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Heat Treated PtRu Nanoparticles 
Prepared by Modified Polyol 
Method for Direct Methanol Fuel 
Cell Application
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Abstract

In this work, heat-treated PtRu metal alloys based on multi-walled carbon nanotubes 
(MWCNT) were synthesized using modified polyol approach for methanol oxidation 
reaction (MOR) in acidic conditions at 2500, 3500, and 4500 C. The catalysts physical 
and electrochemical properties were investigated. The High Resolution Transmission 
Electron Microscopy (HR-TEM) was used to determine the shape, particle size, and par-
ticle size distribution of the catalysts, where spherical and agglomerated PtRu nanoparti-
cles with narrow particle size distribution were observed with particle sizes ranging from 
0.600 to 1.005 nm. Their  crystalline sizes were assessed using the XRD with catalysts 
presenting a face-centered crystal structure, which is typical of platinum structures 
with crystalline sizes ranging from 0.500 to 1.180 nm. Energy-Dispersive Spectroscopy, 
(EDS), was used to identify the elements. Cyclic voltammetry (CV) was used to deter-
mine the electroactive surface area (ECSA) and MOR of the electrocatalysts, whereas 
electrochemical impedance spectrometry (EIS) and chronoamperometry (CA) were 
used to study their electro-kinetics and stability towards MOR, respectively. PtRu/
MWCNT electrocatalysts alloyed at 450°C showed better electroactivity and kinetics as 
compared to other catalysts, evident from the highest current density of 19.872 mA/cm2 
and lowest charge transfer resistance of 0.151 kΩ from CA and EIS, respectively.

Keywords: methanol oxidation, catalysts, multi-walled carbon nanotubes, 
heat treatment, electroactivity

1. Introduction

A device called a fuel cell produces electricity through chemical processes. The 
cell can continue to generate power as long as fuel is available [1, 2]. In order to pro-
vide sustainable electricity, fuel cells combine well with other clean, contemporary 
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energy sources including wind, solar, and hydroelectricity. These devices have a 
variety of uses in portable devices, stationary equipment, and transportation, as well 
as silent operation without vibration and inherent modularity that enables simple 
design [3].

The versatile and mutual conversion of chemical to electrical energy via fuel cell 
technologies has been considered a green approach and environmentally friendly than 
the combustion of fossil fuels. The combustion of fossil fuel to generate energy has 
contributed to acid rain, ozone depletion and climate change. Furthermore, this is as 
a result of air pollution and harmful greenhouse gases such as CO2 [2, 4]. The Kyoto 
Protocol has since then suggested the use of renewable energy sources, the promotion 
of existing high efficiency electricity technologies, and the adoption of advanced low-
CO2 emission energy systems [2, 5], there has been intensive research and develop-
ment of renewable and environmentally friendly ways to generate electricity.

Electrochemical systems, such as fuel cells, effectively transform chemical energy 
directly into electricity, with water and heat as byproducts [3]. The device is com-
posed of four major components: anode and cathode electrodes, an electrolyte, and 
a gas diffusion layer. The anode electrode of the device receives fuel, whereas the 
cathode electrode receives oxygen or air. The basic objective of an electrolyte located 
between the electrodes, regardless of the type of cell, is always to move ions (anions 
or cations) from one side to the other [6].

In the early 1800s, Sir William Grove reported the first fuel cell when he built the 
gas battery, a device that combined hydrogen and oxygen to produce electricity. This 
technology was later referred to as a fuel cell. Francis Thomas Bacon demonstrated 
the first fully working fuel cell in 1959 [3, 4]. There are various varieties of fuel cells 
accessible today, each having its unique chemical fuel input and operating principles 
(Figure 1).

For a hydrogen fuel cell, similar cathode and anode reactions are
Cathode: 1/2O2 + 2H++2e − →H2O.
Anode: H2 → 2H++2e−.
Overall reaction: 1/2O2+ H2 → H2O.

1.1 Fuel cells technologies

The choice of an electrolyte used in fuel cells is the most significant factor and 
gives it an identity. The operating conditions such as temperature range, catalyst 
desired, type of fuel, and other parameters have an effect on the electrochemical 
processes taking place in the cell due to the distinction of electrolytes [8]. Thus quali-
ties influence the applications for which these cells are best suited. Various fuel cell 
types are now being explored, each with their own set of advantages, limitations, and 
prospective applications [8]. PEMFCs, direct methanol fuel cells, alkaline fuel cells, 
phosphoric acid fuel cells, solid oxide fuel cells, and molten carbonate fuel cells are all 
examples of fuel cells.

1.2 Catalyst

A catalyst helps to speed up a chemical reaction by creating bonds with the 
molecules involved. The catalyst permits the reactants to react to produce a product, 
which then detaches from the catalyst and leaves it undamaged for the next reaction. 
As a result, a catalytic reaction may be thought of as a cyclic event in which the cata-
lyst precipitates and then returns to its original state at the conclusion of the cycle.
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Catalysts are the workhorses of chemical transformations in industry, accounting 
for 85–90 percent of total chemical output. A catalyst provides an alternative, more 
energy-efficient mechanism to the non-catalytic reaction, allowing activities to be 
carried out at pressures and temperatures that are industrially practical.

1.3 Fuel cell electrocatalysts

Catalysts are used in fuel cells to increase reaction kinetics in the anode and 
cathode sectors. Efficient electrocatalysts are needed in fuel cells to increase cell’s 
performance, notably its durability, stability, and activity, as well as to lower cost. 
PtRu catalysts are used due to its high CO tolerance through bifunctional mechanism. 
Because the catalysts used in fuel cells are noble metals and non-noble immobilized 
on a conducting support, the catalysts utilized in fuel cells are classed as heteroge-
neous. The reactants and the heterogeneous catalyst are in distinct phases.

1.4 Methanol oxidation anode catalysts

Pt, Pd, and Au are well-known precious metals that can be used as methanol 
oxidation catalysts in DMFCs [9–12]. As a result, these precious metal catalysts have 
received a lot of attention in DMFCs [9–11]. Saving money and increasing methanol 
oxidation activity are both appealing characteristics. The morphological variations 
in particle size distribution, shape, and surface structure of precious metal catalysts 
have a strong influence on their methanol oxidation activity [10]. Many teams have 
recently created better morphologies of noble metal catalysts to promote methanol 
oxidation activity with low metal loading [10, 11]. Platinum-based catalysts have been 
shown to be reactive and stable in the acidic DMFC environment [12, 13].

Another significant barrier to efficient methanol fuel-to-electric-current con-
version in a DMFC is the anode catalyst’s poor MOR kinetics. Surface poisoning 

Figure 1. 
A schematic diagram showing a hydrogen based fuel cell [7].



Ruthenium – Materials Properties, Device Characterizations, and Advanced Applications

4

by chemical intermediates such as COads-like species formed during the stepwise 
dehydrogenation of methanol is primarily responsible for this delay [14–16].

The importance of DMFC’s low efficiency and overpotential stems from oxidized 
adsorbed COads-like species and other poisoning intermediates for probable MOR 
on Pt at such potentials [17]. PtRu [18, 19], PtSn [20, 21], PdNi [22], PtMo [23, 24], 
PtTiO2 [25, 26], PtW [23], PtOs [27], and PtMn [28] are examples of binary Pt-based 
alloy (double-component) catalysts. The concept of metal alloys is to enhance metha-
nol electro-oxidation activity, by supplying a flux of hydroxyl species to negative 
electrode at higher potentials to facilitate the reaction with COads-like poisoning 
species. The methanol oxidation and associated mechanisms have been studied under 
controlled conditions in a variety of catalytic systems [29–37].

Platinum’s electroactivity appears to be influenced by its morphology [38], with 
roughened platinum having significantly higher activity [39].

Several researchers have looked into the effect of particle size on methanol oxida-
tion [40–42]. For particles with a diameter of less than 5 nm, several scientists have 
found a decline in activity as the particle size decreases [43–46].

On a pristine platinum electrode, linearly bound CO can cover up to 90% of the 
active sites, blocking the majority of them. These findings have been frequently 
confirmed by various researchers [47–49].

Platinum has been looked at a lot as an electrocatalyst for the oxidation of metha-
nol. To remain being active it is used as a composite to avoid formation of CO. This 
has led to the search for other active materials, especially those that could work with 
platinum as a promoter by making it easier for chemisorbed CO to be oxidized [13].

Ru has been discovered to enhance anti-poisoning effectiveness. The Pt-Ru 
catalyst’s high price, however, is one of the main obstacles to its broad implementa-
tion [50]. Reduced catalyst costs are a key factor in the widespread commercializa-
tion of DMFCs [51]. A number of organizations have worked diligently to create 
new multi-component catalyst systems for the oxidation of methanol, including 
PtRuNi [52–54], Pt-Ru–Os [55, 56], Pt–Ru–Mo–W [56] and Pt–Ru–Sn–W [57]. 
Investigations on the Pt-Ru-Sn system were also conducted [58], but it was found 
that adding tin to the Pt-Ru alloy causes the Ru to be evacuated with minimal 
advantage [59].

Fuel cells have received a lot of attention among other energy technologies due to 
their high rates of energy conversion, cheap availability to fuel, and environmental 
friendliness [60, 61].

Fuel cells use redox processes involving oxygen and fuels to turn chemical energy 
into electrical energy [62, 63]. Despite years of hard work, there are still certain 
fundamental concerns that must be addressed. Platinum is now the most popular 
MOR catalyst, and significant efforts have been undertaken to increase its activity 
and utilization. One of the numerous disadvantages of pt-based catalysts is that they 
are sensitive to impurities and pricey. The main methodology used in this work was 
alloying platinum with ruthenium metal via the modified polyol method of catalyst 
synthesis, and the resultant nanoparticles were subsequently heated at higher tem-
peratures to improve the methanol electrooxidation reaction [64–66].

Because heat treatment has been shown to affect the activity of electrocatalysts, 
it is known as thermal activation. Heat treatment of Pt-based catalysts can result in 
particle-size increase, improved alloying, and changes in the surface morphology of 
the catalyst from amorphous nature to more crystallite phases, all of which have a 
significant impact on their electroactivity and stability [67].
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Numerous studies [67] have been conducted to determine how heat treatment 
affects Pt catalysts. In this study, heat treatments of 2500C, 3500C, and 4500C are 
applied to binary PtRu/MWCNT catalysts made using the modified polyol method 
to see how they affect their shape, particle size, electroactivity, and stability towards 
methanol electrooxidation.

According to Valisi et al. [68], enhancing the electrocatalytic activity and stabil-
ity of fuel cells, thermal treatment of catalysts plays an integral part of ORR. The 
ORR activity was found to be maximal as indicated, Pt/C (T, 350°C) < Pt-Co/C (T, 
250°C) < Pt-Ni/C (T, 350°C) < Pt-Fe/C (T, 350°C) < Pt-Cu/C (T, 350°C).

Xiowel et al. [69] produced carbon-supported Au-PtRu catalysts for DMFC by 
easily depositing Au metal on top of a commercial PtRu/C catalyst and then heat-
ing it at three different temperatures. After a straightforward Au particle deposi-
tion on a commercial Pt-Ru/C catalyst, the resulting composite catalyst was heated 
at 125, 175 and 200 degrees Celsius in a N environment. It was discovered that 
among heat-treated catalysts, Au-PtRu/C catalysts had the greatest electrocatalytic 
stability.

Another study [70] found that heat treatment enhanced the electrical conductivity 
of the electrode, which influenced the agglomeration of Pt particles. Furthermore, 
the PtM/C alloying degree (M denotes Cr, Pd, Co) was greatly enhanced. Finally, 
the PEM fuel cell displayed an appealing performance, with PtCo/C delivering an 
approximate current density of 392.8 mA/Cm2.

The elimination of any undesired contaminants that may have resulted from 
the early phases of preparation is one of the benefits of heat treatment. Heat treat-
ment increases the electrocatalytic activity of the produced catalyst by allowing 
for uniform dispersion and stable metal distribution on the substrate [71, 72]. 
Metal particle size and distribution, particle surface morphology, and metal 
dispersion on the support are all affected by heat treatment. The activity and 
durability can be achieved from the thermal treatment subsequent to the develop-
ment of Pt nanoparticles and its alloys [72]. Another study reported, Jalan et al. 
[73], that thermal treatment of Pt catalyst can slow down the dissolution rate and 
eventually decrease the initial surface area. The thermal treatment also affects the 
fundamental characteristics of the catalyst and its support, whereby the number 
of catalytic sites, the dispersion of catalyst particle on the support, the ratio of 
catalyst on the support, as well as the acidity-basicity properties of the support 
[71, 72].

There are several heat treatment technologies, including oven/furnace heating, 
microwave heating, plasma thermal heating, and ultrasonic spray pyrolysis. The 
most frequent heating technology is oven/furnace. The heat treatment approach 
for catalysts that use carbon black as a support for the catalytic metal is known to 
play two important roles in stability: the loss of oxygen-rich functional groups and 
graphitization of the carbon support surface. The surface chemistry concerned with 
carbon blacks exposes new surface states on carbon surfaces with variable oxygen-
dominated functionalities that influences the chemical behavior on the surface of 
carbon support [74].

Firstly, the carbon black (Vulcan XC72R)-supported on Pd-V electrocatalysts were 
subjected to thermal treatment in 10% H2 under Ar atmosphere at a variety of tem-
peratures. The morphological features of the heat-treated particle were studied, and 
it was discovered that particle size grew with increasing temperature. Heat treatment 
was also found to boost the electrocatalytic activity of the catalyst [75].
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2. Methodology

2.1 Preparation of binary catalyst PtRu/MWCNT

The PtRu bimetallic nanoparticle catalysts were supported onto the walls of 
MWCNTs by firstly using the modified polyol reduction method before heat treatment.

2.1.1 Modified polyol method

Catalysts were synthesized using the processes described by Jeng et al. [76] and 
L. Khotseng et al. [77] for the production of platinum-based binary catalysts, with 
minor modifications. Ethylene glycol (EG), which works as both a reducing agent and 
a stabilizer [78], was chosen due to its inherent benefits, which include homogenous 
distribution and tiny particle size [78, 79].

In a 1:1 ratio, 75 mg of MWCNTs were mixed with 60 ml of ethylene glycol (EG). 
The mixture was sonicated for 15 minutes and combined at room temperature for 
30 minutes to create a homogenous paste. PtRu (1,2 atomic ratio) was synthesized in 
a separate beaker by adding and dissolving 0.0772 mmol of H2PtCl6H2O as Pt and 
Ru precursor salts, respectively, in a 3:1 ethylene glycol ratio and stirring at room 
temperature to obtain a homogeneous mixture. The MWCNT/EG paste was mixed 
with salt/EG solution to adjust the pH until it reached approximately 3.6 by adding 
dropwise fraction amounts of 4 M NaOH. To help the metal salts adhere to the surface 
of the MWCNTs, the resulting mixture was subjected to an hour of vigorous stirring 
at high speed. The mixture was then refluxed at 160°C for three hours with a constant 
nitrogen flow, after which it was allowed to cool before being rinsed with ultra-pure 

Figure 2. 
Schematic diagram for the heat treated PtRu/MWCNT produced by modified polyol method of catalyst 
preparation.
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water. Finally, the mixture was filtered, and the remaining material (PtRu/MWCNT 
nanoparticle) was oven-dried at 60°C for an extended period of time to produce 
PtRu/MWCNT catalyst.

2.1.2 Heat treatment of the catalysts

The improved polyol technique was used to produce PtRu/MWCNT inary cata-
lysts, which were then heated under temperature control. Heat treatment has an 
impact on the shape, activity, and even distribution of the catalysts on the catalytic 
support. The desired temperature had already been set in the tube furnace. In the 
middle of the tube furnace, a boat made of alumina held the catalyst. While nitrogen 
flowed at a rate of 5 ml/min, the catalyst was heated for 3 hours at three target tem-
peratures of 2500C, 3500C, and 4500C. After the heating period was finished, the 
catalyst was taken out of the furnace and the tube was cooled while the nitrogen gas 
flowed continuously at a rate of 5 ml/min (Figure 2).

3. Results and discussion

3.1  Structural characterization of heat treated PtRu/MWCNT @450°C,  
PtRu/MWCNT @350°C and PtRu/MWCNT @250°C electrocatalysts

Before the electrocatalysts underwent heat treatment, the metal loading was 
assessed using energy-dispersive X-ray spectroscopy (EDS). The modified polyol 
technique was used to manufacture the binary catalyst PtRu/MWCNT, which con-
tains 5.80 percent ruthenium and 2.35 percent platinum. The microstructure of the 
produced electrocatalysts was evaluated by HR-TEM and XRD, and all catalysts have 
equivalent atomic ratios.

Scherrer’s equation was used to calculate the crystallite sizes of the electrocata-
lysts, and high-resolution transmission electron microscopy (HR-TEM) was used 
to measure the particle sizes. Using Debye-Scherrer’s equation, K/Cos, where K is 
the Scherrer constant, = 0.9, the X-ray wavelength is 0.154 nm, and (2), the width 
of the diffraction peak (rad), one may determine the size of the metal particles’ 
crystals. Using Image J, (a program created by the National Institutes of Health and 
the Laboratory for Optical and Computational Instrumentation, LOCI, University 
of Wisconsin, Madison, WI, USA), the particle size determined by HR-TEM was 
obtained over various regions for each electrocatalyst (Table 1).

The face-centered cubic (fcc)crystalline structures are present in all PtRu/CNT 
electrocatalysts heat treated at 250°C, 350°C, and 450°C, with PtRu/CNT@450deg. 
having the smallest crystalline size, according to XRD. The X-ray diffraction (XRD) 
pattern of the Bragg’s angles of 39.760, 46.20, 67.40, 81.30, and 85.70 correspond to 
(111), (200), (220), and (311) and (222), respectively, and is an exact match to the 
X-ray diffraction pattern of the Pt catalyst. The PtRu crystals’ bimetallic architecture 
was affected by the heat treatment, according to the Bragg angles.

Figure 3 shows the HRTEM micrographs of PtRu electrocatalysts on MWCNT 
heat treated at 250°C, 350°C and 450°C respectively Catalyst nanoparticle are the dark 
dots. Multi-walled carbon nanotubes (MWCNTs) support are the large tube-like par-
ticles seen, with diameter of about 20 nm. The PtRu nanoparticles got more agglom-
erated on the MWCNT as temperature increases indicating that the heat treatment 
made the particles of the electrocatalyst to get more closely packed (Figure 4).
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3.2  Electrocatalytic activity of PtRu/MWCNT electrocatalysts at 2500, 3500, and 
4500 degrees Celsius

Cyclic voltammetry was used to initially assess the electrochemical activity of the 
produced catalysts in a 0.5 M HClO4 solution. The adsorption peaks for the various 
catalysts could be seen from the cyclic voltammetry of the electrocatalysts that had 
been synthesized. Eq. (1) was used to calculate the electro-active surface area of the 
catalysts using the peak area of the adsorption peak of the electrocatalysts in cyclic 
voltammetry [80].

 
µ

=
210 / 2. .

Q
ECSA

C cm m Ag
 (1)

Ag represents the geometric surface area of the electrode (5 mm in diameter), Q 
represents the charge from the adsorption peak in Coulomb taking within the nega-
tive potential region −0.2 V to 0.08 V in the forward scan, and 210 Ccm-2 represents 
the charge of full coverage for clean polycrystalline Pt monolayer [81].

Figure 3. 
XRD spectra of PtRu/MWCNT@250°C, PtRu/MWCNT@350°C and PtRu/MWCNT@450°C electrocatalysts 
supported on MWCNTs.

Electrocatalysts Crystalline size(nm) Particle size(nm) ECSA

PtRu/MWCNT 2500 1.178 1.005 5.098m2/g

PtRu/MWCNT 3500 0.596 0.616 3.922m2/g

PtRu/MWCNT 4500 0.595 0.600 16.714m2/g

Table 1. 
Properties of the Pt-Ru/MWCNT@ 250°C, Pt-Ru/MWCNT@ 350°C and Pt-Ru/MWCNT@ 450°C catalysts.
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The obtained ECSA values are 16.71m2/g for PtRu/MWCNT@450°C, 3.92m2/g 
for PtRu/MWCNT@350°C and 5.098m2/g for PtRu/MWCNT@250°C. Higher ECSA 
value of 16.710m2/g for PtRu/MWCNT@450°C can be attributed to its improved 
alloying with lowest particle size value of 0.600 nm (Figure 5).

3.3  Methanol oxidation on PtRu/MWCNT@2500C, PtRu/MWCNT@3500C, and 
PtRu/MWCNT@4500C electrocatalysts in 0.5 M Perchloric acid solution at 
30mVs−1 scan rate

Table 2 summarizes the electrocatalytic activity towards methanol oxidation. By 
comparing the properties of the CVs, it was discovered that increasing the tempera-
ture in the metal alloys significantly increased the catalytic activity for methanol 
electrooxidation. To begin, the onset potentials (measures of catalytic activity) of 
methanol oxidation for the heat treated PtRu/MWCNT catalyst at 2500C were lower 
than for other electrocatalysts. The onset potential positions are as follows: PtRu/
MWCNT@450°C > PtRu/MWCNT@350°C > PtRuW/MWCNT@250°C. The forward 
peak current densities (a measure of maximal catalyst performance) of the binary 

Figure 4. 
HR-TEM micrographs of a) PtRu/MWCNT @250°C, b) PtRu/MWCNT @350°C) PtRu/MWCNT @450°C.
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catalyst PtRu/MWCNT were in the following order: PtRu/MWCNT@450°C > PtRu/
MWCNT@2500C > PtRuW/MWCNT@350°C.

Thus, the binary catalyst PtRu/MWCNT@450°C exhibited best electrochemical 
performance in terms of the highest forward peak current density followed PtRu/
MWCNT@250°C (Figure 6).

Several researchers thermally treated Pt-based catalysts. Valisi et al. [68] used 
varied temperatures to heat treat PtCo/C, PtNi/C, PtCu/C, and PtFe/C. PtCu/C at 
250°C showed the highest catalytic mass activity in the research. Makodo Uchida et al. 
[82] used a heat-treated PtRu catalyst as well. The heat treatment is not only favored 
for the significant durability of the Pt-Ru catalyst in air at 370 degrees, consequently 
improves methanol oxidation. This process was performed at an initial overpotential 
of 340 mV vs. NHE at 60 mA cm−2.

We report herein on heat treated bimetallic PtRu/MWCNT as given in Table 3 
below.

PtRu/MWCNT at 450°C showed better stability and kinetics towards the metha-
nol oxidati9n reaction indicating improved electroactivities at higher heat treatment 
(Figure 7).

Electrocatalysts Onset-Potential(V) Current Density(mA/cm2) Mass Activity {A/g]

PtRu/MWCNT 2500 0.0841 1.343 13.17

PtRu/MWCNT 3500
−0.194 0.602 5.90

PtRu/MWCNT 4500
−0.198 1.987 19.48

Table 2. 
Comparison of the electrocatalytic activity of methanol oxidation catalysts.

Figure 5. 
Cyclic voltammograms of PtRu/MWCNT@250°C, PtRu/MWCNT@350°C and PtRu/MWCNT@450°C 
electrocatalysts in N2 saturated 0.5 M Perchloric acid, HClO4 at a scan rate of 30mVs−1.
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Electrochemical impedance spectroscopy technique was used to investigate 
the catalytic reaction kinetics for the methanol oxidation on the anodic PtRu/
MWCNT@250°C, PtRu/MWCNT@350°C and PtRu/MWCNT@250°C electrocata-
lysts surfaces. The charge transfer resistance, Rct values using Equivalent Circuit 
fitting were 0.151 kΩ, 2.04 kΩ and 11.31 kΩ for PtRu/MWCNT@450°C, PtRu/
MWCNT@350°C and PtRu/MWCNT@250°C respectively indicating that PtRu/
MWCNT@450°C exhibited best kinetics towards the methanol electrooxidation with 
the best conductivity to flow of electric current (Tables 4 and 5).

PtRu/MWCNT heat treated at 4500 gave best kinetics as it offered least resistance 
to the flow of current with charge transfer resistance value of 0.151 kΩ followed by 
PtRu/MWCNT heat treated at 350°C.

PtRu/MWCNT heat treated at 4500 gave best kinetics as it offered least resistance 
to the flow of current with charge transfer resistance value of 0.151 kΩ followed by 
PtRu/MWCNT heat treated at 350°C (Figure 8).

Stability is critical for electrocatalysts to be employed efficiently in DMFCs. 
Figure 9 shows the chronoamperometry (CA) of PtRu/MWCNT electrocatalysts 

Figure 6. 
Cyclic voltammograms of PtRu/MWCNT@250°C, PtRu/MWCNT@350°C and PtRu/MWCNT@450°C, purged 
with N2, 2 M methanol, HClO4, saturated 0.5 M Perchloric acid, at a scan rate of 30mVs−1.

Electrocatalysts Crystalline 

size(nm)

Particle 

size(nm)

Atomic ratio 

determined by EDX

Mass activity 

(A g − 1 PtRu)

PtRu/MWCNT 250°C 1.178 1.005 Pt62.0:Ru38 13.17

PtRu/MWCNT 350°C 0.596 0.616 Pt68.13:Ru31.87 5.90

PtRu/MWCNT 450°C 0.595 0.600 Pt65.62:Ru34.38 19.48

Table 3. 
Different electrocatalysts’ compositions, crystalline and particle sizes, and catalytic activity.
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on MWCNT support in N2 saturated 0.5 M HClO4 with 2.0 M methanol. The 
importance was sought after 1800 seconds on various catalysts. The current density 
studies were revealed on chronoamperometry analysis, an initial observation was 
rapid decay with time (I proportional to t-1/2). The rate of inhibition of the elec-
trodes by the products of the methanol oxidation reaction may decrease over time. 
When manufactured catalysts, PtRu/MWCNT binary catalysts heat treated at dif-
ferent temperatures are compared, the order of stability of the electroacatalysts to 
methanol electrooxidation is as follows. PtRu/MWCNT at 4500C > PtRu/MWCNT 
at 2500C > PtRu/MWCNT at 3500C based on current density values of 0.284 mA/
cm2 (Table 6).

Figure 7. 
EIS curves of methanol oxidation on PtRu/MWCNT electrocatalysts prepared from various synthesis routes 
purged with N2 in saturated 0.5 M HClO4 and 0.2 M methanol.

Electrocatalysts Charge transfer resistance (RCT)

PtRu/MWCNT 250°C 11.31 kΩ

PtRu/MWCNT 350°C 2.040 kΩ

PtRu/MWCNT 450°C 0.151 kΩ

Table 4. 
Electrocatalysts with PtRu/MWCNT charge transfer resistance.

Electrocatalysts Charge transfer resistance (RCT)

PtRu/MWCNT 250°C 11.31 kΩ

PtRu/MWCNT 350°C 2.040 kΩ

PtRu/MWCNT 450°C 0.151 kΩ

Table 5. 
Charge transfer resistance of PtRu/MWCNT electrocatalysts.
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Electrocatalysts Current Density(mA/cm2)

PtRu/MWCNT 2500 0.284

PtRu/MWCNT 3500 0.0329

PtRu/MWCNT 4500 1.296

Table 6. 
Current density values from the chronoamperometry curve for the stability test of the PtRu/MWCNT 
electrocatalysts.

Figure 9. 
The Chronoamperometry curves of methanol oxidation on PtRu/MWCNT electrocatalysts in 0.5 M HClO4 and 
2.0 M CH3OH.

Figure 8. 
Equivalent circuits for methanol oxidation electrochemical impedance spectroscopy on (a) PtRu/
MWCNT@4500C, (b) PtRu/MWCNT@3500C, and (c) PtRu/MWCNT@2500C electrocatalysts in N2 
saturated 0.5 M HClO4 and 0.2 M methanol.
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4. Conclusion

In this study, PtRu supported on MWCNT was successfully synthesized using 
the modified polyol approach and heat treated at 2500C. 3500 and 4500 degrees 
Celsius, respectively. The synthesized electrocatalysts had crystalline diameters of 
0.595–1.178 nm and average particle sizes of 0.699–1.005 nm, according to XRD and 
HRTEM studies. The PtRu alloy phase, according to XRD studies, is an excellent 
match for the Pt catalyst structure. The PtRu/MWCNT electrocatalyst heat-treated 
at 4500 C was shown to have higher electrocatalytic activity for methanol oxida-
tion, with a mass activity of 19.48 A/g, than other PtRu electrocatalysts on MWCNT 
support. When compared to other electrocatalysts, the 4500C PtRu/MWCNT 
electrocatalyst displayed the maximum current density for methanol oxidation. This 
is because it participates most actively in the anode oxidation reaction and has the 
lowest particle size. The PtRu/MWCNT electrocatalysts heated to 4500C showed 
faster electrochemical reaction kinetics than those heated to 2500C and 3500C with a 
charge transfer resistance value of 0.151 k Ω, according to the EIS.

Finally, the temperature 450°C was found to be optimal as the PtRu/MWCNT 
electrocatalyst heat treated at this temperature is also the most stable electrocatalyst 
followed by the PtRu/MWCNT electrocatalyst heat treated at 250°C as shown by the 
chronoamperomerty tests.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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