)/rGO as the methanol 
concentration was increased from 5 to 6 M; this is attributed 
to the saturation of active sites of the catalyst which were 
not further available for the oxidation process. Moreover, 
Liu et al. [31] have reported about 22% Faradaic efficiency 

(2)� =
discharging capacity (Ah)

theoretical discharging capacity (Ah)
,

(3)� =
∫ t

0
i(t)dt

6CMVMF
,

Fig. 6  Chronoamperometric measurements for commercial Pt/C in 
1 M  H2SO4 + 2 M  CH3OH and PtCo (1:9)/rGO in 1 M  H2SO4 + 5 M 
 CH3OH at 0.7 V for 3600 s

Fig. 7  Faradaic efficiency of 
half-cell DMFC at different 
methanol concentrations for a 
commercial Pt/C b PtCo (1:9)/
rGO
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using passive DMFC in 5 M methanol concentration, which 
is significantly lower to that observed in the present work. 
This enhancement in Faradaic efficiency indicates lower 
methanol crossover up to 5 M methanol concentration and 
hence enhancement in the DMFC performance.

The turn over number (TON) for methanol oxidation in 
DMFC defines the number of methanol molecules that react 
per catalyst surface site per second and can be seen from 
steady-state current from CA measurements of methanol 
oxidation. The TON values were calculated using the fol-
lowing relation [32]:

where, I is the steady-state current density measured 
experimentally using CA curves (presented in Fig. 6), NA 
is the Avagadro’s constant (6.023 × 1023), n is the num-
ber of electrons produced in the oxidation of one metha-
nol molecule and is assumed to be 6, F is the Faraday’s 
constant (96485.33 °C), and m is the mean atomic density 
(1.51 × 1015/cm2) of surface Pt atoms at (111) surface. The 
TON for methanol electrooxidation for PtCo (1:9)/rGO and 
Pt/C were found to be 6.0554/s and 0.1064/s, respectively. 
The higher TON, thereby enhanced the catalytic activity of 
PtCo (1:9)/rGO, is attributed to the synergy between PtCo 
and rGO nanosheets providing an increased number of cata-
lytic sites/unit mass and fast electron transfer. The structural 
changes, in optimized PtCo (1:9)/rGO due to the specific 
composition of Co atoms, significantly affect the turnover 
number as the MOR is surface and structure-sensitive reac-
tions [33]. The by-product formation from MOR on PtCo 
(1:9)/rGO and Pt/C catalysts’ surface using chronoamperom-
etry for 1 h was analyzed by UV–visible spectroscopy and is 

(4)TON
[

molecules

sec.surface

]

=
I
[

mA∕cm−2
]

× NA

nF × m (Pt) [cm−2]
,

shown in Fig. 7a, b. During the electrooxidation of methanol, 
two stable by-products, i.e., formaldehyde and formic acid, 
were monitored. The absorbance vs concentration standard 
plots (data not shown) with a known concentration of for-
mic acid and formaldehyde were obtained using UV–visible 
spectroscopy at the λmax of 350 nm and 280 nm, respectively, 
for the estimation of MOR by-products. Figure 7a shows the 
absorbance spectra of the by-products and Fig. 7b shows that 
about 3% of methanol has been oxidized using PtCo (1:9)/
rGO anode catalyst with 5 M methanol concentration and 
form formaldehyde and formic acid at room temperature, 
which is three times higher than that reported earlier (~ 1%) 
using Pt black as anode material [34].

The performance of DMFC complete cell was tested for 
PtCo (1:9)/rGO and commercial Pt/C anode catalysts at vary-
ing temperatures and methanol concentrations. Figure 8a, b 
shows the cell voltage vs current density and power density vs 
current density curves for both the anode catalysts. The best 
half-cell performance by PtCo (1:9)/rGO was exhibited at 5 M 
methanol concentration. Therefore, 5 M methanol concentra-
tion was used with 3 mg/cm2 anode catalyst loading with an 
operating temperature of 100 °C in a complete DMFC test. It 
could be seen in Fig. 9 that the power density from the sin-
gle cell is almost the same (power density 22.66 mW/cm2 at 
a current density of 52.0 mA/cm2) for PtCo (1:9)/rGO and 
commercial Pt/C anode catalysts in the low-current discharge 
region. The highest peak power density of 136.08 mW/cm2 
was observed for PtCo (1:9)/rGO which is ~ three times higher 
than that of highest peak power density (48.03 mW/cm2) of 
commercial Pt/C. Furthermore, PtCo (1:9)/rGO shows higher 
open-circuit voltage (OCV) as compared to the commercially 
available Pt/C, indicating that methanol crossover is less in the 
former case [35]. The cell performance, with different concen-
trations of methanol ranging from 1 to 5 M using PtCo (1:9)/

Fig. 8  a UV–Vis absorption spectra of MOR by-products and b formation of formaldehyde and formic acid as a result of MOR at PtCo (1:9)/
rGO with 5 M methanol
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rGO as anode catalyst at 100 °C, in terms of variation in power 
density is illustrated in Fig. 9a and summarized in Table 1. 
The weak performance of DMFC at lower methanol concen-
tration of 1 M is attributed to the mass transfer limitations, 
i.e., lack of optimum methanol availability at the electrode 
surface and anode kinetics remains unaffected [36]. Moreo-
ver, with increasing concentration of methanol, the MOR at 
electrode surface enhances which contributes towards higher 
power density.

Methanol electrooxidation on anode electrocatalyst in 
DMFC is a temperature-dependent process. The optimum-
operating temperature for PtCo (1:9)/rGO was evaluated in 
direct methanol complete cell by varying the temperatures 
from 100 to 70 °C using 5 M methanol concentration and is 
shown in Fig. 9b. The power density linearly decreases from 
136.8 to 93.7 mW/cm2 when the operating temperature is 
decreased from 100 to 70 °C. A comparatively small difference 
in cell performance (power density) with a decrease in tem-
perature from 80 to 70 °C suggests that the methanol crossover 
effect is significantly less at this temperature. In addition, OCV 
of the cell was observed to be almost independent of tempera-
ture. Furthermore, the low activation energy is favorable for 
the low operating temperature of DMFC and is dependent on 
the physicochemical properties such as the electronic structure 
of the alloy, particle size, and electrochemical behavior of sup-
port matrix of the catalyst [37]. To calculate the activation 
energy, considering various processes involved at electrode 
surface, the following relation has been considered [38]:

where i is current density (measure of methanol oxidation 
rate), E is potential, θR is the steady-state adsorption, β and 
β′ are constants taken from literature [38], R is universal gas 
constants, T is absolute temperature, and F is Faraday con-
stant. The reaction order is assumed to be 0.5, considering 
the reactions conditions similar to that reported by Khazova 
et al [38]. The steady-state adsorption θR of methanol at real 
electrodes with carbon support is determined considering 
adsorbed intermediates CO and COH:

where θ(H,MeOH=0) and θ(H,CMeOH=0) are the reduction charge 
for hydrogen adsorption in the presence and absence of 
methanol, respectively. The model is assumed to obey Tem-
kin equation:

where f reflects the distribution of adsorption site with 
respect to their adsorption energy and the value is taken as 
23. The kinetics of methanol oxidation on real electrodes is 
assumed to obey Roginsky–Zeldovich equation:

where Kads is the rate constant adsorption, and α is the 
transfer coefficient taken as 1. Considering the above equa-
tions, steady-state adsorption rate, θR, is calculated at 0.3 V, 

(5)i = k exp
(

��R
)

exp

(

��FE

RT

)

,

(6)� =
(

�(H,CMeOH=0) − �(H,MeOH)

)/

�(H,CMeOH=0),

(7)� = a + (1∕f ) ln c = a + (2.3∕f ) log c,

(8)Vads = d�∕dt = Kads c ⋅ exp (−��),
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Fig. 9  Electrical performances (cell voltage vs current density and 
power density vs current density) of a 5  cm2 DMFC (3  mg/cm2 
catalyst loading). PO2 = 1.5  bar; oxygen flow rate = 200, SCCM; 

PMeOH = 1  bar; methanol flow rate = 1  mL/min; operating tempera-
ture = 100 °C electrolyte: Nafion 117 membrane a commercial Pt/C at 
2 M methanol and b PtCo (1:9)/rGO at 5 M methanol concentration

Table 1  Open-circuit voltage, 
current density, and maximum 
power density using PtCo 
(1:9)/rGO catalyst at different 
methanol concentration

Methanol concen-
tration (M)

Open-circuit 
voltage (V)

Current density at 
0.3 V (mA/cm2)

Current density at 
0.4 V (mA/cm2)

Maximum power 
density (mW/cm2)

1 0.654 187.83 441.09 98.704
2 0.655 229.364 561.407 118.904
3 0.657 236.344 600.904 128.134
5 0.660 297.432 623.02 136.8
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0.4 V, 0.5 V, and 0.6 V. The absolute current density has 
been calculated including methanol oxidation and ion trans-
port parameters from equation (i) considering θR at various 
potentials, and is shown in Fig. 10d and Table 2. The PtCo 
(1:9)/rGO, Arrhenius curves (logarithmic of current density 
versus temperature inverse) were generated at four different 
voltages (250 mV, 300 mV, 350 mV, and 400 mV) and at 
different operating temperatures, as shown in Fig. 10c. The 
linear decrease in activation energy is observed at a poten-
tial range of 250–400 mV and summarized in Table 2. The 
activation energy for PtCo (1:9)/rGO was calculated to be 

13.61 kJ/mol at 300 mV, and 9.88 kJ/mol at 400 mV, respec-
tively, which is appreciably lower than that reported for Pt/C 
(70 kJ/mol) and PtRu/C (33.6 kJ/mol) which is considered 
more stable that Pt/C [39]. The comparison of presently 
synthesized PtCo (1:9)/rGO catalyst with recently reported 
anode catalyst on the basis of various operating parameters 
of DMFC is summarized in Table 3.

Putting together the above results, it is clear that the CO 
anti-poisoning behavior exhibited by the specific molar com-
bination of Pt and Co in PtCo bimetallic nano-particles and 
hydrophilic nature of rGO plays a synergistic effect exhib-
iting high MOR activity and performance of DMFC. The 
schematic representation of synergistic electrode antipoi-
soning mechanism is shown in Fig. 11. According to the 
bi-functional mechanism [12], addition of Co promotes the 
water activation, creating more  OH− ions and other oxygen-
containing species to oxidize CO like intermediates present 
on active Pt surface. The  OH− ions also weaken the Pt–CO 
bond energy because of the charge transfer from Co to Pt, 
and thus, it creates a fresh Pt layer accessible for continuous 
electrooxidation of methanol and hence the catalytic activ-
ity. Furthermore, the synergy of PtCo nano-particles with 
oxygen containing functional groups of rGO support leads 

Fig. 10  Electrical performances (cell voltage vs current density 
and power density vs current density) of a 5 cm2 DMFC (3 mg/cm2 
catalyst loading). PO2 = 1.5  bar; oxygen flow rate = 200, SCCM; 
PMeOH = 1 bar; methanol flow rate = 1 mL/min; electrolyte: nafion 117 
membrane a PtCo (1:9)/rGO performance at varying methanol con-

centration ranging from 1 to 5  M b PtCo (1:9)/rGO anode catalyst 
performance at varying temperature 100–70 °C using 5 M methanol 
concentration c Arrhenius plot of PtCo (1:9)/rGO at 250, 300, 350 
and 400  mV potentials d kinetics of methanol adsorption on PtCo 
(1:9)/rGO

Table 2  Activation energy of PtCo (1:9)/rGO catalyst at different 
potentials

J is current density with consideration of MOR and Ea is the value of 
activation energy after consideration of MOR

Voltage (mV) Slope (ln j/T2
−1 − T1

−1) Ea (kJ/mol)

250 1733.8 14.41
300 1636.6 13.61
350 1188.4 9.88
400 1185.1 9.853
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Table 3  Comparison of single cell DMFC parameters of PtCo (1:9)/rGO with the existing recent literature

S. no. Anode catalyst Methanol flow 
rate (sccm)

Oxygen flow 
rate (sccm)

Methanol concen-
tration (M)

Temp. (°C) Power density 
(mW/cm2)

Ref.

1 PtCoP/C (2016) 20 200 1 70 88.5 [40]
2 PtRu/MC (2013) 2 200 1 60 67 [41]
3 Au@Ag2S@Pt (2017) 1 300 10 80 89.7 [42]
4 N-GA/PtRu (2016) – – 0.5 90 93 [43]
5 Pt/Ce0.7Mo0.3/C (2016) 20 200 1 60 69.4 [44]
6 PtRuFe/NG (2017) 2 150 1 80 112 [45]
7 Pt@RFC (2017) 13.5 1000 1 80 87.2 [46]
8 PtRuMo/C (2014) 2 2 25 18.6 [47]
9 PtCo (1:9)/rGO (present work) 1 200 2 100 118.904

5 100 136.8

Fig. 11  Schematic representation of synergistic electrode antipoisoning mechanism
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to the reduced electrode poisoning (Fig. S2a). The π–π con-
jugation of  sp2 hybridized carbon network present in rGO 
provides conducting paths for high electron transfer rate, 
thereby enhancing the electrode MOR kinetics and metha-
nol oxidation efficiency. Hence, the electronic interaction 
between oxygen and PtCo atoms onto the rGO support col-
lectively plays a key role in decreasing the adsorption of CO 
and efficient methanol oxidation.

Conclusion

In summary, we have demonstrated the stability, higher 
methanol utilization efficiency, and MOR capabilities of 
PtCo (1:9)/rGO that are far superior to the commercially 
available Pt/C anode catalyst. The improved electrocatalytic 
properties of PtCo (1:9)/rGO anode catalyst for DMFC are 
attributed to the uniform and higher loading of small size 
PtCo nano-particles onto rGO surface. Furthermore, the syn-
ergy between the active surface of PtCo nano-particles as a 
result of favorable electronic structure and oxygen functional 
groups of rGO imparts enhanced antipoisoning character-
istics to the electrode surface. The peak power density of 
136.8 mW/cm2 at 100 °C with 5 M methanol in complete 
DMFC test and activation energy of 9.843 kJ/mol suggests 
faster reaction kinetics of methanol oxidation for PtCo (1:9)/
rGO anode catalyst and may be, for the first time, observed. 
The optimized DMFC operating parameters, high methanol 
utilization, and low activation energy of PtCo (1:9)/rGO 
anode catalyst indicate its commercial potential for real 
DMFC devices.
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