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Abstract: In this study, the thermal electrooxidation of methanol on a Pt/MWCNT catalyst was examined in 
alkaline media across the temperature range of 298-363 K. The investigation utilized cyclic voltammetry (CV), 
quasi-state polarization, and electrochemical impedance spectroscopy (EIS) methods to explore the kinetics of 
the methanol electrooxidation reaction (MEOR). At elevated temperatures, the kinetics of methanol electro-
oxidation on the Pt/MWCNT catalyst within an alkaline solution (1.0 mol/L KOH) were notably accelerated 
compared to room temperature. This acceleration can be attributed to the reduced methanol dehydrogenation 
reaction at relatively low temperatures. The Tafel slopes experienced changes as the temperature increased. 
These variations in Tafel slopes are likely linked to alterations in the rate-determining step of the MEOR as a 
function of temperature. The EIS outcomes revealed a decrease in charge-transfer resistance as temperature 
increased. This phenomenon is associated with the interplay between interfacial and diffusion impedances, as 
well as the surface roughness of the highly dispersed electrode surface.
Keywords: Electro-oxidation of methanol; Pd/MWCNT; Catalyst; Alkaline media; Temperature

1. Introduction

The methanol  e lectrooxidat ion react ion 
(MEOR) in acid media has been extensively 
investigated as an anodic reaction in direct 

methanol fuel cells [1-3],  and often represented 
by the general dual path mechanism[4]. In acidic 
environments, the electrooxidation of methanol 

generates CO-like poisoning intermediates that absorb 
onto the Pt active sites on the catalyst surface. This 
phenomenon leads to a pronounced limitation in 
oxidation kinetics, resulting in substantial polarization 
losses[5,6]. Moreover, the rate of methanol permeation 
in proton exchange membrane fuel cells (PEMFCs) 
is notably high due to the electro-osmotic drag 
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associated with the proton conduction mechanism. 
However, when direct methanol fuel cells (DMFCs) 
operate in alkaline media, the kinetics of the MEOR 
experience significant enhancement, enabling the use 
of more cost-effective catalysts[5-9]. In this context, 
the MEOR kinetics on Pt/C and Pt-Ru/C catalysts 
are evaluated at 295 K and 333 K, using solution of 
0.5 mol/L H2SO4 and 0.1 mol/L NaOH. Notably, the 
kinetics of Pt and Pt-Ru for MEOR were found to be 
substantially faster in an alkaline solution compared to 
an acid solution[10]. 

The electrocatalytic activity of metal nanoparticles 
is widely acknowledged to be greatly influenced 
by factors such as their support, shape, size, and 
dispersion[11-13]. Over the past decades, there has been 
extensive research into the use of carbon nanotubes 
as a support material for Pt-based catalysts in direct 
methanol fuel cells (DMFCs). This choice is motivated 
by the substantial surface area, excellent conductivity, 
and remarkable chemical stability offered by carbon 
nanotubes[14]. Notably, catalysts supported on multiwall 
carbon nanotube (MWNT) have demonstrated superior 
performance in DMFCs compared to carbon black 
(XC-72), both in half-cell characterization and full 
cell performance test, conducted under identical 
conditions[15-17]. 

A swift synthesis approach employing microwave 
irradiation technique (MIT) has been introduced for 
the fabrication of Pt catalyst supported on both carbon 
and carbon nanotube. This method yields a uniform Pt 
catalyst supported on carbon with particle size below 
5nm. Electrochemical assessments demonstrated 
that Pt/C and Pt/MWCNT catalysts produced by 
the MIT technique, displayed notably increased 
electrochemically active area and enhanced catalytic 
activity for the methanol electro-oxidation reaction 
in acid solution, surpassing the performance of a 
commercial Pt/C catalyst[18-21].

To our understanding, a comprehensive investigation 
into the impact of temperature on the kinetics of 
methanol electrooxidation reaction (MEOR) on Pt/
MWCNT catalysts within an alkaline solution has 
not been extensively documented. The objective of 
this study was to provide a deeper insight into how 
temperature influences the MEOR over Pt/MWCNT 
catalysts within an alkaline environment.

2. Experimental 

2.1 Pretreatment of the Carbon Nanotube
The pretreatment of MWCNTs (Shenzhen Nanotech. 
Co., Ltd., China) using a mixture of 98% H2SO4 and 
65% HNO3 (1:1 by volume) was stirred for 15 min and 
then refluxed at 140 oC for 4 hours. The acid pretreated 
MWCNTs were thoroughly rinsed with distilled 
deionized water until neutral and dried at 80 oC for 24 h.

2.2 Synthesis of the Electrocatalysts
Pt supported on MWCNT was synthesized by the 
microwave irritation technique (MIT). The pretreated 
MWCNT (50 mg) was mixed with 10 mL of 2-propanol 
under ultrasonic treatment for 20 min, then 5.4 mL of 
H2PtCl6 solution (1.85 mg/mL Pt2+) was slowly added 
to the MWCNT dispersion, followed by ultrasonic 
treatment for 30 min. then evaporation of the solvent 
using a domestic microwave oven. The procedure was 
5s of irradiation on and 60 s of irradiation off for six 
times. The resulting sample was dispersed in formic 
acid (10 mL, 1.0 mol/L HCOOH) and then purged 
under argon for 15 min to remove oxygen. The oxygen-
free solution was heated under an argon atmosphere 
in a 20 s irradiation on and 60 s irradiation off until 
the sample was completely dried. The Pt loading in 
MWCNT was kept as ~20 wt%. The Pt content was 
determined by ICP-AES.

2.3 Preparation of the Electrodes
1.0 mg of 20 wt% Pt/MWCNT powders was dispersed 
in 2.0 mL 2-propanol with 5 wt% Nafion solution 
(DuPont, USA) (2-propanol: Nafion = 20:1) under 
ultrasonic stirring. The ink of well-mixed catalysts was 
then deposited on the surface of glass carbon with a 
diameter of 2.0 mm. Pt loadings on each electrode were 
normally controlled at ~ 0.2 mg/cm2.

2.4 Electrochemistry Measurements
The experiments were carried out in a standard 
three-electrode cell controlled at room temperature. 
Electrochemical experiments were performed with 
AUTOLAB. A platinum foil (2.0 cm2) and Hg/HgO 
(1.0 mol/dm3) were used as counter and reference 
electrodes, respectively. The frequencies for the 
impedance test range from 100 KHz to 0.1 Hz. The 
temperature controlled by an oil bath with a thermal 
regulator. 
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2.5 Characterization of the Catalysts 

2.5.1 X-ray diffraction (XRD) 
X-ray diffraction (XRD) was employed to obtain the 
information on the surface and bulk structure of the 
catalyst and was carried out with a D/MAX2200 diffract 
meter employing CuK radiation (λ = 0.15418 nm). 

2.5.2 Transmission electron microscopic (TEM) 
measurement
Transmission electron microscopic (TEM) images 
were generated with a Philips CM-300 high-resolution 
system operating at 200 keV. 

3. Results and Discussion

3.1 XRD and TEM Analysis
Figure 1 presents the XRD pattern and TEM image of 

Pt/MWCNTS catalysts, the XRD pattern (Figure 1a) 
distinctly displays the five prominent characteristic 
peaks corresponding to the Pt face-centered cubic 
structure. These planes are [111], [200], [220], [311] 
and [222], respectively, signifying the f.c.c. crystal 
structure. Additionally, the peak observed at ca.2θ = 
26º is attributed to graphite, indicating the graphitic 
structure of the carbon nanotube. The estimated average 
size of the Pt/MWCNTS nanoparticles was determined 
utilizing Scherrer’s equation d = 0.89λ/Bcosθ, where 
d represents the average particle diameter, λ denotes 
the wavelength of X-ray radiation (0.154056 nm), θ 
signifies the angle of the peak (220), and B indicates the 
width in radians of the diffraction peak at half height. 
The calculated average particle size of Pt/MWCNTS is 
5.5 nm. 

 
Figure 1. XRD patterns (a) and TEM image (b) of Pt/MWCNT catalyst

Figure 1b exhibits typical TEM image of Pt/
MWCNTS catalysts. Within this image, the Pt particles 
are observed to be dispersed with a size distribution 
spanning from 3.3 nm to 6 nm on the MWCNTs, the 
mean size of the Pt nanoparticle was estimated to be 
approximately 5 nm.

3.2 Electrochemistry Performance
Figure 2 illustrates the cyclic voltammogram (CV) 
obtained from the Pt/MWCNT catalysts, recorded in 
alkaline solutions (1.0 mol/L KOH). The shape of CV 
curve on the Pt/MWCNT catalysts shows a typic curve 
of Pt electrode. Two symmetric peaks are attributed to 
the occurrence of the hydrogen absorption reaction in 
the -0.8 V to -0.5 V region. At a positive potential, a 
small PtO peak starts to form at -0.1 V on the surface 
and the corresponding current plateau continues up 
to a potential of 0.3 V. The electrochemical surface 
area (ECSA) is a critical parameter used to assess 
the performance of an electrocatalyst. It provides 

insights into the active surface area available for 
electrochemical reactions. The ECSA was calculated 
by integrating the charges associated with the peak 
from reduction of Pt between -0.80 V ~ -0.5 V[22]. The 
approximate value of the ECSA on the Pt/MWCNT 
electrode is 31.2 m2/g2.

 
Figure 2. Cyclic voltammogram in alkaline (1 mol/L KOH) 

at 298 K on Pt/MWCNT electrode
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The exchange current density is an important 
parameter in electrochemistry, which derived from 
Tafel plot and can be determined experimentally by 
extrapolating the linear Tafel lines, which relate the 
overpotential to the logarithm of the current density, 
to the point where the overpotential equals zero. 
Table 1 provides a comprehensive overview of the 
electrochemical performances associated with methanol 
oxidation on the Pt/MWCNT catalyst. Figure 3 
displays the results of line sweep voltammetry (LSV) 
analysis of MEOR on the Pt/MWCNT catalysts in an 
alkaline solution, executed at varying temperatures. 

At elevated temperature, the overall reaction rates 
experience significant acceleration compared to those 
observed at room temperature. The onset potential 
of methanol oxidation demonstrates a negative shift 
as temperature rises, indicating a reduced activity 
barrier for the reaction. Specifically, at 365 K, the 
onset potential of methanol oxidation on Pt/MWCNT 
catalysts is more than 120 mV negative compared to 
that observed at 298 K. Moreover, the peak current 
density at 363 K is approximately five times greater 
that recorded at 298 K (as detailed in Table 1). 

 
Figure 3. Line sweep of voltammgrams for oxidation of 1 mol/L methanol in 1 mol/L KOH (aq) on Pt/MWCNT electrode at 

different temperature (a: 298 K; b: 323 K; c: 343 K; d: 363 K). Scan rate: 50 mv/s

Table 1. Onset potential, peak current density, Tafel slope and exchange current density for methanol oxidation on Pt/MWCNT 
electrocatalyst

Temperature/K Onset potential/V Peak current density/mA Tafel slope/mV·dec-1 Exchange current 
density/mA·cm-2

298 -0.40 36 138 0.028
323 -0.42 77 147 0.079
343 -0.48 165 172 0.178
363 -0.52 191 191 0.79

To delve into the kinetics of MEOR on Pt/MWCNT 
electrode across different temperatures, the interrelation 
of peak current density (derived from a forward scan) 
for methanol oxidation and the CV scan rate (v) was 
examined. The results of these investigations are 
illustrated in Figure 4.

Within the relatively low temperature range of 
298-323 K, the observed trend in Figure 4 unveils 
a proportionality between the peak current density 

and the square root of the scan rate. This observation 
indicates that the MEOR kinetics in this range may 
be governed by a diffusion process [23]. However, 
within the higher temperature span of 343 K to 363 
K, a conspicuous deviation from this trend becomes 
apparent. This divergence suggests that the MEOR 
involves a surface process on the Pt/MWCNT catalysts 
in alkaline solution at higher temperature[24-26]. 
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Figure 4. Peak current density vs. can rate (v1/2) curves on Pt/MWCNT electrode in 1 mol/L KOH solution containing 1 mol/L 

CH3OH at different temperature (a: 298 K; b: 323 K; c: 343 K; d: 363 K)

To further delve into the thermal kinetic attributes 
of MEOR on the Pt/MWCNT catalyst in an alkaline 
solution, Tafel slopes associated with MEOR were 
deduced from quasi-steady state polarization, as 

depicted in Figure 5. The obtained Tafel slopes, along 
with corresponding exchange current densities, have 
been extracted from the data in Figure 5 and are listed 
in Table 1. 

 
Figure 5. Tafel plots for methanol oxidation (1 mol/L CH3OH) on the Pt/MWCNT electrode in 1 mol/L KOH solution at 

different temperatures (a: 298 K; b: 323 K; c: 343 K; d: 363 K). Scan rate: 5 mv/s

Specifically, the Tafel slopes obtained are approximately 
110 mV/dec at 293 K and 114 mV/dec at 313 K for 
MEOR in alkaline solution. The values acquired 
through this study, across the entire temperature range, 
surpass those documented in existing literature[27-29]. As 
presented in Table 1, the Tafel slopes observed at 298 
K and 323 K exhibit remarkable similarity, suggesting 
the presence of the same rate-determining step at both 
temperatures. A parallel observation is noted between 
343 K and 363 K. However, with the temperature 
elevation from 323 K to 343 K, a noticeable rise in the 
Tafel slopes is evident, escalating from 147 mV/dec to 

172 mV/dec. The variations in Tafel slope values can 
be attributed to alteration of the interphase condition, 
highlighting the impact of distinct rate-determining 
steps for the MEOR as a function of temperature[30-32].

Additionally. Table 1 highlights that the exchange 
current density displays an upward trend corresponding 
to the increase in temperature. At 298 K, the curve 
was fitted with a single slope of approximately 138 
mV/dec for the Pt/MWCNT, yielding an exchange 
current density of approximately 0.28×10-4 A/cm2. 
Contrastingly, at 363 K, the Tafel slope measured 
around 191 mV/dec, accompanied by an exchange 
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current density of 0.79×10-3 A/cm2. Remarkably, the 
exchange current density for the Pt/MWCNT electrode 
at 363 K surpassed that at 298 K by more than one 
order of magnitude.

3.4 Impedance Measurements 
Figure 6  portrays Nyquist plots depicting the 
imaginary (Z"(Ω) versus real (Z' (Ω) component of 
the impedance for MEOR in an alkaline solution, 
observed across distinct potentials ranging from -0.5 
V to 0.0 V vs. Hg/HgO at 298 K. Notably, At -0.5V, 
the impedance is subject to the influence of a sequence 
involving double layer charging, subsequently followed 
by the adsorption of methanol onto the electrode 
surface (observed in Figure 6a)[33]. The absence of 
a distinct semicircle in the Nyquist plot serves as 
corroborative evidence for this proposition. Notably, 
Figure 6b-6e, corresponding to electrode potentials 
within the range of -0.3 v ~ 0.0 V, shows well-defined 
semicircles. The emergence of semicircular patterns 

in the plots is indicative of reaction that are kinetically 
controlled[34]. These Nyquist plots provide insight into 
the electrode/electrolyte interface where the charge-
transfer resistance prevails. Particularly, the semicircle 
observed at high frequencies which corresponds the 
charge transfer resistance (R) associated with the 
primary oxidation reaction, diminishes as the potential 
values shift towards a more positive direction[35]. 
Figure 6f exhibits a graphical representation of 
the charge transfer resistance (R) derived from the 
Nyquist plot in relation to the overpotential for the Pt/
MWCNT electrode. The minimum value of R reflects 
the optimum condition of MEOR. The potential 
value serves as a driving force influencing MEOR 
kinetics. Conversely, the gradual increase of charge 
transfer resistance at elevated potential values can be 
interpreted as a results of surface obstruction caused by 
the by-products of MEOR[36].

 
Figure 6. Nyquist plots of EIS for methanol oxidation on the Pt/MWCNT electrode in 1 mol/L KOH solution containing 1 
mol/L CH3OH at (a) -0.5 V; (b) -0.3 V; (c) -0.2 V; (d) -0.1 V; (e) 0.0 V and vs. Hg/HgO. The variation of the charge transfer 

resistance for Pt/MWCNT electrodes with potential (f)

Figure 7 showcases Nyquist plots depicting MEOR 
in alkaline solution, within temperature range from 323 
K to 363 K. In contrast to the plots in Figure 6, the 
curves observed at higher temperatures deviate from 

regular semicircles. This deviation is attributed to the 
interplay between interfacial and diffusion impedances, 
as well as the roughness of the dispersed electrode 
surface with the temperature alteration[37].
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Figure 7. Nyquist plots of EIS for methanol oxidation on Pt/MWCNT electrodes in 1 mol/L KOH solution at different 

temperature

4. Conclusions
The oxidation of methanol was investigated on a Pt/
MWCNT electrode in alkaline media within the 
temperature range of 298-363 K. The study employed 
cyclic voltammetry, quasi-state polarization, and 
electrochemical impedance spectroscopy methods to 
delve into the kinetics of the reaction.

It was observed that the onset potential of MEOR 
shifts towards more negative values with rising 
temperatures. This shift indicates a decreased activity 
barrier for the reaction. Specifically, at 363 K, the onset 
potential for methanol oxidation was 120 mV more 
negative compared to that at 298 K on the Pt/MWCNT 
electrode. Furthermore, the peak current density at 
363 K was approximately five times higher than that 
at 298 K.

Tafel plots revealed that the rate-determining 
step of the MEOR varies with temperature changes. 
Additionally, the exchange current density showed an 
increase with higher temperatures. Especially, at 363 
K, the exchange current density on the Pt/MWCNT 
electrode was more than one order of magnitude greater 
than at 298 K.

EIS results unveiled that the decline in charge-
transfer resistance with increasing temperature could 
be attributed to the interplay between interfacial and 
diffusion impedances, alongside the surface roughness 
of the highly dispersed electrode surface.
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