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Abstract—Ethanol electrooxidation was thoroughly investigated on laboratory synthesized Pt-Ru nano electrocata-
lysts. Low cost acetylene black carbon functionalized by HNO, was used as support material for synthesized Pt-Ru/C,;
electrocatalysts. The effect of synthesis methods on the major electrocatalytic properties of Pt-Ru/C,j; electrocatalysts
were studied thoroughly. The electrocatalysts Pt-Ru/C,; were manufactured by different chemical reduction methods.
The electrocatalysts were designated as Pt-Ru/C,z-PLM for polyol reduction and Pt-Ru/C,z-FAM for formic acid
reduction method, respectively. The electrocatalyst synthesis method and treatment of support material remarkably
enhanced the catalytic performance of synthesized Pt-Ru/C,j; electrocatalysts. The commercial Pt-Ru/C was selected as
anode electrocatalyst for comparative study with the synthesis electrocatalyst in terms of performance in half cell study
and in a single direct ethanol fuel cell as well. In the direct ethanol fuel cell, synthesized Pt-Ru/C,;-PLM produced
maximum open circuit voltage of 0.71 V and highest power density of 6.02 mW/cm’ at a current density of 19.52 mA/
cm” at the room temperature of 35 °C. Whereas, the maximum power density of 5.13 mW/cm’ at a current density of
18.70 mA/cm’ and open circuit voltage of 0.717 V were obtained for commercial Pt-Ru/C electrocatalyst at the same
temperature (35 °C). The power density enhanced around 2.17 times when cell temperature was increased from 35 °C
to 80 °C using anode electrocatalyst Pt-Ru/C,;-PLM. The performance of synthesized Pt-Ru/C,;-PLM is excellent for

the ethanol electrooxidation and, thus, could replace commercial Pt-Ru/C.
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INTRODUCTION

Proton exchange membranes (PEM) based fuel cell using hydro-
gen, methanol or ethanol as fuel at anode represent the most prom-
ising environmentally friendly technology to date. They have drawn
much attention for producing electricity via simple electrochemi-
cal reactions of hydrogen-rich molecules/fuels at anode and oxi-
dants oxygen/air at cathode [1-3]. However, hydrogen-based proton
exchange membrane fuel cell (PEMFC) has some major issues,
such as dehydration of Nafion® membrane beyond the temperature
(T) >80°C, which results in poor membrane conductivity. The
diffusion of fuel gas H, across the solid electrolyte/Nafion” mem-
brane to cathode side causes mixed potential. On the other hand,
methanol fuel is neuro toxic, non-renewable and offers cross-over
problems through membrane electrolyte. Although other aliphatic
alcohols, ethylene glycol, and glycerol have fewer cross-over prob-
lems due to their larger molecular size, the electrooxidation kinet-
ics is very slow as they have very complex molecular structures.
Thus, among all aliphatic alcohols, ethanol is highly attractive as it
is renewable and can be produced from biomass resources. It is
also non-toxic, safer and has lower volatility than that of methanol
[4,5]. Due to the larger molecular size, permeation of ethanol to the
cathode side through the membrane is less compared to methanol.
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In addition, energy density of ethanol (8.0 kWh/kg) is more than
the methanol (6.09 kWh/kg) [6,7]. The maximum energy from
ethanol could be extracted through an electrochemical route if the
electrooxidation reaction comes to an end with the formation of
final product CO,. An ethanol molecule will release 12 electrons
when the electrooxidation is complete as per the anode reaction

below (Eq. (1)):
C,H;OH+3H,0—2CO,+12H"+12 ¢ 1)

Many researchers have thoroughly studied the detailed electrooxi-
dation of ethanol in acidic medium and proposed the following
scheme of reactions mechanism:

Total oxidation: CH;CH,OH—[CH,CH,OH],,;

—Cl,,, C2,,—>CO, 2
Partial oxidation: CH;CH,OH—[CH,CH,OH],;
—CH,CHO—CH,COOH (3)

Here, C1,, and C2,, are the adsorbed intermediate species on the
electrocatalyst sites with one or two carbon atoms. The proposed
mechanisms of ethanol electrooxidation in acidic media suggest that
the adsorption of ethanol followed by the formation of stable inter-
mediate products such as acetaldehyde and acetic acid take place
during partial electrooxidation of ethanol molecules [2,4,8-10].

A significant effort has been made to establish the electrooxida-
tion reaction mechanism of ethanol and the suitable electrocata-
lyst to split the ethanol molecule successfully. However, it is difficult
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to suggest the appropriate electrocatalyst to split the ethanol mole-
cule due to its complex molecular structure consisting of C-C bonds.
This C-C bond reduces the probability of molecules to cross energy
hills and gives CO, as a final product with the release of 12 elec-
trons per molecule of ethanol fuel. Thus, in most of the studies the
single cell performance based on ethanol fuel is not optimistic [4].

Generally; the platinum-based bimetallic electrocatalysts (Pt-X)
where X is Ru, Sn, Au, and Pd are widely investigated and suitable
for ethanol splitting. In some studies, gold, rhodium, palladium have
shown electrochemical activity towards ethanol. Although, only plati-
num-based bimetallic electrocatalysts exhibit significant electrooxi-
dation currents, particularly in acid medium, the performance of
the direct ethanol fuel cells (DEFCs) using these anode electrocat-
alysts is still inadequate for practical purposes [4,5,11,12]. Thus,
turther qualitative improvement of the anode electrocatalyst for
DEFCs is necessary for the enhancement of cell performance fol-
lowed by the commercialization of both, the electrocatalysts mate-
rial and the developed process. Moreover, in a typical DEFC, the
three-phase boundary between the supply of reactant, electrocata-
lyst particle, and the PEM ensure the smooth functioning of the
electrode. The path between the gas diftusion layer (GDL) and elec-
trocatalyst particle must be ensured to supply or remove electrons
to or from the reaction sites. The electrically conducting nano-
structured carbon black provides a path for electron conduction in
the electrocatalysts layer with very low ohmic resistance. The nano-
structured carbonaceous materials or carbon black as electrocata-
lyst support materials have been recommended as an effective and
suitable ingredient to boost the electrocatalytic activity of electro-
catalysts. The support materials also help in accommodating large
amount of metal loading and dispersion on it and, thus, improv-
ing the access of active electrocatalyst sites during the fuel cell
reactions.

Several other properties of carbon supported metal electrocata-
lysts like metal particle size, morphology and size distribution are
greatly dependent on carbon support materials [13]. The basic
characteristics for ideal support materials of electrocatalyst are (i)
high electronic conductivity, (i) high surface area to accommo-
date high metal loading, (iii) suitable porosity and mesoporous struc-
ture to provide good diffusion of reactants (fuels/oxidants) and
reaction by-products, and (iv) the presence of sufficient surface oxy-
gen groups to incorporate large loading of metallic nanoparticles
that should favor diffusion of reactants to the active sites [3,14].
Moreover, carbon support should have well-developed and distrib-
uted pore structure with high pore volume, leading to a high sur-
face area and better stability of electrocatalyst in acidic and alkaline
medium.

Note that the support materials, mainly carbon blacks, are widely
used as electrocatalyst support materials in low-temperature fuel cells.
Till date, Vulcan XC-72(R) has been used as the most common
electrocatalyst support inspite of its high price and unavailability
[15,16]. Among all electrocatalysts support materials, Vulcan XC-
72(R) is an optimal compromise between pore volume and surface
area. However, Vulcan XC-72(R) has micropores of about 30% of
total area, containing a large portion of active electrocatalyst which
may not be accessible by the fuels ethanol and, thus, remain unuti-
lized [1,3].

Uchida et al. [17] investigated the effect of carbon support for
the synthesis of bimetallic anode electrocatalysts Pt-Ru for direct
methanol fuel cells (DMFCs). The Pt-Ru electrocatalyst supported
on acetylene black (AB) with the smallest specific surface area and
pore size distribution in the range of 3 to 8 nm showed better per-
formance among other carbon black support materials. Han et al.
[18] performed a similar study on support material and observed
that the high loading of Pt-Ru (80 wt%) alloy electrocatalyst sup-
ported on acetylene black exhibited promising cell performance
for methanol fuel in acidic media in comparison to other carbon
support materials. Zhiani et al. [19] reported that the performance
Pt-Ru (20 : 10 wt%)/acetylene black for methanol oxidation in acidic
media was superior to the commercial electrocatalyst Pt-Ru (20: 10
wt%)/C. From this perspective, a commercial pristine/untreated
carbon support acetylene black (Cpyp) was investigated due to its
several good characteristics, such as moderate surface area, high
conductivity, low cost, availability, and large pore volume.

It is also seen from the published literature, the method of elec-
trocatalyst synthesis can greatly influence the composition, mor-
phology and dispersion of the electrocatalysts, along with their
electrocatalytic performance. However, very scant work can be
found in the open literature on the performance comparison of elec-
trocatalysts, synthesized by different methods. No such research
has been reported in published literature to date, on functional-
ized acetylene black (C,p) as carbon support material for the syn-
thesis of Pt-Ru electrocatalysts which could effectively split ethanol
molecule in half-cell and single-cell experiments, respectively.

In this paper, a thorough investigation is reported on the prepa-
ration and performance evaluation of Pt-Ru (26.35% : 13.65% by
wt)/C,jp electrocatalysts. The influence of the synthesis method on
the physicochemical and electrochemical properties of synthesized
Pt-Ru/C,; electrocatalysts was systematically evaluated. The metal
nano particles were deposited on the carbon support by the im-
pregnation method followed by the reduction with common reduc-
ing agents ethylene glycol (polyol) and formic acid, respectively.
The prepared electrocatalysts were characterized using an XRD,
SEM, TEM, XPS and EDX analysis. The cydlic voltammetry (CV)
and chronoamperometry (CA) analyses of ethanol electrooxida-
tion on synthesized electrocatalyst were performed to substantiate
the electrocatalyst performance. Single cell experiments were also
carried out to evaluate the performance of synthesized Pt-Ru
(26.35% : 13.65% by wt.)/C,jp electrocatalysts by different chemical
reduction methods for its commercial application. Note that the
electrocatalyst loading was kept very low in the range of 1 mg/cm’
for anode and cathode both the electrodes.

EXPERIMENTAL

1. Materials

The metal precursors used to prepare anode electrocatalysts
were H,PtCl,-6H,0 (20 wt% Pt, Alfa Aesar, USA), and RuCl, (48.2
wt% Ru, Alfa Aesar, USA). Acetylene black (Sgz=75m%/g, Alfa
Aesar, USA) was used as support material for synthesizing electro-
catalysts. The commercial Pt-Ru (30% : 15% by wt.)/C (Alfa Aesar,
USA) electrocatalyst was procured from Alfa Aesar, USA for com-
parison purpose. The purification and surface oxidation of pris-
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tine acetylene black (Cpyp) carbon support material was by con-
centrated HNO; (Fisher Scientific, India). Carbon paper (TGP-H-
60, Toray, USA) was used as a substrate for the painting of electro-
catalyst ink to prepare the working electrodes in half-cell analysis
and single cell set-up. Nafion” (DE 520, DuPont USA) dispersion
was used as jonomer to make the electrocatalyst ink. Polytetrafluo-
roethylene (PTFE) dispersion (60 wt%, Sigma-Aldrich, Germany)
was used as a binder. Ethylene glycol (Fisher Scientific, India) and
formaldehyde (Fisher Scientific, India) were used as reducing agents
for the electrocatalyst synthesis. Ethanol (Merck, Germany) was
used as fuel. HCIO, (Fisher Scientific, India) was used as electro-
lyte for electrochemical in half cell analysis. Isopropanol (Fisher
Scientific, India) was used as a solvent. The commercial Nafion®
117 (Alfa Aesar, USA) was used as solid electrolyte in the DEFC
single cell experiment. The commercial Pt (40 wt%)/High surface
area carbon black (Cpgppc) (Alfa Aesar, USA) was used as cathode
electrocatalyst.

2. Electrocatalyst Preparation

2-1. Fictionalization of Electrocatalyst Support/Acetylene Black

First, pristine acetylene black (Cp,5) was subjected to acid treat-
ment with 60 wt% HNO,. The treated carbon sample was then
refluxed at 140 °C for 6 h under vigorous stirring. After cooling, the
functionalized acetylene black (C,;) was diluted with distilled water
and filtered. The filtered C,; was washed thoroughly with distilled
water to remove any traces of acid that were present in functional-
ized acetylene black. The wet acetylene black was then dried in an
air oven at 80°C for 8h to remove free moisture [20]. The dry
mass of functionalized/treated acetylene black was designated as
“Cap- The bimetallic Pt-Ru electrocatalysts, supported on pristine
Cpap and functionalized C,; were prepared by ethylene glycol
(polyol) and formic acid chemical reduction methods, respectively.
The appropriate concentrations of the metal precursors were used
to obtain a theoretical amount of Pt-Ru (26.35% : 13.65% by wt.)/
Cpsp and Pt-Ru (26.35% : 13.65% by wt.)/C,p electrocatalysts with
Pt to Ru molar ratio of 1:1 metal loading on the pristine acety-
lene black (Cp,p) and functionalized carbon support material Cyp.
2-2. Polyol Reduction Method (PLM)

The polyol reduction method (PLM) was adopted for the elec-
trocatalyst synthesis as proposed by Lee et al; the detailed PLM is
discussed elsewhere [21,22]. In this method, ethylene glycol is used
as both a solvent and reductant of metal precursors. The required
amounts of metal precursors H,PtCl;-6H,0 and RuCl; were taken
to obtain final composition of the synthesized electrocatalysts as
mentioned above. The electrocatalysts so obtained were named as
Pt-Ru (26.35% : 13.65% by wt.)/Cpy-PLM or Pt-Ru/Cp,3-PLM and
Pt-Ru (26.35% : 13.65% by wt.)/C,z-PLM or Pt-Ru/C,3-PLM.

In another preparation, the required quantity of platinum (Pt)
based metal precursor H,PtCl,-6H,0 was also used to synthesize
Pt supported on functionalized acetylene black C,; ie, Pt (40
wt%)/C,5-PLM to evaluate the formation of Pt-Ru alloy in the
synthesized bi-metallic electrocatalysts.

2-3. Formic Acid Reduction Method (FAM)

Similar to PLM, the formic acid reduction method (FAM) was
adopted for electrocatalyst synthesis as proposed by Alvarez et al;
the detailed method is described elsewhere [23]. A similar amount
of metal precursors H,PtCl;-6H,0 and RuCl; were taken in this
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process to get the same composition of electrocatalysts as obtained
through PLM route. The obtained electrocatalysts were named as
Pt-Ru (26.35%:13.65% by wt.)/Cpp-FAM or Pt-Ru/Cpp-FAM
and Pt-Ru (26.35% : 13.65% by wt.)/C,5-FAM or Pt-Ru/C,5-FAM.
3. Preparation of Anode, Cathode, and Membrane Electrode
Assembly (MEA)

The anode and cathode electrodes were prepared using similar
techniques. The complete fabrication of gas (oxidant/liquid) diffu-
sion electrodes (GDE) is basically a two-step process. First, com-
mercial GDL/carbon paper was coated with a thin carbon layer
followed by drying in an oven at 80 °C for 1h. Then, the carbon-
coated GDL was used as a substrate to paint electrocatalyst ink,
which formed a thin layer of active electrocatalyst zone. The car-
bon coated GDL and electrocatalyst layer combined to make an
electrode shown in Fig. 1(a).

A homogeneous suspension of electrocatalyst ink composed of
isopropanol, PTFE dispersion, pristine acetylene black carbon
(Cpap) powder and synthesized electrocatalyst of suitable loading
was made using ultrasonication for 30 min. The electrocatalyst ink/
slurry was then sprayed onto the carbon paper GDL to form the
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electrocatalyst layer. The composite structure of the electrocatalyst
layer and GDL was then dried in an air oven at 80°C for 1h.
Finally, the dried electrode was sintered in a vacuum oven at 300 °C
for 3 h to get the porous structure of the electrode. This improved
the active surface of the electrode with a better mass transfer from
bulk to active the electrocatalyst layer. The dimension of active
electrodes, i.e., anode and cathode electrodes, was 2.5 cmx2.5 cm.
The fabricating technique for anode and cathode is similar, except
for the electrocatalyst used. The MEA was prepared by clamping
technique [24]. The anodes were fabricated using synthesized Pt-
Ru/Cpp-PLM or Pt-Ru/Cpz-FAM or Pt-Ru/C,5-PLM or Pt-Ru/
Cyz-FAM or commercial Pt-Ru/C with electrocatalyst loading of
1 mg/cm’. The cathode was developed from the commercial Pt
(40 Wt%)/Cysprc of 1 mg/cm2 loading in all MEA. The MEA was
fabricated, keeping the commercial Nafion” 117 membranes/elec-
trolyte between the sintered anode and cathode using clamping
method without any hot pressing for the use in single cell DEFC
(Fig. 1(b)).

4. Physical Characterization

The crystalline structure of electrocatalyst support material and
supported electrocatalysts were investigated using the powder XRD
technique. The XRD patterns were generated by an XRD diffrac-
tometer (Rigaku Ultima IV, Germany) containing nickel-filtered
Cu Ko radiation source (4=0.154056 nm), maintaining the tube
voltage at 40kV and tube current at 15 mA. The amount of elec-
trocatalyst sample taken was 30 mg in order to obtain a uniform
distribution of the sample. The 26 angles were varied from 20° to
80° at a scan rate of 5° min™" with a 0.02° angular resolution.

The FTIR spectra of the carbon support material were recorded
using Nicholet iS5 (Thermo Electron) spectrometer in the reflec-
tance mode at room temperature. At first, the sample (KBr pellet)
was prepared by mixing of the appropriate amount of carbon pow-
der support with potassium bromide (KBr) powder.

The pH of pristine and functionalized acetylene black carbon
support material (Cpyp and C,p) was measured with a pH-meter
CL 54"(TOSHCON) in an aqueous slurry containing 1g of car-
bon black powder. The slurry was made using ultrasonic water
followed by another mixing with magnetic stirrer. The pH of the
suspension was measured at steady state.

TEM analyses of synthesized electrocatalysts were performed
with Tecnai G2 20 Twin (FEI Company, USA) microscope to inves-
tigate the particle size distribution and mean particle size. TEM.
The electrocatalyst samples were prepared by dispersing in etha-
nol using ultrasonic water bath. The electrocatalyst sample was
applied on carbon coated Cu grid using a micro pipette. The sam-
ple grid was then dried in a vacuum oven at 60 °C for 4 h.

The surface morphology of the carbon support material and
dispersed electrocatalysts was examined by SEM. The elemental
composition at the surface of the electrocatalyst was investigated by
EDX using Octane Plus SDD detector (EDAX Inc.) coupled with
SEM instruments (Nova Nano SEM 450, FEI Company US.A).

The XPS analysis of the electrocatalysts was performed with a
spectrometer (AMICUS) attached to Mg-Ka (1,253.6eV) X-ray
radiation source (Shimadzu Group Company, Japan). The bind-
ing energies were calibrated with reference to the C (Is) peak
value of 284.6 eV with an accuracy of +0.2 eV. The XPS spectra of

the Pt (4f) and Ru (3d) signals were analyzed by spin-orbit split-
ting with a Shirley background function and Gaussian-Lorentzian
function using the XPS PEAK 4.1 software. The surface concen-
tration of different oxidation states of Pt and Ru in the electrocata-
lyst samples was estimated from the surface area of the respective
Gaussian-Lorentzian peaks.

5. Electrochemical Measurements in Half Cell

The electrocatalytic activity of all the anode electrocatalysts was
evaluated by cyclic voltammetry (CV) and chronoamperometry
(CA) techniques using a three electrode cell assembly (PGSTAT
204, Autolab Netherland) at 35 °C.

The carbon paper/GDL, coated with active electrocatalyst and
long platinum wire, was chosen as working and the counter elec-
trode, respectively. The reference electrode used was Ag/AgCl in
saturated KCL. The working electrode was prepared by using elec-
trocatalyst ink made of 2 mg of electrocatalysts in 5 uL Nafion”
(5wt%) solution and a drop of PTFE dispersion. The electrocata-
lyst ink was prepared in a similar manner as adopted for anode
and cathode electrocatalyst ink preparation. The dispersed electro-
catalyst ink was coated on the tip of a long strip of carbon paper of
0.25 cm” area in single side as shown in Fig, 2. All the electrochemi-
cal measurements were performed in an acidic solution containing
0.5M HCIO, and 1.0 M ethanol. Nitrogen gas was purged through
the electrolyte solution for 30 min before each experiment to remove
dissolve O, from the electrolyte solution, which could hinder the
electrooxidation of ethanol fuel.

6. DEFC Study

The DEFC single cell tests were carried out using MEA with a
geometric active electrode area of 6.25 cm® MEA clamped between
two stainless steel blocks with serpentine flow channels of dimen-
sion 2 mmx2 mm (depthxwidth) for the reactant flow. PTFE tape
was used on both sides of the MEA for insulation and leakage
prevention. An aqueous solution of 1 M ethanol fuel was fed into
the anode by a peristaltic pump (Electrolab, India) at a fixed flow
rate of 1.2 ml/min, and humidified oxygen gas was supplied to the
cathode side from cylinder at a flow rate of 60 ml/min. The steady
state voltage-current (V-I) data of DEFC were collected using DC
electronic load (K-PAS Instronic Engineers India pvt. Itd.). All the
DEEFC tests were performed at 35 °C and 1 bar (absolute) pressure
for both side anode and cathode, respectively.

Connecting wire

Conducting carbon paper

Active layer of electrocatalyst

Fig. 2. Working electrode for electrochemical characterization.
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RESULTS AND DISCUSSION

1. Characterization of the Acetylene Black Carbon Support

As discussed earlier, the nature of carbon support material plays
a key role in the synthesis of supported electrocatalyst for fuel cell
de la Fuente et al. reported that carbonaceous materials treatment
with concentrated HNO; is an effective acid reagent for creating
surface functional groups for nanoparticle anchoring sites, hydro-
philicity and dissolving the remaining impurities [25]. The pH of
the aqueous slurry of nitric acid functionalized carbon black (C,;)
support decreased considerably (pH=3.2) compared to that pris-
tine acetylene black carbon (Cp,p) support (pH=8.12). The drastic
decrease in pH of functionalized carbon black (C,z) support indi-
cates that sufficient acidic functional groups (carboxylic groups)
were introduced after acidic treatment.

The XRD patterns of pristine acetylene black (Cpyp) and func-
tionalized acetylene black carbon (C,p) support are presented in
Fig. 3(a)-(b). The XRD patterns of Cpy and C,p support show two
common peaks of both the samples. It was also observed from the
Fig. 3(a)-(b) that there are two peaks at the 26 value of 25.54°
(002), and 42.65° (100), which indicate the characteristic diffrac-
tion pattern of the graphitic structure of the acetylene black sup-
port material (JCPDS card no. 34-1832). The first intense peak
around 26 of 25.56° refers to the high degree of graphitization (002)
facet of support material [26].

The XRD results of acetylene black support material as listed in
Table 1 indicate that the interplanar spacing of C,j is 0.3513 nm
due to random planes orientations compares to the graphite inter-
planar spacing of 0.335 nm. The existence of sp’ carbon-bonded
graphite crystals of carbon support Cpy and C,p confirms that

Graphite
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: 100

S (100) @)
2 —
vy

=

|7}

=

(b)

26 (Degree)

Fig. 3. XRD pattern of (a) pristine acetylene black carbon (Cp,z) and
(b) functionalized acetylene black carbon (C,;) support.

acetylene black has a turbostratic structure [27]. After the acid treat-
ment with concentrated nitric acid, the (002) peak of acetylene
black carbon support became sharper and intense. The functional-
ized acetylene black (C,3) shows a smaller d, spacing value of
0.3473 nm and larger crystallite size (L.) of 3.37 nm in compari-
son to pristine acetylene black carbon (Cp,j).

Fig. 4(a)-(b) shows SEM images of pristine acetylene black (Cpyp)
and functionalized acetylene black carbon (C,z). In the SEM images
the carbon support is of spherical morphology consisting of car-
bon nano spheres with size in the range of 40 to 60 nm. Pristine
acetylene black carbon (Cp,p) consisted of agglomerated spherically
shaped carbon nanospheres with cross linked structure and formed

Fig. 4. SEM images of (a) pristine acetylene black carbon (Cp,s) (b)
functionalized acetylene black carbon (C,;) support.

Table 1. Physical properties of acetylene black support material derived from XRD patterns

Carbon support (002) Position dyg, Spacing (nm) FWHM peak Crystallite size (L,)
Pristine acetylene black carbon (Cpyp) 25.34 0.3513 3.09 2.82
Functionalized acetylene black carbon (C,j) 25.62 0.3473 2.53 3.37
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Fig. 5. FTIR spectroscopy of (a) pristine acetylene black carbon (Cp,z)
and (b) functionalized acetylene black carbon (C,5) support.

aggregates in the form of clusters or a steric specific chain struc-
ture. The morphological change in the functionalized acetylene
black carbon (C,) is not significant in comparison to pristine
acetylene black carbon (Cp,j), except a minute change in particle
size (Fig. 4(b)). These results suggest that the treatment of carbon
support with HNO; does not affect their physical morphology
severely. However, it modifies their surface chemical properties
such as hydrophilicity and surface functional groups, which is dis-
cussed in the following section.

The FTIR is a very useful analysis technique which detects vari-
ous characteristic functional groups present in the carbon support
samples, ie.,, Cpyp and C,p, respectively. Fig. 5(a)-(b) shows the FTIR
spectra of Cp,p and C, using FTIR in the wavelength range of 500-
4,000 cm™'. Both the samples of carbon support show four com-
mon peaks located at about 3,111 cm™, 2,350 cm™, 1,560 cm™ and
1,206 cm™" are attributed to the O-H, CO,, C=C, and CO-H func-
tional groups, respectively [28-30]. Additional three peaks in func-
tionalized acetylene black carbon (C,5) surface at 1,730 cm™, 1,383
cm™ and 950 cm™ are ascribed to the oscillation of carboxylic groups
(C=O0H), O-H bending deformation in carboxylic acid groups
and C-H out of plane deformation, respectively [27]. It is evident
from Fig. 5(b) and Table 2 that sufficient acidic functional groups
have been introduced after the acid treatment on the surface of
acetylene black carbon support. These created oxygen-containing
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groups on the surface of functionalized carbon support (C,p) result-
ing in hydrophilicity and anchoring sites to form complexes with
different metal ions of platinum and ruthenium.
2. Characterization of Electrocatalysts
2-1. SEM Analysis

The surface morphology of the electrocatalysts were thoroughly
examined via SEM and their images are presented in Fig. 6(a)-(e).
From Fig. 6(a)-(e), the electrocatalyst particles are of nano-range
with uniform size. The uniformity is more prominent in the SEM
images for the synthesized electrocatalysts Pt-Ru/C,z-PLM (Fig.
6(c)) and commercial electrocatalyst Pt-Ru/C (Fig. 6(e)). The SEM
analysis also confirms that the particle sizes are in good agree-
ment with the average crystallite size calculated from XRD analy-
sis and average particle size from TEM analysis. The SEM images
also confirm that the synthesized electrocatalysts are porous, which
could facilitate mass transport from the bulk phase to the active
electrocatalysts sites.
2-2. XRD Analysis

The XRD analysis provides the bulk structural information of
the electrocatalyst and its support material. Fig. 7(a)-(f) presents
the XRD patterns, mainly crystallographic structures of the syn-
thesized and commercial electrocatalysts of the electrocatalysts,
respectively. The first broad diffraction peaks at 26=25.5" were
observed for Pt-Ru/Cp,z-PLM, Pt-Ru/Cp,5-FAM, Pt-Ru/C,5-PLM,
Pt-Ru/C,5-FAM and Pt/C,5-PLM electrocatalysts due to assigned
(002) graphite crystalline plane of acetylene black carbon (C,jp)
support material with hexagonal structure. However, the diffrac-
tion peak of carbon support material is not found in the case of
commercial Pt-Ru/C electrocatalyst because the peak intensity of
support material which is generally Vulcan XC-72R gives less intense
due to its lower crystallinity grade, compared to the intensity of
Pt-Ru metal peak [31]. The XRD patterns of all the electrocata-
lysts (Fig. 7(a)-(e)) display Pt-Ru alloy diffraction peaks at around
40°, 47° and 68° are attributed to Pt (11 1), Pt (2 0 0), and Pt (2 2 0),
respectively. This indicates the typical character of the face-cen-
tered cubic (fcc) crystalline structure of platinum (Pt). The shift of
the Pt peaks to the higher angles is found in the synthesized elec-
trocatalyst due to the presence of Pt-Ru alloy. The XRD pattern of
commercial Pt-Ru/C (Fig. 7(e)) electrocatalyst shows broader peaks
as compared to synthesized Pt-Ru/C,-PLM and Pt-Ru/C,z-FAM.
Similar trend was also observed for commercial Pt-Ru/C in com-
parison to Pt-Ru/Cp,s-PLM and Pt-Ru/Cpy3-FAM. Broader peaks
of commercial Pt-Ru/C electrocatalyst may be due to its lower

Table 2. Comparison and shifting of bands data of pristine (Cp,) and functionalized acetylene black carbon (C,p) support in FTIR analysis

Stretching or bending functional groups

Wave number (cm™)

Pristine acetylene black carbon (Cpyp)

Functionalized acetylene black carbon (Cy)

C-H, out of plane deformation

C-OH stretching vibrations

O-H bending deformation in carboxylic acid
C=C stretching vibrations of C,; backbones
C=0 stretching in carboxylic groups

CO, signal

O-H group

1206
1560
2350
3111

950
1206
1383
1560
1730
2350
3111
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Fig. 6. SEM images of (a) Pt-Ru/Cp,z-PLM, (b) Pt-Ru/Cp3-FAM, (c) Pt-Ru/C,5-PLM, (d) Pt-Ru/C,5-FAM and (e) commercial Pt-Ru/C.

crystallinity and smaller particles having lattice strain.

However, no diffraction peak for Ru hexagonal structure was
detected in the XRD pattern of electrocatalysts, indicating its pres-
ence in the amorphous state either in the form metallic ruthe-
nium or ruthenium oxides [32,33]. The lattice parameters (Table
3) of all the electrocatalysts are smaller than that of Pt/C (JCPDS #
040802, a;,=0.3915 nm) due to the formation of a Pt-Ru solid solu-
tion [34]. The ruduction in lattice parameter of Pt crystal struc-
ture reveals the incorporation of secondary smaller atomic sized
Ru metal (Ry,=1.39 A and Rp,=1.34 A) into the Pt crystal to form
Pt-Ru solid alloy solution. This could result in the contraction of
Pt lattice parameter in Pt-Ru bimetallic supported electrocatalysts.

The average crystallite sizes (d.) of Pt-Ru bimetallic supported
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electrocatalysts were calculated based on the broadening of the Pt
(22 0) peak using the Debye-Scherrer equation as follows [19,35,36].

094
<" Pcosb

@

The metal surface area (SA) of the electrocatalyst was calculated
from Eq. (5):

_ 60,000

SA
th-Rudp

©)

Prt-ru=XpeX Ppy+ Xy X Pru (6)

where d, is the average crystallite size (nm), k is a coefficient (0.9),
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Fig. 7. XRD patterns of (a) Pt-Ru/Cp5-PLM, (b) Pt-Ru/Cp,z-FAM,
(c) Pt-Ru/C,5-PLM, (d) Pt-Ru/C,z-FAM, (e) commercial Pt-
Ru/C and (f) Pt/C,5-PLM electrocatalysts.

A is the wave-length of X-ray radiation (0.154056 nm), Sis the full
width half-maximum (in radians) of respective diffraction peak, &
is the angle at Pt (220) position of peak, SA is the surface area (m’/
g), d, is the average particle size (nm), oy, y, is the density of Pt-Ru
alloy nano particles, py, is the density of Pt metal (21.4g cm ™), gy,
is the density of Ru metal (123 g cm™?), and X, and Xj, are the
wt% of Pt and Ru in the electrocatalyst, respectively.

The diffraction peaks of Pt (220) from the XRD patterns were
considered to calculate the average crystallite size and lattice param-
eter of Pt [37,38]. The composition of the supported Pt-Ru alloy
electrocatalysts were calculated by the shift of Pt-Ru diffraction
peaks, ie., the variation of the lattice parameter ap g, from the
XRD patterns, which is based on Vegard’s law [39]. The lattice
parameter (ap.g,c) of Pt-Ru alloy electrocatalyst was used to calcu-
late Ru atomic fraction Xy, (<0.7) using the relationship of Vegards
law [40].

A rwc=3pyc— K Xpy @)
where ap,c and ap, ¢ are the lattice parameter of Pt/C and the Pt—
Ru/C alloyed electrocatalyst, respectively. The value of ap,c is 0.3915
nm and the value of constant k is 0.0124 nm were taken from pub-
lished literature [34,36].

The amount of alloyed ruthenium Ru,; in the Pt-Ru/C alloy elec-
trocatalysts was calculated using the equation below [36]:

XR

. ®

[-x(Ge) ]

nom

Ru,=

Ru . . .
where, (—I-)—{) represents the nominal atomic ratio of Ru to Pt
nom

and xq, is the atomic content of alloyed Ru fraction in the Pt-Ru/C
alloy electrocatalysts. The relative data calculated from XRD dif-
fraction patterns by Debye-Scherrer (Eq. (4)) and Vegards law for-
mula (Eqgs. (7) and (8)) are presented in Table 3.

It is clearly seen from Table 3 that the average crystallite size of
all the synthesized bi-metallic electrocatalysts lies in the range of
3.4nm to 5.8 nm. The average crystallite size obtained for the syn-
thesized electrocatalysts supported on pristine acetylene black Cpys,
ie, Pt-Ru/Cpp-PLM and Pt-Ru/Cpz-FAM is larger than that of
the functionalized acetylene black C,5 supported electrocatalysts
Pt-Ru/C,3-PLM and Pt-Ru/C,3-FAM, respectively. The calculated
average crystallite sizes (d,) of the synthesized Pt-Ru/Cpys-PLM
and Pt-Ru/Cp3-FAM electrocatalysts were 3.8nm and 5.8 nm,
respectively. It may be due to lack of oxygenated species on the
surface of pristine acetylene black Cp,. The alloying degree of Ru
for the synthesized Pt-Ru/Cp,s-PLM and Pt-Ru/Cp,3-FAM electro-
catalysts are 31.93 wt% and 26.58 wt%, which are lower than the
Pt-Ru/C,-PLM (37 wt%) and Pt-Ru/C,z-FAM (34 wt%), respec-
tively. Whereas, lower average crystallite size was obtained for the
synthesized electrocatalyst Pt-Ru/C,z-FAM with the Ru alloying of
about 34.04 wt%. Although, the particle size is little larger for Pt-
Ru/C3-PLM (3.6 nm) than electrocatalyst Pt-Ru/C,z-FAM (34 nm)
and commercial Pt-Ru/C electrocatalyst (2.8 nm), the polyol method
(Pt-Ru/C,3-PLM) results in higher Ru alloying of 37.0 wt% with
Pt noble metal. The alloying of Ru with Pt atom plays a very cru-
cial role in electrooxidation of ethanol fuel. Thus, synthesized Pt-
Ru/C,5-PLM electrocatalyst is expected to perform excellently and
produce comparable results with the commercial electrocatalyst
Pt-Ru/C. Note that the single metal electrocatalyst Pt/C,z-PLM
resulted in the largest crystallite size of 6 nm. The TEM of synthe-
sized electrocatalysts was also performed to verify the results anal-
ysis of XRD of synthesized electrocatalysts, which is discussed in
the following section.

2-3. TEM Analysis

Fig. 8(a)-(e) shows the typical TEM images of electrocatalyst
and their metal particle size distribution. The average particle sizes
and histograms of the size distribution of metal nanoparticles were
estimated by counting the diameter of 150 metal nanoparticles in

Table 3. Data calculated from XRD patterns by Debye Scherrer formula and Vegard’s law

Electrocatalysts Average crystallite size Lattice parameter Pt (2 2 0) position Ru fraction Alloyed Ru
(d,) by XRD (nm) aprrc) (M) (Deg.) (Xzw) (wt%)
Pt-Ru/Cpyp-PLM 38 0.3885 68.20 0.242 31.93
Pt-Ru/Cpyp-FAM 5.8 0.3889 68.10 0.210 26.58
Pt-Ru/C,-PLM 3.6 0.3883 68.24 0.270 37.0
Pt-Ru/C,3-FAM 34 0.3884 68.22 0.254 34.04
Commercial Pt-Ru/C 2.8 0.3877 68.35 0.310 44.73
Pt/C,,-PLM 6.0 03915 67.60
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Fig. 8. TEM images and histograms of metal particle size distribution of (a) Pt-Ru/Cp,z-PLM, (b) Pt-Ru/Cp5-FAM, (c) Pt-Ru/C,5-PLM, (d)

Pt-Ru/C,5-FAM and (e) commercial Pt-Ru/C electrocatalysts.

an arbitrarily chosen area of the corresponding TEM images. A
thorough analysis of TEM images depicts that the electrocatalysts
consist of almost spherical shape nanosized particles, well dispersed
with negligible agglomerations on the carbon support material. It
is also observed in the TEM images that the metal particle size of
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each sample is less than 11 nm and slightly agglomerated irrespec-
tive of the electrocatalysts types (Table 4). Also from Table 4, around
18.66% of Pt-Ru/C,5-PLM particles are present in the synthesized
electrocatalyst mass with an average particle size of 3.8+0.9 nm.
For Pt-Ru/C,z-FAM synthesized electrocatalyst, about 25.33% parti-
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Fig. 8. Continued.

cle mass are present with an average particle size of 3.51+0.89 nm.
Whereas, about 35.33% particles mass of commercial Pt-Ru/C elec-
trocatalyst are present with an average particle size of 3.0+0.58 nm.

However, TEM analyses of the synthesized electrocatalysts sup-
ported on pristine acetylene black Cp, show similar trend in terms
of size, as it is seen in the XRD analysis. For the synthesized Pt-
Ru/Cpyp-PLM electrocatalyst, about 20.67% particles mass are pres-
ent with an average particle size of 4.01+1.06 nm. Whereas, about
24.67% particle mass with an average particle size of 6.1+1.65 nm
was found for synthesized Pt-Ru/Cp;-FAM electrocatalyst. Metal
particles in the Pt-Ru/Cp,5-PLM and Pt-Ru/C,,z-FAM electrocata-
lysts are in nano range and a fraction of the metal particles clumped
together to form slightly large aggregations (Fig. 8(a)-(b)).

The heavy black dots of Pt-Ru metal alloy electrocatalyst nano-
particles indicate good dispersion over carbon support lighter par-
ticles of 40-60 nm size. The particle size for Pt-Ru/C,5-PLM syn-
thesized catalyst ranges from 1.5 to 6.5 nm, with an average particle
size of 3.8+0.9 nm. The average particle size for Pt-Ru/C,z-FAM
synthesized electrocatalyst is 3.51+0.89 nm and the size distribu-
tion is in the range of 1.5-8 nm. Similarly, for commercial Pt-Ru/C
electrocatalyst, the average particle size is 3.0+0.58 nm and size

404
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distribution ranges from 1.5 to 5.5 nm. However, the average par-
ticle size for commercial Pt-Ru/C electrocatalyst is lower than syn-

Table 4. Particle size distribution of synthesized electrocatalysts by

TEM analysis
(%) of Particle No. of
Type of catalysts Particle size (nm) particles
2 1.5-2 3
4 2-2.5 6
9.33 2.5-3 14
14 3-35 21
22 3.5-4 33
Pt-Ru/Cpyy-PLM 20.67 4-4.5 31
15.33 4.5-5 23
333 5-5.5 5
4.67 5.5-6 7
2 6-6.5 3
1.33 6.5-7 2
1.33 7.5-8 2
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Type of catalysts (%) of Particle No. of
Particle size (nm)  particles
0.66 1-2 1
2.66 23 4
8.67 3-4 13
14.67 45 2
20 5-6 30
Pt-Ru/Cpy-FAM oy s »
16 7-8 24
9.33 89 14
2.67 9-10 4
0.67 10-11 1
1.33 1.5-2 2
10 2-2.5 15
14.66 2.5-3 22
17.33 335 2%
18.66 3.5-4 28
Pt-Ru/C,;-PLM P Ny s
13.66 45-5 20
4.66 555 7
3.33 5.5-6
2 6-6.5
2.66 1.5-2 4
733 2-2.5 11
18.66 25-3 28
24 3-35 36
25.33 3.5-4 38
Pt-Ru/C,,-FAM 10.66 4-45 16
5.33 455 8
333 555 5
0.66 5.5-6 1
0.66 6-6.5 1
0.66 6.5-7 1
0.66 7.5-8 1
3.33 1.5-2 5
12.66 2-25 19
32 25-3 48
. 35.33 3-35 53
Commercial Pt-Ru/C 10,66 ) -
4 4-45 6
1.33 45-5 2
0.66 5-55 1

thesized electrocatalysts but particles are seemed to be slightly
agglomerated (Fig. 8(e)).

The average particle size estimated by TEM images and the aver-
age crystallite size by XRD analysis are almost similar to an error
of £10% (Table 5). The metal surface area of the electrocatalyst was
determined using Eqs. (5) and (6), as discussed in the XRD section.

The metal surface areas (SA) obtained for synthesized Pt-Ru/
Cpus-PLM, Pt-Rw/Cpyp-FAM, Pt-Ru/C,,,-PLM and Pt-Ru/C,;-FAM
electrocatalysts are 20.46 m’/g, 13.46 m’/g, 22.26 m’/g and 24.31
m’/g respectively. The metal surface area of all synthesized electro-
catalysts is slightly lower than the commercial Pt-Ru/C (25.62 m’/
g) electrocatalyst (Table 5). However, the surface area of synthe-
sized Pt-Ru electrocatalyst supported on C,jp is higher than that of
the synthesized Pt-Ru supported on Cp,s. This proves that func-
tionalized support material C,; resulted in smaller particle size and
thus, high surface area of synthesized electrocatalysts Pt-Ru/C;-
PLM and Pt-Ru/C,5-FAM were observed.

2-4. XPS Analysis

The chemical oxidation/valence states and surface compositions
of Pt and Ru metals in the Pt-Ru/Cp,z-PLM, Pt-Ru/C,,5-FAM, Pt-
Ru/C,5-PLM, Pt-Ru/C,5-FAM and commercial Pt-Ru/C nano elec-
trocatalysts were analyzed by XPS analysis. The XPS is a surface
sensitive method and most of the cluster atoms are surface atoms.
Here it is assumed that the bulk information of the associated ele-
ments Pt, Ru, C and O in the supported electrocatalysts, i.e., Pt-
Ru/C,j5 can only be obtained from the XPS analysis of the electro-
catalysts. Fig. 9(a)-(e) selectively shows the Pt (4f) core regional
spectra of synthesized Pt-Ru/Cpy5-PLM, Pt-Ru/Cpyp-FAM, Pt-Ru/
C,5-PLM, Pt-Ru/C,5-FAM, and commercial Pt-Ru/C electrocata-
lysts. As reported in the literature, the Pt 4f,, and 4f;, peaks are
deconvoluted into three sets of the spin-orbit doublets [22,40]. The
first set of Pt 4f,,, and Pt 4f;,, doublets at 71.42-71.7 and 74.9-75.1
eV is assigned to pure metallic Pt° (zero valance) state. The sec-
ond doublets set at 72.64-72.8 and 75.8-76.1 eV can be ascribed to
oxidized Pt such as PtO or Pt(OH), species, whereas the third dou-
blets set at 73.9-74.7 and 77.2-77.9 €V are related to the Pt"" oxide
such as PtO, species [22,41].

Obviously, different methods followed for the synthesis of elec-
trocatalysts could result in different compositions of the oxidation
states in the electrocatalyst metals present. The binding energies (BEs)
of the Pt 4f,, component at their corresponding relative intensi-
ties were obtained from the respective mapped area of quantita-
tive deconvoluted of peaks, and the corresponding full-width at
the half-maximum (FWHM) values are presented in Table 6.

A slight shift of the Pt’ (zero valance) peaks towards higher val-
ues of binding energies in comparison to that of bulk Pt (BE of Pt

Table 5. The average particle size and specific area of electrocatalysts from TEM analysis and comparison with XRD results

Average particle size (d,) Average crystallite size (d,) Surface area
Electrocatalysts bgy "lleM (am) s gby X};{D (nm) (m/g)
Pt-Ru/Cpyp-PLM 4.01£1.06 3.8 20.46
Pt-Ru/Cpy-FAM 6.1+1.65 5.8 13.46
Pt-Ru/C,3-PLM 3.8+0.9 3.6 22.26
Pt-Ru/C,5-FAM 3.51+0.89 34 24.31
Commercial Pt-Ru/C 3.0+0.58 2.8 25.62
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Fig. 9. XPS spectra in Pt 4f region of (a) Pt-Ru/Cp,z-PLM, (b) Pt-Ru/Cp,z-FAM, (c) Pt-Ru/C,5-PLM, (d) Pt-Ru/C,;-FAM and (e) commercial
Pt-Ru/C electrocatalysts. The solid line represents the XPS fitted spectra and the broken line represents the peaks due to different Pt

oxidation state corresponds to Pt’, Pt"*, and Pt*",

4t,,=70.5 eV) is due to the effect of small particles and the Pt-sup-
port interactions [22,40]. Generally, Pt” is found as only the pre-
dominant species in all the electrocatalysts (53.74-60.52%). The
electrocatalysts supported on pristine acetylene black (Cp,p) and
synthesized by FAM method showed the lowest amount of metal-
lic Pt (Pt’), while using same method/FAM supported on functional-
ized acetylene black (C,s) exhibited the highest content of Pt’.
However, there is an important contribution of oxidized Pt spe-

cies, such as Pt**/PtO or Pt(OH), and Pt*'/PtO,. The pure metallic
form is Pt’, which is slightly higher in the case of Pt-Ru/C,;-FAM
compared to Pt-Ru/C,-PLM and commercial Pt-Ru/C electrocat-
alysts (Table 6). The most preferential state of Pt species, ie., Pt/
PtO or Pt(OH), was found to be maximum in the case of Pt-Ru/
C,3-PLM (28.66%) [38]. Irrespective of the synthesis methods used
for electrocatalysts synthesis, the C,; supported electrocatalysts
resulted in better oxidation state of Pt species.

Korean J. Chem. Eng.(Vol. 36, No. 10)
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Table 6. Different oxidation states of Pt species and their relative intensities obtained from binding energies (BE) of the Pt 4f,,, component of
XPS spectra for Pt-Ru/Cp,p-PLM, Pt-Ru/Cp,5-FAM, Pt-Ru/C,3-PLM, Pt-Ru/C,;-FAM and commercial Pt-Ru/C electrocatalysts

Pt 4f,,, component of XPS spectra

Electrocatalysts
Pt species BE of 4f,,, (eV) FWHM (eV) Relative intensity (%)
Pt’/metallic Pt 71.64 2.0 57.84
Pt-Ru/Cpy-PLM Pt**/PtO or Pt(OH), 72.78 25 2731
Pt**/PtO, 74.7 32 14.85
Pt’/metallic Pt 71.7 20 53.74
Pt-Ru/Cpy-FAM Pt**/PtO or Pt(OH), 72.69 2.5 26.26
Pt"*/PtO, 74.55 3.1 20.0
Pt”/metallic Pt 71.42 2.0 57.0
Pt-Ru/C,;-PLM Pt**/PtO or Pt(OH), 72.64 2.5 28.66
Pt*/PtO, 73.95 32 14.34
Pt’/metallic Pt 71.47 2.0 60.52
Pt-Ru/C,5-FAM Pt**/PtO or Pt(OH), 72.8 25 22.12
Pt*/PtO, 74 32 17.36
Pt”/metallic Pt 71.51 2.0 59.13
Commercial Pt-Ru/C Pt**/PtO or Pt(OH), 72.74 2.5 27.77
Pt**/PtO, 739 32 13.10

Intensity (a.u.)

; . Y . . . .
275 280 285 290 295 300
Binding Energy (eV)

Fig. 10. C(1s)+Ru(3d) region in (a) Pt-Ru/Cp5-PLM, (b) Pt-Ru/Cpyp-
FAM, (c) Pt-Ru/C,;-PLM, (d) Pt-Ru/C,z-FAM and (e) com-
mercial Pt-Ru/C electrocatalysts.

The XPS spectra of Ru (3d)-C(1s) region for electrocatalyst sam-
ples are presented in Fig. 10. The peak at 284.55 eV is attributed to
graphitic carbon (C(1s)) supoort material in all the electrocatalysts
substantiating the literature data [42,43]. A quantitative estimation
of the oxidation states of Ru (3d) spectra is slightly difficult, as the
C(1s) peak entirely covers the Ru(3d;,) signal and partially over-
laps with the Ru(3d;,,). However, two peaks at 280.3 ¢V and 281.5
€V can be easily observed for the synthesized electrocatalysts Pt-
Ru/C,45-PLM and commercial Pt-Ru/C for the Ru 3ds, signal as
shown in Fig. 10. The peaks at 280.3 eV with a shoulder and at
281.5eV can be qualitatively attributed to Ru’ and anhydrous RuO,,
respectively [43,44]. However, a flat plateau is observed for Pt-Ru/
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C,s-FAM in the same region. The shifting of these peaks appears
at about 0.3 eV to the higher binding energies with respect to the
corresponding standard values reported in the literature, which
may be due to a large Cls peak tail [43]. The Ru(3ds),) signal from
hydrous amorphous RuO,H, is predictable at a binding energy
~1eV higher than anhydrous RuO,. Hence, the overlapping of
Ru(3d,,) signal with the intense graphitic C(1s) peak, the presence
of the hydrous ruthenium phase cannot be excluded. Thus, it may
be concluded from the above discussion that the Pt-Ru/C,z-PLM
electrocatalyst is better than the Pt-Ru/Cpys-PLM, Pt-Ru/Cpyp-
FAM, Pt-Ru/C,3-FAM and commercial electrocatalyst Pt-Ru/C in
reference to oxidation state of Pt and Ru both.
2-5. EDX Analysis

The chemical composition of individual metal particles along
with support material carbon of all the electrocatalysts was ana-
lyzed by EDX (Fig. 11(a)-(e)). The EDX patterns obviously confirm
the presence of desired elements Pt, Ru, and C in the electrocata-
lyst. The strongest C peak is assigned to the support material in all
the electrocatalysts. The electrocatalyst prepared has the desired
elements with some varjation in composition as reported in Table
7. The EDX results show that the elemental composition of syn-
thesized electrocatalysts varies from point to point as the electro-
catalytic surface is heterogeneous. The EDX spectrum also shows
the presence of oxygen and chlorine in electrocatalysts. The pres-
ence of chlorine may be probably coming from the remains of
metal precursors during the reduction process. The existence of
oxygen indicates the formation of ruthenium oxides/platinum oxides
which are clearly visible in XPS analysis (Table 6). The presence of
these common impurities has been reported by Qian et al. and
Tayal et al. [45,46].
3. Electrochemical Characterization
3-1. Cyclic Voltammetry

Fig. 12 shows the cyclic voltammograms (CV) of synthesized Pt-
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Fig. 11. EDX pattern of (a) Pt-Ru/Cp,5-PLM, (b) Pt-Ru/Cp,5-FAM, (c) Pt-Ru/C,5-PLM, (d) Pt-Ru/C,5;-FAM and (e) commercial Pt-Ru/C elec-
trocatalysts.
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Table 7. EDX results of the synthesized Pt-Ru/Cp,z-PLM, Pt-Ru/Cp,z-FAM , Pt-Ru/C,5-PLM, Pt-Ru/C,;-FAM and commercial Pt-Ru/C elec-

trocatalysts
Electrocatalysts Elements Composition obtained by EDX (wt%) Nominal composition (wt%)
Pt 25.10 26.35
Pt-Ru/Cpy-PLM Ru 12.30 13.65
C 62.60 60
Pt 24.70 26.35
Pt-Ru/Cpy-FAM Ru 1221 13.65
C 63.09 60
Pt 25.71 26.35
Pt-Ru/C,;-PLM Ru 12.93 13.65
C 61.36 60
Pt 25.62 26.35
Pt-Ru/C,;-FAM Ru 12.59 13.65
C 61.79 60
. Pt 28.58 30
gommeraal Pt-Ru/ Ru 13.74 15
C 57.68 55

Ru/C,z-PLM, Pt-Ru/C,;-FAM and commercial Pt-Ru/C electro-
catalysts for ethanol oxidation using 1 M of C,H;OH mixed in 0.5M
of HCIO,.

The electrooxidation peaks for ethanol fuel were found in the
forward and backward scan as well during the CV study. In the for-
ward scan, the electrooxidation of ethanol produced a prominent
anodic peak due to the electrooxidation of freshly chemisorbed
species. Fig. 12 shows that the carbonaceous adsorbed species which
are formed during the forward scan are further dissociated via
electrooxidation during the backward scan. The noticeable electro-
oxidation peaks for ethanol fuel on the electrocatalysts Pt-Ru/Cp,,-
PLM, Pt-Ru/Cpp-FAM, Pt-Ru/C,-PLM, Pt-Ru/C,-FAM, and
commercial Pt-Ru/C are presented in Table 8, including the posi-
tive peak potentials and corresponding peak current densities.

CV studies show that the ethanol electrooxidation peak current
density of 32.59 mA/cm’ at potential of 0.686 V was generated
during forward scan for synthesized Pt-Ru/Cp,;-PLM electrocata-
lyst, while Pt-Ru/C,z-PLM produced little higher peak current
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density of 34.71 mA/cm” at peak potential of 0.671 V. Similarly, a
peak current density of 14.46 mA/cm’ at a peak potential of 0.805 V
was observed for the synthesized Pt-Ru/Cp,;-FAM electrocatalyst,
while the electrooxidation peak current density of 19.05 mA/cm’
was observed for Pt-Ru/C,z-FAM at a peak potential of 0.651V.
The CV studies show that the synthesized Pt-Ru supported on
functionalized C,5 carbon support resulted in better electrocata-
Iytic performance due to their excellent activity in comparison to
pristine Cpyp carbon supported electrocatalyst.

The onset potential of ethanol electrooxidation on all synthe-
sized electrocatalysts Pt-Ru/C,3-PLM and Pt-Ru/C,z-FAM showed
a shift in potential of 0.115V and 0.135V towards less positive in
comparison to commercial Pt-Ru/C electrocatalyst. It is observed
from Fig. 12 and Table 8 that the ethanol electrooxidation peak
potential during forward scan of synthesized Pt-Ru/C,-PLM and
Pt-Ru/C,5-FAM are in the lowest potential 0.671 V and 0.651 V in
comparison to commercial electrocatalyst Pt-Ru/C (0.786 V). It
indicates that the loss in potential or overvoltage is low for the syn-
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Fig. 12. CV characteristics of the synthesized Pt-Ru/Cp,z-PLM, Pt-
Ru/Cp,z-FAM, Pt-Ru/C,;-PLM, Pt-Ru/C,z-FAM and com-
mercial Pt-Ru/C electrocatalysts. in 0.5 M HCIO, and 1M
ethanol solution at scan rate of 20 mV/s; Temperature 35 °C.

thesized Pt-Ru/C,5-PLM and Pt-Ru/C,z-FAM electrocatalyst. In
addition, peak current density is highest (34.71 mA/cm®) for Pt-Rw/
C,5-PLM and thus possesses the highest catalytic activity towards
ethanol oxidation among all anode the electrocatalysts tested. It
may be due to better alloying of Ru with Pt atom, which plays a
very crucial role in electrooxidation of ethanol fuel, and this has
already been discussed in XRD analysis. During the backward
scan the Pt-Ru/C,5-PLM electrocatalyst resulted in electrooxida-
tion of adsorbed species at very low potential of 0419 V (Eq. (2)).

In the CV study, the ethanol electrooxidation activity of anode
electrocatalysts increased in the following order: Pt-Ru/Cp,z-FAM<
Pt-Ru/C,z-FAM<commercial Pt-Ru/C<Pt-Ru/Cp,5-PLM<Pt-Ru/
C,5-PLM on the basis of their peak current densities (Table 8). The
Pt-Ru/C,3-PLM electrocatalyst synthesized by polyol reduction
method and supported on functionalized carbon C,; exhibits the
most activity.
3-2. Chronoamperometry

Chronoamperometry tests of electrocatalysts can provide clues
to the rate of surface poisoning or stability loss under certain test

1703

(a) 045V

--------- Pr-Ru/CPAB-PLM

P-Ru/CPAB-FAM
25 = = = P-Ru/CAB-PLM
= - - P-Ru/CAB-FAM

— « = commercial Pt-Ru/C
20 |- -

Current Density (mA/cm?)

=50 50 150 250 350 450 550 650 750 850 950
Time (Sec.)
120

b) 08V

sesserers PU-R/CPAB-PLM

Pt-Ru/CPAB-FAM
80 = = = P-Ru/CAB-PLM

— -+ Pi-Ru/CAB-FAM

— + = commercial Pt-Ruw/C

Current Density (mA/cm?)

40

=50 50 150 250 350 450 550 650 750 850 950

Time (Sec.)

Fig. 13. CA test of ethanol oxidation in 0.5 M perchloric acid (HCIO,)
containing 1 M ethanol (C,H;OH) solution on synthesized
Pt-Ru/Cpy5-PLM, Pt-Ru/Cp-FAM, Pt-Ru/C,5-PLM, Pt-Ru/
C,5-FAM and commercial Pt-Ru/C electrocatalysts at (a)
0.45V vs. Ag/AgCl (b) 0.8 V vs. Ag/AgCl at room tempera-
ture 35 °C.

condition. The main aim here is to check if there is a rapid poison-
ing of the electrocatalyst upon ethanol electrooxidation. Chrono-
amperometry tests for the ethanol electrooxidation at different

Table 8. CV results of the synthesized Pt-Ru/Cp,5-PLM, Pt-Ru/Cp,p-FAM, Pt-Ru/C,z-PLM, Pt-Ru/C,z-FAM and commercial Pt-Ru/C elec-
trocatalysts at 20 mV/s sweep rate for ethanol electrooxidation

Forward scan Backward scan
Anode electrocatalyst Peak potential Peak current Peak potential Peak current
(V vs. Ag/AgCl) density (mA/ cm?) (V vs. Ag/AgCl) density (mA/ cm?)
Pt-Ru/Cp,3-PLM 0.686 32.59 0.512 23.82
Pt-Ru/Cp,5-FAM 0.805 14.46 0.626 10.95
Pt-Ru/C,;-PLM 0.671 34.71 0.419 13.30
Pt-Ru/C,5-FAM 0.651 19.05 0.483 13.15
Commercial Pt-Ru/C 0.786 31.15 0.500 19.31
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potentials were carried out at an ethanol concentration of 1 M eth-
anol mixed with 0.5M HCIO, and the results are listed in Fig.
13(a)-(b). It can be clearly observed that currents for ethanol elec-
trooxidation on all the electrocatalysts dropped rapidly and then
became relatively stable. The dramatic decrease can be ascribed to
diffusion effects and the gradual decrease to the poisoning of elec-
trocatalysts due to the formation of intermediates during ethanol
electro-oxidation. The reference potential (0.8 V and 0.45V) for
chronoamperometry test was obtained from C.V results (Fig. 12).
It is found that at a lower potential of 0.45V (Fig. 13(a)), the cur-
rent for ethanol oxidation on Pt-Ru/C,p-PLM electrocatalyst is
significantly higher than on all the other electrocatalysts. Similarly,
at the higher potential of 0.8V (Fig. 13(b)), the electrooxidation
current on Pt-Ru/C,;-PLM synthesized electrocatalyst is always
higher in comparison to synthesized Pt-Ru/Cpyp-PLM, Pt-Ru/Cpyp-
FAM, Pt-Ru/C,3-FAM and commercial Pt-Ru/C electrocatalysts.
4. DEFC Study

4-1. Performance Comparison Between Synthesized and Commer-
cial Electrocatalysts

The electrocatalytic activity of the synthesized and commercial
electrocatalysts was tested in a DEFC single cell setup, which is pre-
sented in Fig, 14. Electrocatalyst loading at the anode was 1 mg/cm’
of synthesized Pt-Ru/Cpyp-PLM, Pt-Ru/Cpy-FAM, Pt-Ru/C,5-PLM,
Pt-Ru/C,3-FAM, and commercial Pt-Ru/C electrocatalysts, respec-
tively. The cathode was made of commercial Pt/Cyjpzc of fixed load-
ing, ie., 1 mg/cm’. The electrolyte used was a commercial Nafion”
117 membrane. The DEFC was operated at 35 °C, which was kept
similar to that of CV experiments performed. As observed in CV
experiments (Fig. 12), Pt-Ru/C,-PLM resulted in a comparable per-
formance with the commercial Pt-Ru/C electrocatalyst in the DEFC
test also (Fig. 14).

Table 9 shows the optimum values of single cell output, e.g., open
circuit voltage (OCV), power density and current density as a com-
parative performance of the electrocatalysts in the DEFC test.

It is observed from the single cell study, the synthesized electro-
catalysts supported on functionalized carbon support (C,p) resulted
in enhanced cell performance in comparison to pristine carbon
support (Cpyp) while adopting the same synthesis method. More-
over, electrocatalyst synthesized via PLM method always showed
better performance in terms of current and power density than
any other electrocatalysts tested in the present DEFC. The maxi-
mum OCV of 0.71 V was obtained for Pt-Ru/C,z-PLM, which is
nearly about same as that of the commercial Pt-Ru/C (0.717 V)
electrocatalyst. Synthesized electrocatalyst Pt-Ru/C,z-FAM pro-
duced relatively lower OCV 0.685 V than Pt-Ru/C,5-PLM and com-
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Fig. 14. Single cell performance characteristics for different anode
electrocatalysts for anode feed of 1 M ethanol. Cathode feed:
humidified pure oxygen; P,,;,,.,=1 bar (absolute); Solid line-
polarization curves; Dotted line-power density curves.

mercial Pt-Ru/C (0.717 V) electrocatalyst. The DEFC constructed
with synthesized Pt-Ru/C,3-PLM anode electrocatalyst yielded
maximum power density of 6.02mW/cm’, which is higher than
with commercial Pt-Ru/C electrocatalyst (5.13 mW/cm®) and with
synthesized Pt-Ru/C,p-FAM electrocatalyst (4.54 mW/cm?). For
both Pt-Ru/Cp,s-PLM and Pt-Ru/Cps-FAM electrocatalysts, the
maximum power density of 547 mW/cm” and 3.85 mW/cm® was
obtained at a current density of 19.20 mA/cm” and 15.20 mA/cn’,
respectively (Table 9). After treatment of pristine acetylene black,
there was an increase in OCV of Pt-Ru/C,z-PLM and Pt-Ru/C ;-
FAM anode electrocatalysts, which indicates a difference in etha-
nol electrooxidation reaction mechanism due to presence of oxy-
genated surface groups at surface of functionalized carbon C,j; as
explained in FTIR section [31].

A rapid fall in cell voltage was observed for all electrocatalysts,
which may be due to the slow initial ethanol electrooxidation reac-
tion at the electrode surface. Moreover, metal particles were well
dispersed on polyol method synthesized electrocatalyst (Pt-Ru/C,p-
PLM) and thus showed better performance to commercial Pt-Ru/
C electrocatalyst. Enhanced performance of Pt-Ru/C,;-PLM syn-
thesized electrocatalyst could also be attributed to the positive effect
of functionalized acetylene black (C,;) as a support having high

Table 9. Summary of performance of different anode electrocatalysts in single fuel cell tests for 1 M ethanol at a cell temperature of 35 °C

Open circuit

Maximum power

Current density at maximum

Anode electrocatalyst voltage (V) density (mW/ cm?) power density (mA/cm®)
Pt-Ru/Cpyy-PLM 0.682 5.47 19.20
Pt-Ru/Cpy-FAM 0.646 3.85 15.20
Pt-Ru/C,,-PLM 0.71 6.02 19.52
Pt-Ru/C,,-FAM 0.685 454 18.60
Commercial Pt-Ru/C 0.717 5.13 18.70
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Fig. 15. Single cell performance characteristics for varying cell tem-
peratures using anode feed of 1 M ethanol solution. Cath-
ode feed: pure humidified oxygen; P,,,,.,=1 bar (absolute);
Dotted line-power density curves; Solid line-polarization
curves.

electrical conductivity, large pore volume, and more uniform dis-
tribution of the ionomer in the anode electrocatalyst layer which
could result in enhanced ethanol electrooxidation kinetics to give
highest current density of 19.52 mA/cm’. The XPS results also pre-

dicted the better performance for synthesized Pt-Ru/C-PLM elec-
trocatalysts (Fig. 9).
4-2. Pt-Ru/C,5-PLM Performance at Various Temperatures

The effect of temperature on cell performance was carried out
for the synthesized electrocatalyst Pt-Ru/C,5;-PLM only; as it pro-
duces highest power density at room temperature of 35 °C. Fig. 15
illustrates the effect of cell temperatures using the synthesized Pt-
Ru/C,5-PLM of 1 mg/cm’ as the anode and Pt/Cyygppc as cathode
electrocatalyst, respectively. It is observed in Fig. 15 that the maxi-
mum power density and current density both increases with the
increase in temperature up to 80 °C. Note that the maximum cell
temperature was maintained at 80 °C in view of the boiling point
of ethanol of about 78.4°C. The temperature dependence of cell
performance indicates that ethanol electrooxidation kinetics on
synthesized Pt-Ru/C,z-PLM electrocatalyst is thermally activated.
It is reported in the literature that high temperature not only reduces
activation overpotential but ohmic and concentration overpoten-
tial also. At high temperature (T<80 °C), proton conductivity of
Nafion® membrane was significantly improved, which resulted in
decreased ohmic polarization [47]. Additionally, high operating
temperature of cell operation also favors the mass transfer rate of
the reactant, thus decreasing the concentration overpotential [48].
The OCV of the single DEFC also increases due to the positive
effect of temperature, and this could be explained by the Nernst
equation [49]. The maximum power density of 6.02 mW/cm” at a
current density of 19.52 mA/cm’® was obtained when the cell was
functioning at room temperature of 35 °C. However, DEFC per-
formance was improved significantly at the highest operating tem-

Table 10. DEFC single cell MEA performance comparison of laboratory synthesized electrocatalyst in the literature with Pt-Ru/C electrocata-

lysts with Nafion membrane in acidic media

References Electrolyte and electrocatalyst

Other operating conditions

Maximum power OCV
density (mW/cm?®) (V)

Nafion® 115;

Anode: Pt-Ru (Pt 20 wt%, Pt: Ru=1:1)/
C(1.33mg Pt/cm?);

Cathode: Pt (20 wt%)/C (1 mg/cm’) (JM)

Zhou et al. [11]

Fuel: ethanol (1 M) (1.0 ml/min);
Oxidant: unhumidified O, (120 ml/min); 28.54 0.677
Temperature: 90 °C

Nafion® 115;

Anode: Pt-Ru (20 wt%, Pt : Ru=1:1)/
C (1 mg Pt/cm’) (E-TEK);

Cathode: Pt (20 wt%)/
C (1 mg Pt/cm’) (E-TEK)

Colmati et al. [8]

Fuel: ethanol (1 M);
Oxidant: Oy 10.5 0.65
Temperature: 80 °C

Nafion® 117;
Anode: Pt-Ru (1:1)/

C-HISPEC 5000 (2 mg/cm®) (JM);
Cathode: Pt (60 wt%)/C (2 mg/cm’) (JM)

Fatih et al. [10]

Fuel: ethanol (1 M) (2 ml/min);
Oxidant: O, (300 ml/min); 12.0 0.69
Temperature: 90 °C

Nafion® 115;
Anode: Pt-Ru (40% : 20% by wt)/
Cc(2.32 mg/cmz) (AA);
Cathode: Pt (60 wt%)/C (2 mg/cmz) (AA)

Figueiredo et al. [50]

Fuel: ethanol (1 M) (1.5 ml/min);
Oxidant: humidified O, (200 ml/min); 12.10 0.70
Temperature: 70 °C

Nafion® 117;
Anode: Pt-Ru (1 :1)/C,5-PLM (1 mg/cm’);
Cathode: Pt (40 wt%)/C (1 mg/cm’) (AA)

Present work

Fuel: ethanol (1 M) (1.2 ml/min);
Oxidant: humidified O, (60 ml/min); 13.04 0.735
Temperature : 80 °C

*JM-Johnson Matthey, AA-Alfa Aesar
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perature of 80 °C. The maximum power density of 13.04 mW/cm’
at a current density of 44.8 mA/cm’ was achieved at this tempera-
ture (80 °C). A noticeable increase in the power density, ie., about
117% was achieved for the temperature increase from 35 °C to 80 °C.
4-3. Performance Comparison of Pt-Ru/C,z-PLM with Literature
Reported Pt-Ru/C

The fuel cell performance using laboratory synthesized Pt-Ru
nano electrocatalyst supported on functionalized acetylene black
carbon (C,jp) is very promising in comparison to the research work
published in the literature [8,10,11,50]. Table 10 shows the perfor-
mance of literature reported DEFC single cell performance using
Pt-Ru/C as anode electrocatalysts and comparison of the same
with laboratory synthesized best electrocatalyst Pt-Ru/C,z-PLM.
Zhou et al. [11] performed electrooxidation of ethanol on Pt-Ru/C
(Pt 20 wt%, Pt:Ru=1:1) electrocatalyst synthesized by ethylene
glycol reduction method. The maximum power density of 28.54
mW/cm® and OCV of 0.677 V was obtained at 90 °C. The better
performance of DEFC may be due to the high electrocatalyst load-
ing (1.33 mg Pt/cm’) and high operating temperature (90°C). Col-
mati et al. [8] obtained maximum power density of 10.5 mW/cm’
and OCV of 0.65 V using commercial Pt-Ru/C (E-TEK) as anode
electrocatalyst at a DEFC temperature of 80 °C. The OCV (0.65 V)
and power density (10.5 mW/cm’) both were comparatively lower
than in the present work. Fatih et al. [10] studied DEFC using
Nafion” 117 as electrolyte and commercial Pt-Ru/C as anode elec-
trocatalyst (2 mg/cm’) at 90 °C. The maximum power density of
120 mW/cm® and OCV of 0.69V was obtained. Although, the
DEFC temperature and anode electrocatalyst loading were high,
the cell performance was slightly low. Figueiredo et al. [50] used
the commercial Pt-Ru (40% :20% by wt)/C as anode electrocatalyst
(232 mg/cm’) at 70 °C and reported peak power density of 12.10
mW/cm’ and OCV of 0.70 V. However, in our present study, the
maximum power density of 13.04 mW/cm’ and OCV of 0.735V
was obtained for 1 M ethanol at the cell temperature of 80 °C using
synthesized Pt-Ru/C,;-PLM (1 mg/cm’) as anode. Undoubtedly,
the present DEFC performance is comparable with the published
works and in some cases a little better.

CONCLUSIONS

A highly conductive, low cost and functionalized acetylene black
carbon (C,;) was manufactured in laboratory and used as support
material for synthesis of Pt-Ru bi-metallic nano electrocatalysts.
The TEM and SEM analyses indicate that the electrocatalysts con-
sist of highly dispersed nano-sized (1.5-8 nm) metal particles, are
spherical shaped and slightly agglomerated. The size of metal nano
particles and their distribution over the support material are strongly
influenced by the synthesis method used to prepare the electrocat-
alysts in a fuel cell. The polyol reduction method (PLM) resulted
in little large metal crystallite sizes in comparison to formic acid
reduction method (FAM). However, Ru alloying with Pt metal
was more (37%) for PLM reduction. The EDX and XRD analyses
confirm the formation Pt-Ru electrocatalysts supported on func-
tionalized acetylene black carbon (C,5) having a typical Pt crystal-
line structure and the formation of better Pt-Ru alloy. The pristine
acetylene black (Cpyp) supported electrocatalyst exhibited poor
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electrocatalytic activity for ethanol electroxidation. The XRD anal-
ysis confirmed that the addition of the smaller atomic sized Ru
could result in the contraction of Pt lattice parameter. The EDX
analysis highlights the presence of all desired elements like Pt, Ru
as active metal sites and C as support, respectively. The synthe-
sized electrocatalysts based on functionalized acetylene black car-
bon (C,p) were also notably more active for electrooxidizing ethanol
than a commercial electrocatalyst, commonly employed as anodes
in DEFCs, which can also be attributed to the positive effect of
functionalized acetylene black (C,;) as a support having high elec-
trical conductivity and large pore volume as mentioned earlier.
The CV results and chronoamperometry test of synthesized Pt-
Ru/C,;-PLM for ethanol electrooxidation in a half cell also sub-
stantiated the DEFC results with similar conditions. The synthe-
sized Pt-Ru/C,5-PLM electrocatalyst produced highest power density
of 6.02mW/cm’, which is even higher than that of commercial
Pt-Ru/C (513 mW/cm’) electrocatalyst at the room temperature
of 35°C. The power density of the cell increased around 117%
when cell temperature was raised to 80 °C for the anode electro-
catalyst Pt-Ru/C,z-PLM. Thorough analyses and performance of
synthesized electrocatalysts indicate that the Pt-Ru/C,z-PLM could
be used as an alternative to commercial Pt-Ru/C electrocatalyst,
especially for ethanol electrooxidation. Note that the cost of syn-
thesized electrocatalyst is about half of the commercial electrocata-
lyst cost.

The synthesized Pt-Ru/C,3-PLM could be modified further by
changing metal ratio of Pt to Ru for improving its electrocatalytic
activity towards the electrooxidation of ethanol fuel at low tempera-
ture and low electrocatalyst loading. Moreover, tri-metallic electro-
catalysts such as Pt-Ru-X/C (where, X=Re, Rh, Sn and Ni etc.)
supported on functionalized acetylene black (C,p) could be syn-
thesized to enhance the ethanol electrooxidation kinetics, which
would result in better DEFC performance in terms of current den-
sity and power density.
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