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Abstract: In recent years much effort has been put towards developing efficient Pt-based electrocatalysts for
applications in fuel cells. With the rising cost of precious metals such as Pt,the need to enhance the activity and
to decrease the load of catalysts is prominent. Herein we report on the synthesis and comparative study of nanopo-
rous Pt,PtRu and PtRulr electrocatalysts. The nanoporous electrodes were fabricated using a hydrothermal method
and characterized by scanning electron microscopy (SEM) ,energy dispersive spectroscopy ( EDS) , X-ray diffrac-
tion (XRD) and X-ray photoelectron spectroscopy ( XPS). The electrocatalytic activity of the fabricated nanopo-
rous materials was evaluated using both CO stripping experiments and methanol oxidation reactions, revealing that
the addition of Ir greatly improved the activity of the nanoporous PtRu. To decipher the origin of the significant
enhancement , in-situ electrochemical FTIR spectroscopy was employed to study the oxidation of methanol on the

nanoporous Pt,PtRu and PtRulr electrodes.
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1 Introduction the main product of methanol oxidation ; however, oth-

A worldwide increase in energy demands, cou- er species such as CO,formaldehyde, formic acid and

o . methyl formate also arise during the oxidation, crea-
pled with increased pollution concerns and depleted Y & ’

fossil fuel reserves, has driven research toward novel ting possible multiple degradation mechanisms. The
. . . - formation of CO is the most troublesome on Pt an-
means of creating energy with high efficiency and low
] odes,as CO can strongly adsorb to the catalytic sites,
emission™ ~. Methanol and hydrogen powered fuel
hindering the kinetics of methanol oxidation.
cells are potential solutions to this pressing problem, .
The Pt catalyst can be improved through ad-
specifically direct methanol fuel cells ( DMFCs) and i .
) N fel 1 vanced structural designs and the addition of a co-cat-
proton exchange membrane fuel - cells - ( PEMF alyst”!. A wide variety of studies have been carried

Cs) ™. From the fuel consumption point of view, the
DMFC is preferred over the PEMFC. Hydrogen still

lacks a safe and reliable storage method; whereas

out to rectify this problem using various co-catalysts
such as Ru'® ,Sn'"" W' and Pb**" coupled with Pt

to enhance CO oxidation. An example of the enhance-

methanol , with a higher energy density,is more easily ment of CO oxidation was shown by our group with a

stored and distributed at ambient temperatures. In the nanostructured PtRu electrocatalyst[m. This catalyst

development of a practical catalyst, the high cost and showed high performance in the oxidation of both CO

inefficiency of Pt hinder its commercialization. CO, is and methanol through the production of oxygen spe-
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cies. PtRu catalysts have become the research stand-
ard for comparison due to their strong perform-
ance''''. On the other hand, our recent study has re-
vealed that the addition of Ir significantly enhances
the catalytic activity of Pt'"*™"'.

To determine the effect of the addition of Ir on
the PtRu catalyst, nanoporous Pt, PtRu and PtRulr
electrocatalysts were synthesized and systemically in-
vestigated in this study. Our electrochemical study re-
vealed that the incorporation of Ir greatly improved
the activity of the nanoporous PtRu. Electrochemical
Fourier transform infrared ( FTIR) spectroscopy is a
powerful technique used in the monitoring of reactions
at the electrode interface'*'®’. To decipher the origin
of the significant enhancement, in-situ electrochemical
FTIR spectroscopy was employed to study the oxida-

tion of methanol on the nanoporous Pt, PtRu and

PtRulr catalysts.
2 Experimental

2.1 Materials

Titanium plates (99.2% ) from Alfa Aesar were
used as the substrate. H,PtClg - 6H,0,RuCl,,IrCl, ,
methanol (99. 9% ) , isopropyl alcohol (99.5% ),
formaldehyde (37% mass in water ), hydrochloric
acid (37. 5% ), and sulphuric acid (99. 999% )

® water

from Aldrich were used as received. Nanopure

(18.2 MQ) was used to prepare all solutions.

2.2  Synthesis of Nanoporous Pt, PtRu
and PtRulr

A hydrothermal method was used to fabricate the
nanoporous catalysts'''. A Ti plate (1.25 c¢m x0. 8
cm x0.05 em) plate was washed via ultrasonication

® water. The plates

in acetone followed by Nanopure
were then etched in an 18% HCI solution at 85 °C for
10 min. These plates were then placed in a Teflon®
vessel along with a 10 mL solution containing the met-
al precursor, excess reducing agent and Nanopure®
water. The precursors used were H,PtCl; dissolved in
Nanopure® water, and RuCl, and IrCl, dissolved in
isopropanol. Formaldehyde was used as the reducing

agent. The vessel was placed in the autoclave and

heated at 180 °C for 10 h.

2.3 Instruments and Electrochemical
Measurements

The surface morphology and composition of the
Pt,PtRu and PtRulr electrodes were characterized u-
sing scanning electron microscopy ( SEM ) ( JEOL
JSM 5900LV) equipped with an energy dispersive X-
ray spectrometer ( EDS) ( Oxford Links ISIS). Sur-
face elemental compositions based on quantitative
EDS analysis are reported in average values of read-
ings taken at five different spots on each sample sur-
face. The X-ray diffraction (XRD) patterns of the as-
prepared samples were recorded using a Philips PW
1050-3710 Diffractometer with Cu Ko radiation. XRD
patterns were compared and assigned according to the
database of the International Centre for Diffraction
Data (ICDD ). X-ray photoelectron spectra ( XPS)
(Omicron EA-125 energy analyzer and a multi-chan-
nel detector) were recorded using a monochromatic
Mg Ko X-ray source (hv =1253.6 eV). All binding
energies ( BE) reported here were corrected using the
Cl 2p,,, peak at 199 eV as an internal standard. A-
tomic sensitivity factors were employed for calculating
the surface metallic compositions from the integrated
peak areas.

Cyclic voltammetry (CV) and chronoamperome-
try (CA) were performed in a three-electrode system.
A platinum coil served as the counter electrode and
was annealed prior to each experiment. The reference
electrode was a saturated calomel electrode ( SCE)
connected through a salt bridge. Data acquisition for
the CV and CA experiments was performed on a
Voltal.ab 40. For the CO-stripping experiments, the
potential was held constant at —0.1 V for 740 s. CO
(PRAXAIR,99.9% ) was bubbled through the solu-
tion for 600 s;the solution was then de-aerated with
ultra-pure argon (99.999% ) for 120 s;finally the so-
lution was left to rest for 20 s. Argon was passed over
the top of the electrolyte solution during the experi-
ments.

The electrochemical FTIR experiments were per-
formed on a Thermo Nicolet 8700 equipped with a
MCT-B detector cooled with liquid N,. The electro-

chemical cell was a Teflon cylinder , specially designed
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Fig. 1

* indicates the peaks derived from Ti substrate

to hold the internal reflection element (IRE) above
the ATR mirrors, and completely sealed from the ex-
ternal environment. The IRE used in this study was a
semi-hemispherical ZnSe crystal. Prior to each experi-
ment, the ZnSe window was polished with alumina
powder. Two configurations were used in our FTIR
studies. For the first configuration used to monitor the
species formed on the electrocatalysts, the Pt, PtRu
and PtRulr nanomaterials synthesized from the hydro-
thermal technique were transferred to water, where
they became a suspension upon ultrasonication. The
suspension was placed onto the ZnSe crystal surface to
form a thin layer. In this arrangement, species which
desorb from the electrode surface are lost to the bulk
solution, thus becoming undetectable in the FTIR
spectra. To overcome this problem,a second setup to
monitor these desorbed species was employed. A Ti
disk electrode with a diameter of 1.5 cm was pressed

to the surface of the IR window, trapping a thin layer

. (200) = (220) * .
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SEM images of nanoporous Pt (A) ,PtRu (B) ,PtRulr (C) ,and their corresponding XRD patterns (D)

of solution. The thin layer of electrolyte was renewed
every time before the potential E, was changed. The
Ti disks were etched in an 18% HCI solution at 85 °C
for 10 min first; and then nanoporous Pt, PtRu and
PtRulr coatings were directly grown on the treated Ti
disks with the hydrothermal technique described pre-
viously. A Pt-coil was used as the counter electrode,
and SCE served as a reference for all the electrochem-
ical FTIR experiments. Upon adding a 0.1 mol - L'
CH,0H +0.5 mol - L™" H,S0, solution to the FTIR
cell , the solution was purged with ultra high purity ar-
gon. A base spectrum,R(E1) ,was collected at —200
mV. The potential was then stepped up in 100 mV in-
crements while the R ( E2) spectrum was recorded.
The number of scans for each spectrum is 400. The fi-
nal spectrum was calculated using the following equa-
tion' >8] .

AR/R=[R(E2) —R(E1)]/R(E1)

All experiments were carried out at ambient tem-
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Fig.2 XP spectra of the Pt 4f region of PtRu (A) and PtRulr (B) ,Ru 3d region of PtRu (C) and PtRulr (D) nanoporous

Pt (dashed line) is included for comparison

perature (20 £2 C).
3 Results and Discussion

3.1 Surface Characterization

The surface morphology of the nanoporous-Pt
networks was studied using SEM at 10000 x magnifi-
cation. Fig. 1 shows the electrode surfaces of (A)
nanoporous Pt( A), PtRu (B), PtRulr (C), all of
which display high surface coverage of the Ti sub-
strate with random distribution of pores throughout the
catalyst network. The PtRu and PtRulr samples show
particle sizes ranging from 50 ~ 500 nm with pores
ranging from tens of nanometers to several microme-
ters in diameter. EDS analysis was performed on the
samples to determine their composition. From the
quantitative study it was found that the composition of
the samples is: pure Pt (A); PtRu with 40% Ru
(B) ;and PtRulr with 30% Ru and 15% Ir (C),
confirming the expected results from the composition

of the precursor solutions.

XRD analysis was used to characterize the phase
and structure of the as-synthesized nanoporous elec-
trodes. As shown in Fig. 1D, the nanoporous Pt (a),
PtRu (b) and PtRulr (c) electrodes all display the
(111),(200) and (220) reflections characteristic of
a face centered cubic (fec) crystal structure. In com-
parison to nanoporous Pt,the PtRu and PtRulr peaks
have a positive shift in the 20 values, which corre-
sponds to decreased d-spacing values and lattice con-
stants. Further quantitative calculation on the lattice
constant a of the diffraction angles of the (220) re-
flection peak revealed the a values of 0.392,0. 390
and 0. 390 nm for nanoporous Pt, PtRu and PtRulr,
respectively. All the above results indicate that the
formation of PtRu and PtRulr alloys''"*?")

The presence of metallic interactions between the
components was studied with XPS. In Fig. 2A, two 4f
binding peaks of Pt,identified as 4f,,, and 4{;,, ,are ev-
ident for the nanoporous Pt (dashed line) and PtRu e-
lectrodes (solid line). The Pt 41, , and 4{,,, doublets of
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the nanoporous Pt occur at 71.0 and 74.3 eV and at
71.3 and 74.7 €V for the nanoporous PtRu electrode.
In Fig. 2B, the Pt 4f,, and 4f;,, doublets of the nanopo-
rous PtRulr electrode (solid line) occur at 71.4 and
74.8 eV. The Ir 4f, , and 4f;,, doublets for the PtRulr
electrode (data not shown) occur at 60.6 and 63.6 eV
versus the values for Ir metal of 60.9 and 63.9 eV'*’.
Fig.2C and 2D show that the Ru 3d,,, and 3d,,, bind-
ing peaks occur at 280.2 and 284.4 €V for the PtRu e-
lectrode (2C) and at 280. 3 and 284. 5 eV for the
PtRulr electrode (2D) , compared to 280. 0 and 284. 0
eV for pure Ru metal ™. Since a shift in the binding
energy of core-level orbitals corresponds with a change
in electron density, this indicates the presence of an e-

lectronic interaction between Pt and Ru and/or Ir.

3.2 CO Oxidation on PtRulr Electrodes

CO has been identified as both an intermediate
and poisoning species in the oxidation pathways of
formic acid®’, methanol'®’ , and other small organic
molecules on Pt. A desired characteristic of potential
catalysts is a penchant towards removal of surface
CO. At low potentials, CO can adsorb strongly to the
Pt catalyst surface , thus inhibiting its performance. CO
oxidation experiments, as described in 2. 3, on the
three nanoporous networks were performed in 0.5 mol
- 7' H,S0, and the results are presented in Fig. 3.

The flat line at the beginning of the forward
sweep in the hydrogen adsorption region shows that
hydrogen adsorption to the catalyst surface is com-
pletely repressed due to the adsorption of CO to the
surface. In the region from 0 to 600 mV a small, broad
shoulder wave followed by a sharp peak representing
CO oxidation can be seen for all three electrodes. In
the reverse scan,the distinctive hydrogen adsorption/
desorption peaks return and the CV resembles that of
a CO free environment in H,SO,, showing complete
removal of the adsorbed CO.

Nanoporous Pt shows an onset potential of 138
mV for the oxidation of adsorbed CO, while reaching
its peak at 468 mV. Slightly out-performing this is the
PtRu with an onset of CO oxidation at 15 mV and
peak potential of 444 mV. This is due to the Ru sites

12

-200 0 200 400 600 800
E/mV(vs. SCE)

Fig.3  The oxidation of CO at a scan rate of 20 mV/S in
0.5 mol - L' H,S0, on the nanoporous Pt ( dot-
ted) (a),PtRu (dashed) (b),and PtRulr (solid

line) electrodes (c)

on the nanoporous network generating oxygen species
which serve to oxidize the adsorbed CO. The PtRulr
trimetallic electrode shows the greatest performance,
with an onset potential of —47 mV and the highest
current density at a peak potential of 450 mV. It is
believed that this improvement can be attributed to
the presence of Ir assisting in producing and stabili-
zing additional oxygen species, which in turn oxidize
the adsorbed CO on the Pt sites.

The stripping of CO can also be used as a means
of calculating the electroactive surface area of the cat-
alysts'*?”'. The consumed charges for the hydrogen
adsorption/desorption from the CO stripping, calculat-
ed through the area under the CO oxidation peak are
19.98 mC,25.98 mC and 30. 32 mC for nanoporous
Pt (a),PtRu (b),and PtRulr, respectively (c¢). By
assuming a charge to surface area value of 420 wC/
em” for this process'"™ | the electroactive surface areas
(ESA) of the electrodes were found to be 47.6,67.9,
72.2 em” for nanoporous Pt (a) ,PtRu (b) ,and PtRu-
Ir (c¢) ,respectively,which are much higher than their
geometric surface area (1 cm’).

3.3 Electrochemical Oxidation of Metha-
nol

The electrochemical oxidation of methanol on the
nanoporous Pt,PtRu and PtRulr electrodes was inves-
tigated using cyclic voltammetry with a 0.1 mol » L™
CH,O0H +0. 5mol - L~'H, SO, solution and at a scan
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Fig.4 Cyclic voltammogram recorded in 0.1 mol - L™" CH,OH + 0.5 mol - L™ H,S0, (A) ;the corresponding cyclic vol-

tammograms calculated based on the electroactive surface area (B) ,chronoamperometric curves measured in 0.5 mol

- L7"H,S80, + 0.1 mol - ™" CH,OH at potentials of +300 mV (C) and +600 mV (D)

Ru;c. PtRulr

rate of 20 mV/s. The resulting voltammograms are
displayed in Fig. 4A. For the sake of clarity, only the
forward scans are shown. Comparison of curve a and b
shows that the addition of Ru to Pt significantly in-
creases the peak current density of the oxidation of
methanol. The oxidation of methanol with the trimetal-
lic PtRulr ( Curve c¢) shows further improvement
through the addition of Ir to the PtRu catalyst, produ-
cing a peak current density of 46 mA/cm”. The addi-
tion of Ir also lowers the onset potential of methanol
oxidation.

As seen in Section 3. 2, the nanoporous PtRulr
electrode possesses the highest ESA. Now the question
is whether the significant increase of the current for
methanol oxidation on the trimetallic electrode is sim-
ply due to the increase of the ESA. To answer this
question, Fig. 4B presents the methanol oxidation
curves with the current densities corrected for the
electroactive surface area instead of the geometric sur-

face area. As seen in Fig. 4B, the nanoporous PtRu

a. nanoporous Pt;b. Pt-

outperforms the nnaoporous Pt; The PtRulr shows the
highest activity towards the methanol oxidation. The
performance enhancement of the trimetallic alloy is al-
so evident in a study of the steady state current densi-
ties of the electrodes. The potential was held at 0 mV
for 60 s prior to stepping the potential up to 300 mV
or 600 mV where the potential was held for 500 s. 300
mV is approximately the onset potential for methanol
oxidation for all three electrodes, while 600 mV is
close to the peak potential as seen in Fig. 4A Fig. 4C
and 4D display the amperometric responses of the Pt
(a),PtRu (b) and PtRulr (¢) at 300 and 600 mV ,
respectively. After 200 s all the electrodes achieve
their steady-state currents. The same trend is observed
at both electrode potentials 300 and 600 mV; the
PtRulr achieves the highest steady state current com-
pared to the Pt and PtRu electrode. To decipher the
origin of the enhancement, we further studied the
electrochemical oxidation of methanol on these three

kinds of electrodes using electrochemical FTIR spec-
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Fig.5 Electrochemical FTIR spectra for nanoporous Pt (A) ,PtRu (B) ,and PtRulr recorded in 0.1 mol - L™" CH,0H +

0.5 mol - L' H,80,(C)

troscopy.
3.4 Electrochemical FTIR Studies

Fig. 5 presents the electrochemical FTIR spectra
recorded in 0. 1 mol - L' CH;OH +0.5 mol - L'
H,S0, , where the base potential (E1) was fixed at
—200 mV and the sample potential ( E2) was varied
from —100 to 600 mV. As seen in Fig. 5A ,the inten-
sity of the broad negative going peak centered at 3415
em ™' increases with the increment of E2, which can
be attributed to the formation of OH species on the
nanoporous Pt surface’>’. Due to the design of our IR
system, CO, is free to exit the electrode surface to the
bulk solution ; however, at the high potential (E2 =
600 mV) ,a peak at 2343 c¢m ™' is observed, confir-
ming the formation of CO, from the complete oxidation
of methanol. An abnormal bipolar band with a posi-
tive-going peak centered at around 2054 c¢m ™' and a

negative-going peak at 2013 ¢cm ™' from linearly bond-

scans; 400 ; resolution:4 cm ! ;E1 = =200 mV

ed CO (CO, ) is also observed. This abnormal phe-

nomenon has been reported by Sun and co-work-
ers'®' The appearance of the negative-going peak at
1803 cm ™' reveals the formation of bridged CO
(COy) on the surface.

Fig. 5B displays the spectra collected on the Pt-
Ru electrocatalyst. Instead of the negative-going peak
at 3415 ¢cm ™' on the Pt surface (Fig.5A) ,a large bi-
polar band is observed on the PtRu surface, having
the positive peak at 3526 ¢m ™' and the negative por-
tion centered at 3140 c¢m~'. Obviously, this bipolar
feature arises due to the presence of Ru. This is due
to OH species being formed at the Ru sites at lower
potentials than Pt and the v( OH) of Ru-OH appea-
ring at a higher frequency than that of Pt-OH"'. The
CO, peak centered at 2343 ¢cm ' ( CO,) appears at
400 mV ,which is 200 mV lower compared to Fig. 5A.
Although the bipolar CO; peak is observed , no COy
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Fig.6  Electrochemical FTIR spectra shown in the CO re-

gion for nanoporous Pt (A) ,PtRu (B) ,PtRulr with
E1 =1000 mV (C) ,and the corresponding integrat-
ed intensity of total CO bands (D)

peak appears in Fig. 5B. Fig. 5C presents the electro-
chemical FTIR spectra of methanol oxidation on the
PtRulr surface , showing similar features to the PtRu e-
lectrode (Fig.5B). Interestingly, the bipolar band in
the v (OH) region appears at a lower potential and
with higher intensity. In addition, the CO, peak at
2343 e¢m ™' appears at a lower potential (300 mV).
All these results show that the incorporation of Ir fur-
ther enhances the catalytic activity of PtRu.

As seen in Fig. 5, it is difficult to quantitatively
compare the amount of CO formation due to the bi-po-
lar feature. To quantitatively determine the CO forma-
tion on these electrodes during the methanol oxida-
tion,we recorded a base spectrum at E1 =1000 mV ,
where the catalyst surface is free of CO. The resulting
FTIR spectra with the spectrum collected at E1 =

1000 mV as the reference are displayed in Fig. 6. Two
positive-going peaks appear at 2027 and 1803 c¢m ™'
(Fig.6A) , corresponding to the CO, and CO, IR ab-
sorption. Only the CO; peak is seen for both the PtRu
(Fig.6B) and PtRulr ( Fig. 6C) electrodes. As ex-
pected ,a shift of the CO, band is observed as the E2
is increased due to the Stark effect'”"®’. For the nan-
oporous Pt surface (Fig. 6A),the CO, band appears
at 2028 em ' at E2 =0 mV,and shifts to 2043 cm ™
when the E2 was increased to 600 mV. The CO, band
shifts from 2025 to 2035 ¢cm ™' for the nanoporous Pt-
Ru electrode and from 2010 to 2033 cm ™' for the
PtRulr electrode when the E2 was increased from O to
600 mV. Fig. 6D presents the total integration intensi-
ty of the CO peaks, showing that the formed CO on
the surface decreases in the following order:Pt > Pt-
Ru > PtRulr.

CO, ,as the final product of methanol oxidation,
provides an accurate account of the efficiency of the
catalyst. To quantitatively compare the production of
CO, resulting from the electrochemical oxidation of
methanol , the second IR configuration was employed
as described in the experimental section. The species
desorbed from the electrode surface may appear in the
IR spectrum as they are trapped in the thin layer be-
tween the electrode surface and the IR window. The
main feature to be investigated here is the appearance
and intensity of the CO, band centered at 2343 c¢m ™.
As shown in Fig. 7, the onset potential of CO, forma-
tion is decreased from 300 mV (7A) to 200 mV
(7B) and to 100 mV (7C) ,revealing that the PtRulr
has the lowest onset potential for methanol oxidation.
Fig. 7D presents the integration intensity of the CO,
peak. As can be seen,the largest amount of CO, ,and
thus the largest extent of methanol oxidation through
higher performance ,comes from the PtRulr electrode.
All these IR results are consistent with the cyclic vol-

tammetric and chronoamperometric studies.

4 Conclusions

In summary, we have fabricated and systemati-
cally studied nanoporous Pt, PtRu and PtRulr cata-
lysts. Our CO-stripping experiments reveal that the
formed nanoporous structures possess a very high

electroactive surface area and that the addition of Ru
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Fig.7 Electrochemical FTIR spectra shown in the CO, re-

gion recorded in 0. 1 mol - L™" CH,OH + 0.5 mol
- L™" H,80, for Pt (A),PtRu (B),and PtRulr
with the second IR configuration ( C) ;and the cor-

responding integrated intensity of the CO, peak (D)

and Rulr lowers the onset potential of CO oxidation.
The cyclic voltammotric and chronoamperometric
studies show that the incorporation of Ru significantly
improves the Pt activity towards methanol oxidation
and that the addition of Ir further enhances the per-
formance of PtRu. The XRD and XPS studies show
that alloyed PtRu and PtRulr were formed and that
there are electronic interactions among the metals.
Our electrochemical FTIR studies provide insights on
why the presence of Ru and Rulr improves the activity
of the Pi-based catalyst. The bipolar feature of the vy
band observed with the PtRu and PtRulr electrodes
show the incorporation of Ru and Rulr facilitates the

formation of OH-like species which aids the oxidation

of the poisoning CO intermediate. The quantitative a-
nalysis of the CO and CO, bands reveals that the pres-
ence of Ru and Rulr significantly lower the formation
of CO on the surface,leading to a large increase of the

CO, production.
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