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h i g h l i g h t s
� Post treatment of Pt-Ru/CAB-syn electrocatalyst improved cell performance significantly.

� HNO3 functionalized acetylene black CAB proved to be an excellent support material.

� Performance of post treated Pt-Ru/CAB-H2-RT was comparable to commercial Pt-Ru/C.

� Highest alloying of Ru with Pt for Pt-Ru/CAB-H2-RT facilitates ethanol splitting.
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Highly dispersed Pt-Ru nano electrocatalysts supported on functionalized acetylene black

carbon (CAB) were synthesized by a modified polyol reduction route followed by post

treatment under three different conditions. The synthesized Pt-Ru/CAB-syn electrocatalysts

after post treatment were designated as Pt-Ru/CAB-H2-RT when treated under H2 atmo-

sphere at room temperature of 40 �C, and Pt-Ru/CAB-H2-160 when treated under H2 at-

mosphere at 160 �C and Pt-Ru/CAB-Air-160 when treated under air at 160 �C, respectively.

The post treatment of synthesized electrocatalyst modified the crystallographic and

morphological structures of the synthesized electrocatalysts which enhanced the elec-

trocatalytic activity for ethanol electrooxidation. The physical characteristics of the post-

treated electrocatalysts were recorded using XRD, SEM-EDX and TEM techniques. The

XRD and TEM analyses revealed that the synthesized electrocatalysts have particle size in

nano range with narrow size distribution. The electrochemical study of synthesized elec-

trocatalysts were evaluated via cyclic voltammetry and chronoamperometry revealed that

the Pt-Ru/CAB-H2-RT electrocatalyst is the most active exhibit towards ethanol electro-

oxidation in comparison to that of Pt-Ru/CAB-H2-160, Pt-Ru/CAB-Air-160 and commercial Pt-

Ru/C electrocatalysts. In DEFC performance test at a temperature of 40 �C, the obtained

power density (9.15 mW/cm2) using the synthesized Pt-Ru/CAB-H2-RT as anode electro-

catalyst was higher than that of Pt-Ru/CAB-Air-160 (5.79 mW/cm2), Pt-Ru/CAB-H2-160

(6.84 mW/cm2) and commercial Pt-Ru/C (7.86 mW/cm2) electrocatalysts with same anode

electrocatalyst loading of 1 mg/cm2 and 2 M ethanol fuel. The maximum OCV of 0.737 V

and power density of 16.23 mW/cm2 at 0.317 V with a current density of 51.2 mA/cm2 were
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CH3CH2OH þ Pt / [CH3CH2OH]ads,Pt / [C

H2O þ Ru / [OH]ads,Ru þ Hþ þ ee

[CH3CHO]ads,Pt þ [OH]ads,Ru / CH3COOH þ
obtained using Pt-Ru/CAB-H2-RT electrocatalyst as anode at a cell temperature of 80 �C. The

enhanced and superior performance of Pt-Ru/CAB-H2-RT electrocatalyst after post treat-

ment could be attributed to well alloyed microstructure and highly dispersed surface

morphology of metal nanoparticles.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Power generation based on proton exchangemembrane (PEM)

technology has drawn significant attentions due to its several

benefits over other types of fuel cells in the low temperature

range [1]. Low temperature fuel cells are operated with anode

fuels mostly hydrogen or hydrogen rich molecules like

methanol, ethanol, acetic acid, NaBH4, etc [2,3]. These fuels are

environmentally friendly and result in high output from fuel

cells, silent system and water is the only byproduct for

hydrogen fuel [3,4]. In this context, fuel cells represent a

promising route for electricity production without any envi-

ronment pollution and thus obviously have spurred a lot of

interest amongst the researchers all over the world [3e5].

Although, hydrogen is considered as a clean energy carrier

due to its environmental benignity and high energy density of

39.4 kWh kg�1, some convincing drawbacks of hydrogen fuel

such as low volumetric energy density, economical produc-

tion of pure hydrogen gas, onboard storage and safety issues

are the key reasons to go for other liquid fuels rather than

hydrogen [3,6]. Among various liquid fuels methanol and

ethanol are widely used in proton exchange membrane fuel

cells (PEMFCs) in place of hydrogen, which represents the ul-

timate fuels of the future for sustainable energy supply.

Methanol being a liquid fuel has the advantages of easy stor-

age and transportation and thus it could be an alternative fuel
H3CHO]ads,Pt, þ 2Hþ þ 2ee (1)

(2)

Hþ þ ee (3)
for hydrogen in PEMFCs [7]. However, methanol offers cross-

over problemwhich resulting in a mixed potential at cathode,

and consequently reduce the fuel cell performance. Moreover,

it is produced via chemical route from nonrenewable sources,

neurotoxic in nature, volatile and inflammable [4]. On the

other hand, ethanol is particularly promising viable liquid fuel

that can be commonly used in PEMFCs as ethanol offers

several advantages over methanol fuel like higher energy

density (8.0 kWh kg�1 vs 6.1 kWh kg�1), non-toxic, little higher

boiling point than methanol and bulkier than methanol
molecule thus less cross-over problem. Moreover, ethanol is

renewable in nature and it can be easily produced in large

quantities by fermentation process from renewable agricul-

tural biomass sources [8e11]. However, electrooxidation of

ethanol using present electrocatalyst is truly challenging task

to the researchers due to its complex molecular structure.

Thus ethanol was selected as promising fuel for the use in PEM

base direct ethanol fuel cells (DEFCs) in the present study.

It is well known that there is still a lack of highly active and

selective anode electrocatalysts that can initiate the complete

electrooxidation of ethanol to CO2 and H2O produces a high

yield of 12 electrons per molecule with a faster anode kinetics

which limits their potential use in DEFCs [10]. As reported in

the literature, the ethanol electrooxidation reaction un-

dergoes both parallel and successive oxidation reactions

mechanisms due to the presence of the C-C bond of ethanol

molecule having low electron affinity and ionization energy

[11]. The breaking of the C-C bond of ethanol is a considerable

challenge at low temperatures and thus results in incomplete

ethanol electrooxidation to complicated adsorbed in-

termediates and byproducts such as CH3CHO and CH3COOH

with a small amount of CO2 (˂1%) [12e15].

A three step reaction scheme has been proposed by Pra-

manik and Basu [16] and Goel and Basu [17] for ethanol the

electrooxidation on PtRu/C electrocatalyst electrodes in acidic

medium at moderate temperatures (˂100 �C), as follow:
The ethanol oxidation in DEFC using bimetallic Pt-Ru/C

electrocatalyst due to the bifunctional mechanism [10],

ethanol molecule first gets adsorbed on the surface of Pt

electrocatalyst to form acetaldehyde, and further release

proton and electrons (Eq. (1)). According to the second re-

action step (Eq. (2)), on the surface of Ru metal of bi-metallic

Pt-Ru/C electrocatalyst, a dissociative adsorption of water

takes place. The adsorbed species (e.g., [CH3CHO]ads,Pt and

[OH]ads,Ru) interacts each other and forms acetic acid (Eq.

(3)).
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At high potential region [18], the mechanism is expressed

by reactions (4) and (5):

Pt-CH3CHOads þ OHads / Pt þ CH3COOH þ Hþ þ ee (4)

Pt-COads þ OHads / Pt þ CO2 þ Hþ þ ee (5)

Here, the activation H2O to the OH¡ species is rate deter-

mining step.

At the beginning of 21st century, platinum was considered

as an efficient anode electrocatalyst for ethanol oxidation in

acidic medium, as it generated significant current in CV

studies in comparison to gold and other metals [2,10]. How-

ever, it requires significant activation overpotential and its

reaction kinetics rate is rather slow. Moreover, its surface gets

poisoned very fast by strongly adsorbed intermediates, which

are CO-like intermediate species produced during dissociative

adsorption of ethanol [10,11]. In order to overcome the

poisoning effect of CO and enhance the electrocatalytic ac-

tivity of pure Pt towards ethanol electrooxidation, the for-

mation of alloys with second oxophilic metals such as Ru, Sn,

Ir, Re, Rh, or Mo have given major emphasis for the last few

years [8,19e27]. Among bimetallic electrocatalysts, Pt-Sn and

Pt-Ru are most promising due to their better capability to

overcome CO poisoning effect in acidic medium [20,21]. The

enhanced performance of these bimetallic electrocatalysts in

comparison to Pt is due to their bi-functional mechanism and/

or the ligand/electronic effects [28e31]. Several studies have

revealed that the incorporation of oxophilic metals such as Sn

and Ru, and Mo, can enhance the dissociative adsorption of

water to form the surface hydroxides species at lower elec-

trode potentials during electrooxidation of ethanol molecule.

These surface hydroxides species can promote the oxidation

of poisoning substances like CO and CHx intermediates on

adjacent active sites and thereby assisting in regeneration of

active sites for further oxidation via bifunctional mechanism

[10,28,29]. The ligand or electronic effects are also thought to

play an important role over enhanced electrocatalytic activity

of Pt-Ru bimetallic alloy electrocatalysts, which is based on

the weakening the bond strength of Pt-CO by modification of

Pt electronic structure with the presence of Ru surface atoms

that enhances CO oxidation to CO2 [30,31].

It is seen from the literature that the activity of the elec-

trocatalysts for splitting ethanol molecules strongly depends

on particle size, particle size distribution, as well as dispersion

of electrocatalyst nanoparticles on the surface of support

material, employed [29]. The support materials also play an

important role by lowering the use of noble metal particles

and simultaneously improving the electrocatalytic activity by

providing large surface area for better dispersion, high elec-

trical conductivity and porous structure for better diffusion of

reactants to reaction sites [1,32]. The highly conducting car-

bon blacks with high surface area along with its graphitic

characteristic are most commonly used electrocatalyst sup-

port material in low temperature fuel cells. Among all carbon

support materials, Vulcan XC-72 is widely used support ma-

terial by considering its physical properties. However, Vulcan

XC-72 contains a large number ofmicropores of less than 1 nm

(30% of SBET area) which resists the reactant accessibility

[33,34]. Thus, an important portion of electrocatalyst
nanoparticles could be sunk into the micropores and remain

unutilized. Moreover, Vulcan XC-72 is very expensive and not

available easily.

In the last few decades, growing literature has appeared

concerning novel non-conventional carbon supports mate-

rials like carbon nanotubes (CNTs) [4,19]. Carbon nanotubes

(CNTs) offer outstanding properties like excellent electrical

conductivity and high chemical stability but they have poor

pore development and low surface area compared to carbon

black Vulcan XC-72(R). CNTs are two-dimensional tubular

nanostructures, which consists of single sheets of hexago-

nally arranged carbon networks i.e., graphene and generally

categorized as single-walled carbon nanotubes (SWNTs) or

multi-walled carbon nanotubes (MWCNT). The SWNTs

contain larger surface area, while MWCNTs having higher

electrical conductivity [4,19,32]. However, the preparation cost

of novel non-conventional carbon support likes CNTs is

higher than conventional carbon support, which limit its

availability at low cost. For these reasons, carbon support

materials like acetylene black which is cheaper, easily avail-

able and highly dispersed nanostructured could be treated as

suitable support material for synthesis of bimetallic electro-

catalyst for ethanol electrooxidation.

The pretreatment of carbon support via HNO3 functional-

ization and the preparation procedure of electrocatalyst syn-

thesis have a great influence on the particle size and

dispersion of metal particle over the support surface. The

carbon-supported electrocatalysts are generally synthesized

by the impregnation, the colloidal and the microemulsion

methods [35,36].

The oxidation of carbon support materials has been re-

ported to influence the electrochemical activities of the

electrocatalysts for the ethanol electrooxidation [37e39].

The chemical functionalization treatment of carbon support

via oxidizing solutions of HNO3, HNO3eH2SO4 or H2O2 re-

sults in formation of different oxygen functionalities on

carbon surfaces, such as carboxyls, carbonyls, phenols,

quinones or lactones [37,38,40]. These oxygenated species

has been reported to be beneficial for getting a better metal

dispersion and anchoring of the electrocatalytic active

phase onto the carbon surface. Furthermore, oxygenated

surface species also enhance the hydrophilic character of

carbons and favoring the diffusion of the reactants to the

active sites [40,41].

The polyol reduction process is one of the most powerful

technique in which a polyol such as ethylene glycol used as

both a solvent and reductant ofmetallic precursors alongwith

controlling the pH of the solvent with NaOH. Recently, polyol

reduction method has received great attention as it provides

accurate size control and well dispersed metal nanoparticles

over support material without needing any additional stabi-

lizers. In the polyol reduction process, Pt-Rumetal colloids are

stabilized by glycolate produced from ethylene glycol oxida-

tion in alkaline medium [42,43]. Lee et al. [44] evaluated the

performance of post treated polyol synthesized bimetallic Pt-

Ru/C electrocatalysts for methanol electrooxidation. Post

treated Pt-Ru/C at room temperature in H2 atmosphere

exhibited higher intrinsic activity in half and single cell test

performance due to lower phase separation and agglomera-

tion of particles.
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Zhiani et al. [45] studied methanol electrooxidation in

acidic media on Pt-Ru/acetylene black (20:10 wt %) electro-

catalyst synthesized by direct reduction of precursor solution

containing acetylene black by Na2S2O4. It was observed that

the electrocatalytic activity of synthesized Pt-Ru/acetylene

black (20:10 wt %) electrocatalyst was higher than the com-

mercial Pt-Ru/C (20:10 wt %) in both half-cell and single direct

methanol fuel cell experiments. Recently, we reported the

effect of synthesismethods on the electrocatalytic activities of

bi-metallic Pt-Ru nano electrocatalysts supported on func-

tionalized acetylene black as anode electrocatalysts for

ethanol electrooxidation in acidic media [46]. The perfor-

mance of synthesized electrocatalysts for ethanol electro-

oxidation in acidic media was superior to the commercial Pt-

Ru/C (30:15 wt %).

Although, many researchers [37e40] have studied the

pretreatment of support material for the synthesis of bi-

metallic electrocatalysts to split ethanol molecule electro-

chemically almost no such paperwas found on post treatment

of functionalized acetylene black (CAB) supported Pt-Ru elec-

trocatalyst for ethanol electrooxidation at moderate

temperature.

In this context, the influence of post-treatment in reduc-

tion and oxidation atmospheres along with temperature ef-

fects on themodified polyol synthesized electrocatalysts were

investigated. The promoted surface structures, morphology,

alloying degree and elemental composition of the electro-

catalysts were analyzed by X-ray diffraction (XRD), scanning

electron microscopy (SEM), transmission electron microscopy

(TEM), and energy dispersive X-ray (EDX) analysis. The elec-

trochemical activity for ethanol dissociation and stability of

the synthesized electrocatalysts were investigated and

compared with the commercial Pt-Ru/C using cyclic voltam-

metry (CV) and chronoamperometry (CA) measurement tests

at a temperature of 40 �C. Finally, the synthesized electro-

catalysts were tested as anode in single-cell DEFCs experi-

ment tests to verify the cell performance in terms of open

circuit voltage (OCV) and cell power densities.
Experimental method

Materials

Chloroplatinic (IV) acid hexahydrate (20 wt % Pt, H2PtCl6.

6H2O) and ruthenium (III) chloride (48.2 wt %, RuCl3) were

purchased from Alfa Aesar (USA) and used as metal pre-

cursors for the synthesis of electrocatalysts. The commercial

Pt-Ru/C (30%:15% by wt., Alfa Aesar) was used as anode elec-

trocatalyst to compare the electrocatalytic activity with the

synthesized electrocatalysts. The carbon support acetylene

black (SBET ¼ 75 m2/g and average particle size of 40e60 nm)

was procured from Alfa Aesar, USA. Nafion® (D-520, 5 wt %)

dispersion and commercial Nafion® 117 membrane/solid

electrolyte were bought from Alfa Aesar, USA. Ethylene glycol

(�99.0%), isopropanol (99.5%), HClO4 (70%), and HNO3

(69e71%) were manufactured by Fisher Scientific, India.

Ethanol (99.9%, Merck, Germany) was used as fuel. The poly-

tetrafluoroethylene (PTFE) dispersion (60 wt %, Sigma-Aldrich,

Germany) was used as for electrode manufacturing. Toray
carbon paper (TGP-H-60, Alfa Aesar, USA) was used as a sub-

strate or gas diffusion layer (GDL) to paint electrocatalyst ink

of electrode. The commercial Pt (40 % wt.)/High surface area

carbon black (CHSA) (Alfa Aesar, USA) was employed as cath-

ode electrocatalyst.

Functionalization of electrocatalyst support material

First of all, the support material pristine acetylene black (CPAB)

carbon powder was washed with distilled water to reduce its

initial organic impurities present. The oxygenated functional

groups were introduced over the surface of carbon support by

mixing with the calculated amount of pristine acetylene black

powder in 65 wt % HNO3 using an ultrasonic water bath at a

temperature of 35 �C for 30 min. The suspended mixture was

then refluxed at a temperature of 140 �C for 6 h under vigorous

stirring [34,47]. Finally, the mixture suspension was diluted

with distilled water, filtered and rinsed with distilled water

until the pH is neutral. The obtained residue was then dried at

a temperature of 80 �C for 12 h. The resulting functionalized/

treated acetylene black carbon (CAB) was used as support

material for synthesis of bi-metallic Pt-Ru supported electro-

catalysts via several post treatment route which are discussed

in the section below.

Electrocatalyst preparation

Themodified polyol reduction route as adopted byWang et al.

[43], Lee et al. [44], and Lee et al. [48] were used for the syn-

thesis of carbon supported Pt-Ru (Pt: Ru atomic ratio ¼ 1:1)

nano electrocatalysts with nominal metal loading of 40 wt %

on carbon support CAB of 60 wt %. The calculated amount of

metal precursors H2PtCl6. 6H2O and RuCl3 were dissolved in

aqueous ethylene glycol solution (Distilled water 5% by vol-

ume) and subjected to ultrasonic dispersion for 3 h. The pH of

the above suspension was being adjusted to 12e13 approxi-

mately by addition of 1 M NaOH solution in ethylene glycol

drop wise and kept under stirring for 30 min in air at room

temperature of 30 �C. Subsequently, the suspension mixture

was transferred to a three necked flask and refluxed at a

temperature of 140 �C for 4 h to obtain dark brown PtRu

colloidal nanoparticles. The reaction system was purged with

the high purity nitrogen gas to expel out the dissolved oxygen

and organic byproducts. A requisite amount of functionalized/

treated carbon support was dispersed separately in aqueous

ethylene glycol solution (ethylene glycol: distilled H2O¼ 1:1 by

volume) by ultrasonic treatment for 3 h and stirred vigorously

for 1 h for homogeneously mixing. The as synthesized Pt-Ru

colloidal nanoparticles were mixed with carbon dispersed

suspension by sonication, and again the pH was adjusted to

about 2 using a few drops of 2 M H2SO4 solution. The resulted

suspension mixture was heated at a temperature of 80 C� and
maintained at that temperature for 6 h under vigorous stirring

to deposit Pt-Ru colloidal nanoparticles on the carbon support

surface. Finally, the black suspension was cooled to room

temperature and filtered followed by washing extensively

with distilled water. The filtered cleaned precipitate was dried

in a vacuum oven at a temperature of 80 �C for 12 h and ho-

mogeneously ground to fine powder using a mortar and

pestle. The obtained electrocatalyst power was denoted as Pt-
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Fig. 1 e Scheme of post-treated conditions of the Pt-Ru/CAB-syn electrocatalyst by modified polyol method.
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Ru/CAB-syn. The Pt-Ru/CAB-syn electrocatalyst were post

treated in a tube furnace under three different conditions (i) in

high purity hydrogen gas at room temperature (30 �C) for 1 h,

(ii) with high purity hydrogen gas at 160 �C for 1 h and (iii)

under air at 160 �C for 1 h (Fig. 1). The synthesized electro-

catalysts were designated as Pt-Ru/CAB-H2-RT, Pt-Ru/CAB-H2-

160, and Pt-Ru/CAB-Air-160 as per above defined conditions (i),

(ii) and (iii), respectively.

Reaction mechanism of modified polyol reduction process

There are several reaction mechanisms for the modified pol-

yol reduction have already discussed many in previous

studies [42,51e53]. In modified polyol reduction method, Pt

and Ru are co-reduced and deposited on substrates surface

from their ionic salts dissolved in ethylene glycol-water so-

lution. In the first step of the modified polyol method, at high

pH (�12) metal hydroxide colloid is formed by the hydrolysis

reaction between metal salt ions and NaOH via following re-

action (Eq. (6)) as proposed by Wang et al. [54].
PtCl2�6 or Ru3þ þ OH�
.
NaOH������������������!Ethykene glycol�water ðpH�12Þ

PtðOHÞX or RuðOHÞY (6)
Further, the generated metal hydroxide colloids were

reduced after receiving the electrons from the oxidation of

ethylene glycol to glycolic acid as per the reaction mechanism

proposed by Bock et al. [42]. Since, ethylene glycol is a very

weak acid which can be thermally (140 �C) oxidized to alde-

hydes by the interaction of OH� groups of ethylene glycol with

Pt and Ru ions sites.

CH2OHeCH2OH/ CH2OHeCHOþ 2Hþ /HCOeCHOþ 2Hþ(7a)

CH2OHeCHO / CH2OHeCOOH (7b)

CH2OHeCOOH or HCOeCHO / COOHeCOOH (7c)

COOHeCOOH / 2CO2 þ 2Hþ or carbonate (7d)
The unstable aldehydes formed in the reactionmechanism

(Eq. (7a)) are not very stable and undergo further oxidation to

form glycolic acid (Eq. (7b)) and oxalic acid (Eq. (7c)), respec-

tively. These two carboxylic acids may further be oxidized to

CO2 or carbonate (Eq. (7d)) in alkaline media. The electrons

donated by oxidation reactions result in the reduction of the Pt

and Ru metal ions to form Pt-Ru metal colloids via Eq. (8).

xPt4þþxRu3þ þ 7
2
x H2 ðHOÞ CC ðOHÞ H2 ������!NaoH=DT ðPtx=RuxÞ

� colloids þ 7
4
x ðHOÞOCC ðOHÞH þ 7

2
x Hþ (8)

In alkaline medium, glycolic acid is present in the form of

glycolate anion (deprotonated state) act as a stabilizer by

forming chelate-type complexes via its carboxyl groups

[42,55]. The stabilizing effect of glycolate anion concentration

is a function of pH of the reactionmixture. The glycolate anion

concentration is expected to remain constant at higher pH

(pH � 6). The stabilizing effect of glycolate anion helps in

controlling the particle size of Pt-Ru metal colloids. However,
the stabilizing effect of glycolate anion destroyed due to

higher concentrations of protons and Cl� ions when pH value

is reduced to about 2. The glycolate anion is replaced by gly-

colic acid (protonated state) which is a poor stabilizer and,

consequently reduced Pt-Ru metal particles are deposited on

the carbon support active sites.

Physical characterization of the electrocatalysts

The structural characteristics of the synthesized electro-

catalysts were investigated by means of a XRD (Rigaku Ultima

IV, Germany) using Cu Ka radiation source (l ¼ 0.154056 nm)

with a Ni filter, operating at 40 kV and 15 mA. The samples

were explored the 2q scanning angle from 10� to 90� with a

0.02� step size at a scan rate of 5� min⁻1.

The particle size and dispersion morphology Pt-Ru nano-

particles were evaluated using a TEM (Tecnai G2 20 Twin, FEI

https://doi.org/10.1016/j.ijhydene.2019.10.243
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Company, USA) operated at 200 kV. Prior to themeasurement,

the specimens for TEM analysis were prepared by applying a

single drop of ultrasonically dispersed suspension of each

electrocatalyst by a micropipette on the carbon coated Cu grid

of 200 mesh size, followed by drying at a temperature of 60 �C
in a vacuum oven for 3 h. The particle size distribution his-

togram was obtained by measuring sizes of 150 metal nano-

particles from each TEM image using Image J software.

The surface structure and morphologies of dispersed

electrocatalysts were investigated by SEM-EDX (Nova Nano

SEM 450, FEI Company U.S.A). The chemical composition of

existing elements of the electrocatalyst was evaluated by EDX

analyzer using Octane Plus SDD detector attached to a SEM

instrument.

Electrochemical studies of electrode

All the electrochemical measurments of the anode electro-

catalysts were accomplished at a temperature of 40 �C using

potentiostat/Galvanostat (Autolab Model PGSTAT 204, Neth-

erland) in a conventional three-electrode assembly test cell. A

silver chloride electrode (Ag/AgCl in saturated KCl) and a long

platinum wire were employed as the reference and the

counter electrodes, respectively. The carbon paper coated

with Nafion®-impregnated electrocatalyst inkwas used as the

working electrode. Tomanufacture the working electrode, the

electrocatalyst ink (100 mL) was prepared by mixing 2 mg

electrocatalyst powder in 5 mL Nafion® (5 wt %) solution and

the appropriate amount of isopropanol under ultrasonic

treatment in a water bath at a temperature of 35 �C for 30min.

The prepared electrocatalyst ink was deposited on the tip of

0.25 cm2 area of a long strip of carbon paper, followed by

drying at a temperature of 80 �C for 1 h. Prior to the electro-

chemical measurements, high purity nitrogen gas was

bubbled through the electrolyte and fuel solution (0.5 M

HClO4 þ 2 M C2H5OH) at a flow rate of 10 mL/min using silicon

tubing for 30 min to remove dissolve oxygen.

Membrane electrode assembly (MEA) fabrication and single-
cell DEFC test

The electrocatalysts tested in the anode sidewere synthesized

electrocatalysts Pt-Ru/CAB-H2-RT, Pt-Ru/CAB-H2-160, Pt-Ru/

CAB-Air-160 and commercial Pt-Ru/C, respectively. The anode

loading in all cases were same in the range of 1 mg/cm2. The

commercial Pt/CHSA electrocatalyst was used at cathode side

of 1 mg/cm2 in all experiments. The electrocatalyst ink/slurry

was prepared by dipersing the required amount of electro-

catalyst powder, Nafion® ionomer solution (30 wt % of solid

content of the slurry), isopropanol and a few drops of PTFE

dispersion using an ultrasonic water bath at a temperature of

35 �C for 30 min. The prepared electrocatalyst ink/slurry was

then uniformly spread on the porous gas diffusion layer/GDL

using a thin brush. Subsequently, the composite structure of

the electrodes was dried in an oven at a temperature of 80 �C
for 1 h to evaporate the solvent. Finally, the dried anode and

cathode electrodes were sintered in a vacuum oven at a

temperature of 300 �C for 3 h, to get the porous structure of the

anode and cathode, respectively. It should be noted that the

fabrication procedure of anode and cathode were similar
expect the electrocatalyst used. The active surface area of the

anode and cathode electrodes was 6.25 cm2 (2.5 cm � 2.5 cm).

Finally, the MEA was made by keeping the commercial

Nafion® 117 membrane in between the sintered anode and

cathode electrodes followed by clamping the assembly

together without hot pressing [49,50].

The performances of synthesized electrocatalysts as anode

in single cell-DEFCs were evaluated using a commercial fuel

cell set-up (Fig. 2a). The fabricated MEA was inserted in be-

tween two serpentine graphite flow channel plates which

were attached by two gold plated copper current collectors

from outside of the flow channel plates. The cell was then

fixed by bolts tightening at the four corner of the cell assembly

end plate with a uniform torque. The DEFC tests were con-

ductedwith constant supply of fuel (2 M) ethanol at a flow rate

of 1.2 ml/min to the anode side using a peristaltic pump

(Electrolab, India) and 60 ml/min of humidified oxygen gas to

the cathode side from an oxygen cylinder. The fuel cell tests

were conducted at a moderate temperature range of

40 �Ce80 �C and 1 bar (absolute) pressures both sides of the

electrodes.

The pictorial view of the experiment set-up assembly is

also depicted in Fig. 2b. The polarization curves, V-I data were

recorded by measuring the cell voltage at different currents

using DC Electronic Load Bank (K-PAS, India) after reaching

the cell performance steady state for each set of experiments.
Results and discussion

Structural and morphological characterization of
electrocatalysts

X diffraction (XRD) analysis
The XRD measurements were obtained to investigate the

crystal characteristics of electrocatalysts and results are pre-

sented in Fig. 3. The first broad diffraction peak at around

2q ¼ 25.3� is associated with the carbon/graphite (002) crys-

talline plane of its hexagonal structure for all the samples.

The Pt-Ru/CAB-syn fresh electrocatalyst display a broad

diffraction peak at 38.7� which is due to superposed effect of

RuO2 at 35.2� (101) and Pt diffraction peak at 39.7� (111), while

the other diffraction peaks at Pt (200), Pt (220), Pt (311) and Pt

(222) are too weak to be observed. The XRD pattern of Pt-Ru/

CAB-syn electrocatalyst reveals its poor crystalline structure.

After the post treatment in a reductive (H2) atmosphere, the

RuO2 peaks disappear from the post treated Pt-Ru/CAB-H2-RT

and Ru/CAB-H2-160 electrocatalysts. However, post treated in

an oxidative (air) atmosphere increased the crystallinity of Pt-

Ru/CAB-Air-160 electrocatalyst. The three additional peaks at

28.1�, 35.2� and 54.4� were observed for Pt-Ru/CAB-Air-160

electrocatalyst can be indexed to the (110), (101) and (211)

planes of anhydrous crystalline rutile RuO2 (JCPDS no. 43-

1027). This suggests that the RuO2 and Pt phase are separated

further during post treatment under oxidative atmosphere.

The lack of characteristic diffraction peaks of metallic Ru or

Ru oxides/hydroxides in the XRD patterns of the post treated

under reductive atmosphere and commercial electrocatalysts,

suggests that Ru atoms formmetal alloywith Pt atoms or exist

as oxides in amorphous form [56,57]. On the other side, the
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Fig. 2 e a. Schematic diagram of single-cell direct ethanol fuel cell set up. b The pictorial view of the single cell test assembly.
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Fig. 3 e XRD patterns of (a) Pt-Ru/CAB-syn, (b) Pt-Ru/CAB-H2-

RT, (c) Pt-Ru/CAB-Air-160, (d) Ru/CAB-H2-160 and (e)

commercial Pt-Ru/C electrocatalysts.
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XRD patterns of Pt-Ru/CAB-H2-RT, Pt-Ru/CAB-Air-160, Pt-Ru/

CAB-H2-160 and commercial Pt-Ru/C electrocatalysts repre-

sent the typical face-centered cubic (FCC) crystalline Pt

diffraction peaks. The XRD patterns of all the Pt-Ru/C elec-

trocatalysts samples except Pt-Ru/CAB-sny showed the Pt

diffraction peaks shifting to higher 2q degree compare to pure

Pt diffraction peaks, which reveals that the Ru atoms (smaller

than Pt) are incorporated into Pt crystal lattice to form a FCC

solid solution between Pt and Ru. The Pt (220) peak was

selected to estimate the average crystallite size (dc) of elec-

trocatalysts samples based on the Debye Scherrer equation

[43]. The Pt (220) peak was chosen due to its relative isolation

from carbon contributions. The average crystallite size of the

Pt-Ru/CAB-syn electrocatalyst could not be calculated due to

weak intensity of Pt (220) diffraction peak.

The Ru atomic fraction (xRu) in the bimetallic Pt-Ru/C

electrocatalysts were measured using Vegard’s law [58],

which is based on the shifting of Pt diffraction peaks and

variation in lattice parameters from the XRD patterns. Anto-

lini and Cardelline [59] proposed a linear relationship between

the lattice parameter and the alloyed Ru atomic fraction (<0,7)
as mentioned below:

aðPt�Ru=cÞ ¼ aðPt=cÞ � kxRu (9)

Here, xRu describes Ru atomic fraction in PtRu alloy, and

aðPt=CÞ and aðPt�Ru=CÞ are the lattice parameter of Pt/C and the

PteRu/C alloyed electrocatalyst, respectively. The value of

constant k (0.0124 nm) and the lattice parameter of Pt/C

(aðPt=CÞ¼0.3916 nm) were taken from literature data [60]. The

values of xRu calculated via Eq. (9) of all the bimetallic elec-

trocatalysts are reported in Table 1. The resulting average

crystallite size, lattice parameters and alloying degree related

to Pt (220) peak of the electrocatalysts from the XRD patterns

are listed in Table 1.

The alloying degree of Ru (Rualloy) in the bimetallic sup-

ported Pt-Ru electrocatalysts was calculated using the

following relationship (Eq. (10)):

Rualloy ¼ xRu�
ð1� xRuÞ

�
Ru
Pt

�
nom

� (10)

Here,

�
Ru
Pt

�
nom

represents the nominal atomic ratio of Ru to

Pt and xRu is the atomic content of alloyed Ru fraction in the Pt-

Ru/C alloy electrocatalysts.
The average crystallite sizes for Pt (220) of the Pt-Ru/CAB-

H2-RT, Pt-Ru/CAB-Air-160, Pt-Ru/CAB-H2-160 and commercial

Pt-Ru/C electrocatalysts were calculated to be 3.2 nm, 3.5 nm,

3.8 nm, and 2.8 nm, respectively. It is also observed that the

lattice parameters of the Pt-Ru/CAB electrocatalysts are in the

range of 0.3877 0.3899 nm, which is lower than that of pure Pt

(0.3923 nm) or Pt/C (a¼ 0.3916 nm) [60,61]. The alloying degree

of the Pt-Ru/CAB-H2-RT electrocatalyst was as high as 40.84%.

Whereas, fresh synthesized electrocatalyst Pt-Ru/CAB-syn

showed Ru alloying of 2.49% only. This indicates that most of

the RuO2 in the as synthesized Pt-Ru/CAB-syn electrocatalyst is

further reduced by the H2 flow at room temperature and im-

proves its alloy formation.When the post treatment reduction

temperature was increased to 160 �C in the presence of H2

flow, caused drastic agglomeration of crystallite size and

alloying degree of Ru/CAB-H2-160 was lower (27.71%) than that
of post treated electrocatalyst at room temperature/Pt-Ru/

CAB-H2-RT (40.84%). The post treated electrocatalyst in the

presence of air at a temperature of 160 �C (Pt-Ru/CAB-Air-160)

showed the lowest alloying degree of about 15.87% due to lack

of reducing environment. It is clearly observed in Table 1 that

the amount of Ru alloyed with Pt is smaller than nominal

values, which suggest that a part of Ru is present as oxides in

the amorphous form on the electrocatalyst surface and

cannot be detected by XRD measurements [28,57].

SEM and EDX analysis
The SEM images and corresponding EDX patterns of the syn-

thesized and commercial bimetallic electrocatalysts are pre-

sented in Fig. 4aee. The elemental compositions and metal

loading on the carbon support of the electrocatalysts are

examined by EDX spectrum.

It is clearly seen in Fig. 4aee that the electrocatalysts par-

ticles are of nano-range and their surface morphology is uni-

form. The SEM images also confirm that the synthesized

electrocatalysts are made of porous spherical particles which

could facilitate mass transport from the bulk phase to the

active electrocatalysts sites. The EDX spectrum of all the

electrocatalysts reveals the presence of desired elements such

as Pt, Ru, and C respectively; which can be ascribed to the Pt-

Ru electrocatalyst nanoparticles supported on the carbon

support. The strongest C peaks in all EDX patterns were

observed due to the presence of the acetylene black support

material. Post treatment does not promote significant alter-

ations in the EDX nominal values. The average elemental

compositions of all the electrocatalysts evaluated by EDX

analyses are summarized in Table 2. Total metal loading on

the carbon support was around 40 wt % and was similar in

each case. The desired elements compositions were nearly in

good agreement with the nominal compositions with some

variations.

The presence of common impurity such as chlorine was

also observed. However, traces of chlorine impurity is almost

negligible and may be attributed due to the remains of metal

precursors used in electrocatalyst synthesis. The presence of

oxygen indicates the formation of ruthenium oxides or
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Table 1 e Data obtained from XRD patterns analyses by Debye Scherrer formula and Vegard’s law.

Electrocatalysts Average crystallite size
(dc) (nm)

Lattice
parameter ðaÞ (nm)

Pt (2 2 0) peak
position 2q (�)

Ru fraction (xRu) Alloyed Ru (wt.%)

Pt-Ru/CAB-syn e 0.3913 67.63 0.024 2.49

Pt-Ru/CAB-H2-RT 3.2 0.3880 68.30 0.290 40.84

Pt-Ru/CAB-Air-160 3.5 0.3899 67.90 0.137 15.87

Pt-Ru/CAB-H2-160 3.8 0.3889 68.11 0.217 27.71

Commercial

Pt-Ru/C

2.8 0.3877 68.35 0.315 45.98

Fig. 4 e SEM images and corresponding EDX patterns of (a) Pt-Ru/CAB-syn, (b) Pt-Ru/CAB-H2-RT, (c) Pt-Ru/CAB-Air-160, (d) Ru/

CAB-H2-160, and (e) commercial Pt-Ru/C electrocatalysts.
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Fig. 4 e (continued).
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platinum oxides which have been reported by many other

investigators for Pt-Ru/C electrocatalysts [28,62]. The presence

of chlorine common impurity has also been reported by Tayal

et al. [23]. The peak of aluminum at 1.5 eV was also observed

during EDX analysis, which originates from sample holder

[23,63].

TEM analysis
The dispersed state, particle size and particle size distribution

histogram of the electrocatalysts were analyzed by TEM

(Fig. 5aee). It is seen in Fig. 5aee, most of the nanoparticles are

homogeneously distributed on the carbon support surface in

all the electrocatalysts. The histogram of the particle size

distribution reflects the size distribution in the Pt-Ru/CAB

electrocatalysts quantitatively. The heavy dark spots
Table 2 e EDX compositions of synthesized PteRu/CAB-syn, Pt
electrocatalysts.

Electrocatalysts Nominal Composition
(wt. %)

Pt-Ru/CAB-syn Pt: 26.35, Ru:13.65, C: 60 Pt: 2

Pt-Ru/CAB-H2-RT Pt: 26.35, Ru:13.65, C: 60 Pt: 2

Pt-Ru/CAB-Air-160 Pt: 26.35, Ru:13.65, C: 60 Pt: 2

Pt-Ru/CAB-H2-160 Pt: 26.35, Ru:13.65, C: 60 Pt: 2

commercial

Pt-Ru/C

Pt: 30, Ru:15, C: 55 Pt: 2
represent Pt-Ru metal alloy nanoparticles, which are well

dispersed over the lighter particles carbon support surface

(40e60 nm size). The electrocatalysts synthesized by modified

Polyol method show well dispersed metal nanoparticles on

the carbon support with varying degree of dispersion. Fig. 5a

shows that synthesized fresh Pt-Ru/CAB-syn electrocatalyst

nanoparticles are not contacted each other due to the

adsorption of glycolate acid on metal nanoparticles and car-

bon support which preventing the interconnection of

nanoparticles.

However, when the Pt-Ru/CAB-syn electrocatalyst un-

dergoes post treatment in H2 gas stream at room temperature

(30 �C), the nanoparticles interconnected together to form

bigger particles. This indicates that the post treatment of

electrocatalyst in H2 gas flow modifies the morphological
eRu/CAB-H2-RT, PteRu/CAB-Air-160, and PteRu/CAB-H2-160

Composition obtained
by EDX (wt. %)

Composition obtained
by EDX (at. %)

5.71, Ru: 12.93, O: 1.16, C: 60.2 Pt: 50.75,Ru: 49.25

4.62, Ru: 12.59, O: 3.59, C: 59.20 Pt: 50.33,Ru: 49.67

5.40, Ru: 12.51, O: 2.80, C: 59.29 Pt: 51.27,Ru: 48.73

5.81, Ru: 12.10, O: 1.80, C: 59.39 Pt: 52.50,Ru: 47.50

8.40, Ru: 13.28, O: 1.77, C: 56.55 Pt: 52.56,Ru: 47.44
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Fig. 5 e TEM images and corresponding size distribution histograms of (a) Pt-Ru/CAB-syn, (b) Pt-Ru/CAB-H2-RT, (c) Pt-Ru/CAB-

Air-160, (d) Ru/CAB-H2-160 and (e) commercial Pt-Ru/C electrocatalysts.
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structures of the Pt-Ru/CAB-H2-RT electrocatalyst and crys-

tallite size. Post treatment in an air stream at a temperature of

160 �C also modified slightly morphological structures and

growth of nanoparticles is also observed in the Pt-Ru/CAB-Air-

160 electrocatalyst. When the electrocatalyst was post treated

under H2 gas flow stream at a temperature of 160 �C, greatly
promoted further agglomeration and interconnection ofmetal

nanoparticles as observed in the Pt-Ru/CAB-H2-160
electrocatalyst (Fig. 5d). The particle size for Pt-Ru/CAB-syn

electrocatalyst ranges from 1.5 to 4 nm, with an average par-

ticle size of 2.6 ± 0.35 nm. The average particle size for Pt-Ru/

CAB-H2-RT synthesized electrocatalyst is 3.3 ± 0.85 nm and the

size distribution lie in the range of 1.5e6 nm. Similarly, for the

commercial Pt-Ru/C electrocatalyst, the average particle size

is 3.0± 0.58 nmand size distribution ranges from 1.5 to 5.5 nm,

which is very close to the synthesized post treated

https://doi.org/10.1016/j.ijhydene.2019.10.243
https://doi.org/10.1016/j.ijhydene.2019.10.243


Fig. 5 e (continued).
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electrocatalyst Pt-Ru/CAB-H2-RT. However, the average parti-

cle size of Pt-Ru/CAB-Air-160 (4.06 ± 1.13 nm) and Pt-Ru/CAB-

H2-160 (4.36 ± 1.56 nm) are larger than Pt-Ru/CAB-H2-RT and

commercial Pt-Ru/C electrocatalysts, respectively. The size

distribution ranges are also wider for Pt-Ru/CAB-Air-160

(1.5 nme7.0 nm) and Pt-Ru/CAB-H2-160 (1.5 nme8.5 nm) in

comparison to Pt-Ru/CAB-H2-RT and commercial Pt-Ru/C

electrocatalysts. The average particle sizes obtained from

the TEM (Table 3) images agreed with the crystallite size

values calculated from XRD measurements.
Table 3 e The average particle size of electrocatalysts
from TEM analysis and comparison with XRD results.

Electrocatalysts Average
particle size
(dp) by TEM

(nm)

Average
crystallite size
(dc) by XRD

(nm)

Pt-Ru/CAB-syn 2.6 ± 0.35 e

Pt-Ru/CAB-H2-RT 3.3 ± 0.85 3.2

Pt-Ru/CAB-Air-160 4.06 ± 1.13 3.5

Pt-Ru/CAB-H2-160 4.36 ± 1.56 3.8

Commercial Pt-Ru/C 3.0 ± 0.58 2.8
Selected area electron diffraction. The selected area electron

diffraction (SAED) patterns of the electrocatalysts are pre-

sented in Fig. 6. The SAED patterns for the Pt-Ru/CAB-syn

(Fig. 6a) and commercial Pt-Ru/C (Fig. 6e) electrocatalysts

show lower intensity of concentric fringes due to its lower

crystallinity as explained in XRD section. The series of

concentric rings together with some diffuse but distinct spots

are assigned to hlk planes, which are characteristic of the Pt

(fcc) crystal structure and consistence with the XRD results.

The observed several sharp diffraction rings correspond to the

(111), (200), (220), (311), and (222) planes of crystalline Pt (fcc)

crystal structure. The first diffraction rings that represents the

(002) plane of crystalline structure of carbon support.

Electrochemical evaluation of the synthesized
electrocatalysts

Cyclic voltammetry (CV) measurements without ethanol
The surface characteristics of nanoparticles are very impor-

tant since electrocatalytic reactions are sensitive to surface

structures of electrocatalysts. Fig. 7 shows the base CV curves

of all the electrocatalysts in nitrogen saturated supporting

electrolyte of 0.5 M HClO4 solution without ethanol at a

temperature of 40 �C. The CVs profile of electrocatalysts

revealed with two typical processes: hydrogen and oxygen
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Fig. 6 e The SAED patterns of (a) Pt-Ru/CAB-syn, (b) Pt-Ru/CAB-H2-RT, (c) Pt-Ru/CAB-Air-160 and (d) Ru/CAB-H2-160 and (e)

commercial Pt-Ru/C electrocatalysts.
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adsorption/desorption regions. The hydrogen adsorption and

desorption region of electrocatalysts in the range of �0.4 and

0.1 V, whereas oxygen adsorption/desorption of the electro-

catalysts are 0.2e0.5 V. The polyol synthesized Pt-Ru/CAB-syn

show well defined hydrogen desorption peak at �0.18 V and

this peak becomes prominent in the post treated electro-

catalysts at higher temperatures. The hydrogen desorption
peak at 0.2 V for commercial Pt-Ru/C is less prominent than

post treated synthesized electrocatalysts. Moreover, the ox-

ygen desorption peaks of the electrocatalysts are located at

0.2, 0.26, 0.36, 0.40 and 0.44 V for the commercial Pt-Ru/C, Ru/

CAB-H2-160, Pt-Ru/CAB-H2-RT, Pt-Ru/CAB-Air-160, and Pt-Ru/

CAB-syn electrocatalysts, respectively. The positive shift of

oxygen desorption can be attributed to less Ru rich surface
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Fig. 7 e Cyclic voltammograms of synthesized Pt-Ru/CAB-syn, Pt-Ru/CAB-H2-RT, Pt-Ru/CAB-Air-160, Ru/CAB-H2-160 and

commercial Pt-Ru/C electrocatalysts in 0.5 M HClO4 without ethanol at a scan rate of 50 mVs¡1 and temperature of 40 �C.
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and or phase separation of Pt and Ru [44]. In addition, no

peaks for ethanol electrooxidation were found in CVs of

electrocatalysts in supporting electrolyte of 0.5 M HClO4

aqueous solution.
Fig. 8 e Cyclic voltammograms of synthesized Pt-Ru/CAB-syn, P

commercial Pt-Ru/C electrocatalysts in 0.5 M HClO4 containing

temperature of 40 �C.
Cyclic voltammetry (CV) measurement with ethanol
The ethanol electrooxidation activities of all the synthesized

electrocatalysts were evaluated in cyclic voltammetry (CV)

tests. Fig. 8 shows the CV curves of ethanol electrooxidation
t-Ru/CAB-H2-RT, Pt-Ru/CAB-Air-160, Ru/CAB-H2-160 and

2 M ethanol with a scan rate of 20 mVs¡1 and at a
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on the polyol synthesized electrocatalysts in nitrogen satu-

rated atmosphere in the potential range from 0 to 1.0 V using a

uniform scan rate of 20mVs�1. It is seen from Fig. 8 that all the

electrocatalysts resulting in a well-defined peak during the

forward and backward scans as well.

The forward and reverse peak potentials and their corre-

sponding current densities of ethanol electrooxidation on the

synthesized and commercial electrocatalysts obtained by CV

tests are summarized in Table 4. The synthesized electro-

catalyst Pt-Ru/CAB-H2-RT gives the highest peak current den-

sity of 78.35 mA/cm2 at a peak potential of 0.845 V. Moreover,

during the reverse scan of the same electrocatalyst also pro-

duced the highest peak current density of 59.08 mA/cm2 at a

peak potential of 0.576 V.

On the other hand, peak current density of 61.60mA/cm2 at

a peak potential of 0.796 Vwas obtained for commercial Pt-Ru/

C electrocatalyst. Although, peak potential for commercial Pt-

Ru/C during reverse scan was less positive (0.52 V), the peak

current density was lowest (37.50 mA/cm2) of all synthesized

post treated electrocatalysts. The anodic peaks during for-

ward scan for Pt-Ru/CAB-Air-160 and Pt-Ru/CAB-H2-160 elec-

trocatalysts were appeared at about 0.808 V and 0.779 V,

respectively. The forward scan anodic peak current densities

were 56.95 mA/cm2 and 59.90 mA/cm2 for Ru/CAB-Air-160 and

Pt-Ru/CAB-H2-160 electrocatalysts, respectively. It should be

noted that the peak current densities for fresh synthesized Pt-

Ru/CAB-syn without post treatment was lowest of all the

electrocatalysts during forward scan (43.74 mA/cm2) and

reverse scan (33.20 mA/cm2), respectively. The electro-

oxidation peak in the reverse scan is due to further oxidation

of carbonaceous intermediates species formed on the elec-

trode surface and near the vicinity of the electrode during the

forward scan. As already mentioned, the synthesized Pt-Ru/

CAB-H2-RT shows highest anodic peak current density of

78.35 mA/cm2 and possesses the highest electrocatalytic ac-

tivity among all the electrocatalysts. The physical character-

izations also showed excellent properties for Pt-Ru/CAB-H2-RT

electrocatalyst. The difference in the peak potentials and

corresponding current densities are attributed to the surface

composition particle size, particle size, defects and degree of

alloying.

Chronoamperometry
The stability or rate of surface poisoning of electrocatalysts

were evaluated by the chronoamperometry measurement

tests at two different cell potentials i.e. 0.45 V and 0.80 V in a

solution of 0.5 M HClO4 and 2 M ethanol (Fig. 9aeb). The lower

reference potential value of 0.45 V was selected, which
Table 4 e CV results of synthesized Pt-Ru/CAB-syn, Pt-Ru/CAB-H
Ru/C electrocatalysts at 20 mV/s sweep rate for ethanol electro

Anode electrocatalyst Forward scan

peak potential (V) peak current density (

Pt-Ru/CAB-syn 0.825 43.74

Pt-Ru/CAB-H2-RT 0.845 78.35

Pt-Ru/CAB-Air-160 0.808 56.95

Pt-Ru/CAB-H2-160 0.779 59.90

commercial Pt-Ru/C 0.796 61.60
corresponds to the working anode potential in DEFC opera-

tions [64]. The higher reference potential value of 0.8 V was

chosen, since the average anodic electrooxidation potential

for all the studied electrocatalysts in CV analysis (Fig. 8) was

found very close to 0.8 V. It is seen from Fig. 9aeb that the

currents for ethanol electrooxidation on the supported Pt-Ru

electrocatalysts dropped sharply at the initial stage, followed

by a slow decrease in the current density and then steady-

state current were obtained after ~400 s. The sharp decrease

in current value is due to diffusion effects or charging current

and the gradual decrease to the poisoning of electrocatalysts

due to the formation of intermediates during ethanol elec-

trooxidation. It is observed that at a lower potential of 0.45 V

(Fig. 9a), the current density for ethanol electrooxidation on

Pt-Ru/CAB-H2-RT electrocatalyst is significantly higher than

that of all the other electrocatalysts. Similarly, at the higher

potential of 0.8 V (Fig. 9b), the electrooxidation current density

on Pt-Ru/CAB-H2-RT synthesized electrocatalyst is always

higher in comparison to the synthesized Pt-Ru/CAB-syn, Pt-Ru/

CAB-Air-160, synthesized Pt-Ru/CAB-H2-160 and commercial

Pt-Ru/C electrocatalysts. The residual current density for

ethanol electrooxidation at a potential of 0.45 V for the syn-

thesized Pt-Ru/CAB-syn, Pt-Ru/CAB-H2-RT, Pt-Ru/CAB-Air-160,

Ru/CAB-H2-160 and commercial Pt-Ru/C electrocatalysts were

6.30 mA/cm2, 32.50 mA/cm2, 9.5 mA/cm2, 21.47 mA/cm2 and

22.91 mA/cm2, respectively. Furthermore, at the higher po-

tential of 0.8 V, the residual current density of 9.74 mA/cm2,

44 mA/cm2, 12.1 mA/cm2, 25.70 mA/cm2 and 31 mA/cm2 were

obtained for ethanol electrooxidation using the synthesized

Pt-Ru/CAB-syn, Pt-Ru/CAB-H2-RT, Pt-Ru/CAB-Air-160, Ru/CAB-

H2-160 and commercial Pt-Ru/C electrocatalysts, respectively.

The synthesized Pt-Ru/CAB-H2-RT shows the superior per-

formance in terms of current density for the tested time

period at both electrode potentials of 0.45 V and 0.8 V. This can

be attributed to the synergic effect of alloyed Ru and internal

microstructure. The chronoamperometry studies also sub-

stantiate the results of CV (Fig. 8) obtained using synthesized

and commercial electrocatalysts.

DEFC single cell performance

DEFC performance of anode electrocatalyst
Fig. 10 shows the polarization and power density character-

istics of DEFC single cell using synthesized Pt-Ru/CAB-syn, Pt-

Ru/CAB-H2-RT, Pt-Ru/CAB-Air-160d, Ru/CAB-H2-160d and com-

mercial Pt-Ru/C electrocatalysts as anode of 1 mg/cm2 loading

in each electrode. The commercial Pt/CHSA of 1 mg/cm2 was

used as cathode electrocatalyst.
2-RT, Pt-Ru/CAB-Air-160, Ru/CAB-H2-160 and commercial Pt-
oxidation.

Reverse scan

mA/cm2) peak potential (V) peak current density (mA/cm2)

0.658 33.20

0.576 59.08

0.596 40.60

0.60 44.31

0.52 37.50
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Fig. 9 e CA tests of ethanol oxidation in 0.5 M perchloric acid (HClO4) containing 2 M ethanol solution on synthesized Pt-Ru/

CAB-syn, Pt-Ru/CAB-H2-RT, Pt-Ru/CAB-Air-160, Ru/CAB-H2-160 and commercial Pt-Ru/C electrocatalysts at (a) 0.45 V vs. Ag/

AgCl and (b) 0.8 V vs. Ag/AgCl at room temperature of 40 �C.
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The electrolyte used was a commercial Nafion® 117

membrane. The DEFC temperature was kept similar to that of

CV experiments performed i.e 40 �C. The maximum power

density, current density at maximum power density and OCV

of single cell output for various anode electrocatalysts are

presented in Table 5.

It is seen from Fig. 10 that the synthesized Pt-Ru/CAB-H2-RT

electrocatalyst resulting in open circuit voltage (OCV) of

0.718 V, which is near about same that of the commercial Pt-
Ru/C (0.720 V) electrocatalyst. Whereas, the OCV for the syn-

thesized Pt-Ru/CAB-Air-160 and Pt-Ru/CAB-H2-160 electro-

catalysts were 0.68 V and 0.712 V, those are lower than the

commercial Pt-Ru/C electrocatalyst. The maximum power

density of 9.15mW/cm2 at a current density of 32mA/cm2 and

cell voltage of 0.286 V were obtained for synthesized Pt-Ru/

CAB-H2-RT electrocatalyst, which is higher than that of all the

other electrocatalysts. The best cell performance of synthe-

sized Pt-Ru/CAB-H2-RT can be ascribed to themild condition of

https://doi.org/10.1016/j.ijhydene.2019.10.243
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Fig. 10 e Polarization and power density curves for different synthesized electrocatalysts as anode with 1 mg/cm2

electrocatalyst loading and cathode (commercial Pt/CHSA) with 1 mg/cm2 electrocatalyst loading at cell temperature of 40 �C.
Anode: 2 M C2H5OH, 1.2 ml/min. Cathode: humidified oxygen, 60 ml/min. Solid electrolyte: Nafion® 117 membrane.
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the post treatment so that the phase separation and agglom-

eration of metal nanoparticles are weak [38,44]. Whereas, the

Pt-Ru/CAB-Air-160 electrocatalyst resulted in the lowest OCV

of 0.68 V and power density of 5.79 mW/cm2 at a current

density of 23.52mA/cm2 (Table 5). The single cell performance

using as synthesized Pt-Ru/CAB-syn electrocatalyst as an

anode was lowest of all post treated and commercial electro-

catalysts due to lower crystallinity and alloying degree of Ru.

The reason for such poor performance of Pt-Ru/CAB-syn has

already been discussed in XRD section. It should be noted that

CV and CA tests also showed highest activity for the
Table 5 e Summary of performance of synthesized Pt-Ru/
CAB-syn, Pt-Ru/CAB-H2-RT), Pt-Ru/CAB-Air-160, Pt- Ru/CAB-
H2-160 and commercial Pt-Ru/C electrocatalysts in single
fuel cell tests for 2M ethanol at a cell temperature of 40 �C.

Anode
electrocatalysts

Open circuit
Voltage (V)

Maximum
power
Density

(mW/cm2)

Current
density at
maximum

power
density

(mA/cm2)

Pt-Ru/CAB-syn 0.658 4.97 20.8

Pt-Ru/CAB-H2-RT 0.718 9.15 32.0

Pt-Ru/CAB-Air-160 0.68 5.79 23.52

Pt- Ru/CAB-H2-160 0.712 6.84 25.60

commercial Pt-Ru/C 0.720 7.86 28.80
synthesized Pt-Ru/CAB-H2-RT electrocatalyst as observed in

the single cell study.

Effect of cell temperature on synthesized Pt-Ru/CAB-(H2-RT)
electrocatalyst
Fig. 11 illustrates the effect of cell performance at various

temperatures ranging from 40 �C to 80 �C for the synthesized

best anode electrocatalyst PteRu/CAB-H2-RT. The positive ef-

fect of temperature can be observed in terms of high current

density and power density. The maximum power density of

9.15mW/cm2 at a cell voltage of 0.286 V and current density of

32mA/cm2 were achieved at the cell temperature of 40 �C. The
DEFC power density reached at 16.23mW/cm2 at a cell voltage

of 0.317 V and current density of 51.2 mA/cm2 when cell

temperature was increased to 80 �C. There was almost 77.4%

increase in power density for the rise of cell temperature of

40 �C. The effect of temperatures on single DEFC’s open circuit

voltage and cell performance are summarized in Table 6. The

enhanced performance accompanied with increment in cell

operating temperatures can be attributed to the combined

effect of a reduction of activation overpotential and ohmic

polarization. The electrocatalytic activity of synthesized Pt-

Ru/CAB-H2-RT for ethanol electrooxidation increases with the

increase in cell temperature, thereby increasing current den-

sity [65e67]. Furthermore, high cell temperature enhances the

proton conductivity of Nafion® membrane and Nafion® ion-

omer in the electrocatalyst layers, therefore ohmic polariza-

tion get reduced [66].
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Fig. 11 e Performance curves of the synthesized PteRu/CAB-H2-RT electrocatalyst with 1 mg/cm2 electrocatalyst loading in

anode side and the commercial Pt/CHSA electrocatalyst as cathode with 1 mg/cm2 electrocatalyst loading at various

temperatures. Anode: 2 M ethanol, 1.2 ml/min flow rate. Cathode: humidified oxygen, 60 ml/min. Solid electrolyte: Nafion®

117 membrane.
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Performance comparison with other Pt-Ru/C electrocatalysts in
the literature
The cell performance using synthesized Pt-Ru/CAB-H2-RT

electrocatalyst as anode is comparable with the cell per-

formance reported in published literature (Table 7). Liu

et al. [35] reported the performance DEFC using microwave-

assisted polyol process synthesized Pt-Ru/C electrocatalyst

in the anode at a cell temperature of 80 �C. The maximum

OCV of ~0.85 V and power density ~60 mW/cm2 were ob-

tained. Although, cell performance was high, electro-

catalyst loading at anode and cathode were 3 mg Pt/cm2

and 2 mg Pt/cm2, respectively, which is higher than our

present study. In our present study synthesized Pt-Ru/CAB-

H2-RT as anode electrocatalyst resulting in maximum OCV

of 0.737 V and power density of 16.23 mW/cm2 using anode

and cathode electrocatalyst loading of 1 mg/cm2 in both

electrodes at a cell temperature of 80 �C. Pramanik et al.
Table 6 e Summary of performance of synthesized Pt-Ru/CAB-H
at different operating cell temperature.

Electrocatalyst Temperature (�C) Open circuit
Voltage (V)

Pt-Ru/CAB-H2-RT 40 0.718

50 0.723

60 0.728

70 0.732

80 0.737
[67] studied on electrooxidation of ethanol using commer-

cial Pt-Ru/C electrocatalyst in the anode and synthesized

Nafion® 117 membrane at 90 �C for the anode and 60 �C for

the cathode. The maximum OCV of 0.815 V and power

density of 10.30 mW/cm2 were obtained. The cell perfor-

mance in our present study exhibits a maximum peak

power density 1.58 times higher than obtained by Pramanik

et al. Goel and Basu [19] reported an OCV of 0.61 V and peak

power density of 17.50 mW/cm2 using Pt-Ru/C electro-

catalyst with 2 mg/cm2 electrocatalyst loading at 100 �C.
The peak power density is slightly higher than our present

study and it may be due to high cell temperature (100 �C).
This comparative study shows that synthesized post

treated Pt-Ru/CAB-H2-RT synthesized by modified polyol

method using CAB as support material exhibits enhanced

cell performance for the electrooxidation of ethanol as

seen in the Table 7.
2-RT electrocatalysts in single fuel cell tests for 2 M ethanol

Maximum power
density (mW/cm2)

Current density at maximum
power density (mA/cm2)

9.15 32.0

10.60 35.2

12.10 38.4

13.84 44.8

16.23 51.2
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Table 7e Single DEFCMEAperformance comparison of laboratory synthesized electrocatalyst in the literaturewith Pt-Ru/C
electrocatalysts using Nafion membrane in acidic media.

References Type of membrane, electrocatalyst and loading Other operating
conditions

Maximum power
density (mW/cm2)

OCV (V)

Present

Work

Nafion® 117;

Anode: Pt-Ru/CAB-H2-RT (40 wt %, Pt:Ru ¼ 1:1) (1 mg/cm2),

Cathode: Pt/C (40 wt %)

(1 mg/cm2) (AA*)

Fuel: ethanol (2 M)

(1.2 ml/min);

Oxidant: humidified O2

(60 ml/min);

Temperature: 80 �C

16.23 0.737

Liu et al. [35] Nafion® 117;

Anode: Pt-Ru/C (20 wt %, Pt:Ru ¼ 1:1) (3 mg Pt/cm2);

Cathode: Pt/C (40 wt %, E-TEK) (2 mg Pt/cm2)

Fuel: ethanol (2 M)

(2 ml/min);

Oxidant: humidified O2

(500 cm3/min);

Temperature: 80 �C

~60.0 ~0.85

Pramanik et al. [67] Syn. Nafion® 117;

Anode: Pt-Ru/C (40%:20% by wt., JM*) (1 mg/cm2);

Cathode: Pt black-HSA (JM*)

(1 mg/cm2)

Fuel: ethanol (2 M)

(1.2 ml/min);

Oxidant: O2;

Temperature: 90 �C

10.30 0.815

Goel and Basu [19] Nafion® 117; Anode: Pt-Ru (40 wt %, Pt:Ru ¼ 1:1)/C

(2.0 mg/cm2);

Cathode: Pt/C (40 wt %, JM*)

(1.0 mg/cm2)

Fuel: ethanol (2 M) (1.0 ml/

min);

Oxidant: humidified (160

SCCM/min);

Temperature: 100 �C

17.50 0.610

*JM-Johnson Matthey, AA-Alfa Aesar.
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Conclusions

A low cost functionalized acetylene black carbon (CAB) sup-

ported Pt-Ru/CAB-RT was successfully synthesized and tested

in DEFC which resulting in excellent performance in terms of

power density and current density at low loading of Pt-Ru/

CAB-RT electrocatalyst. The post treatment of synthesized

electrocatalyst under H2 flow at room temperature improved

the surface morphology, alloying degree and surface compo-

sition of Pt-Ru/CAB-H2-RT and performed as best electro-

catalyst in this study. The modified surface composition and

microstructures can be attributed to interconnection and the

phase separation of metal nanoparticles such as Pt and Ru

under H2 flow at room temperature. The EDX and XRD anal-

ysis revealed the formation of carbon supported Pt-Ru bime-

tallic nano electrocatalysts having the typical fcc Pt crystalline

structure and the formation of Pt-Ru alloy. The TEM and SEM

analysis of electrocatalyst indicate that the metal nano-

particles are homogeneously dispersed with a size range of

1.5e6 nm on the surface of functionalized carbon nano sup-

port for the Pt-Ru/CAB-H2-RT electrocatalyst and was very

similar to commercial Pt-Ru/C (1.5e5 nm) electrocatalyst. The

most active synthesized Pt-Ru/CAB-H2-RT electrocatalyst

yielded a maximum power density of 9.15 mW/cm2, which is

higher than that of commercial Pt-Ru/C (7.86 mW/cm2) elec-

trocatalyst at a temperature of 40 �C. The maximum power

density of 16.23 mW/cm2 at 0.317 V with a current density of

51.2 mA/cm2 was obtained using Pt-Ru/CAB-H2-RT electro-

catalyst as anode at a cell temperature of 80 �C. The electro-

chemical measurement tests and DEFC single cell

performance tests showed that well alloyed synthesized Pt-

Ru/CAB-H2-RT had a greater electrocatalytic activity for

ethanol electrooxidation than the low alloyed synthesized Pt-

Ru/CAB-Air-160, Pt- Ru/CAB-H2-160 electrocatalyst by modified
polyol method. The performance of Pt-Ru/CAB-H2-RT electro-

catalyst synthesized by modified polyol method followed by

post treatment indicates that the developed electrocatalyst

has potential to be used as commercial electrocatalyst which

might be available at low cost and recommended formoderate

temperature DEFC.
Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.ijhydene.2019.10.243.
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