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Influence of Pt:Ru Ratio in Nanotubes Array
Structures on the Electrocatalytic Activity of
Methanol Oxidation

YUAN Jin-hua, WANG Feng-bin, XIA Xing-hua’
(State Key Laboratory of Analytical Chemistry for Life Science, School of Chemistry and
Chemical Engineering, Nanjing University, Nanjing 210093, China)

Abstract: Bimetallic PtRu nanotubes array electrodes (NTAEs) with varied Pt to Ru atomic ratios have been prepared by elec-
trochemical codeposition in 3-aminopropyltri-methoxysilane modified porous anodic alumina (PAA) membranes. The structure and
morphology of the catalysts were characterized using X-ray diffraction (XRD) and scanning electron microscopy (SEM), respective-
ly. Electrochemical results showed that the NTAEs with varied atomic ratios could be achieved by controlling the precursor concen-
tration for deposition. The prepared nanoarrays composed of Pt or PtRu alloy promoted the mass-normalized activity toward the
sluggish electrooxidation reaction of methanol due to the increased catalytic activity and real surface area, as well as the improved
mass transport through the catalysts. Correlations between the anode composition and the electrocatalytic activity of the catalysts to-
ward the electrooxidations of CO and CH;OH were systemically investigated. The PtRu NTAEs containing ca. 50% Ru showed the
highest activity for CO electrooxidation, while the PtRu NATEs of 40% Ru for CH;OH electrooxidation.
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Direct methanol fuel cells (DMFCs) have been
attracting widespread attentions due to their promis-
ing applications as low-temperature compact power-
sources!”. Platinum (Pt) is a good catalyst for the elec-
trooxidation of methanol. However, Pt catalyst is sus-
ceptible to the poisoning of CO and other strongly
adsorbed intermediates, its practical application as an
anode in DMFC is limited®*. Therefore, CO tolerant
multi-metallic alloy catalysts such as PtRu™®, PtSn"*,
PtPb P! PtRuRh™!, PtRuOs! have been proposed.
Among these alloying catalysts, PtRu alloy is the
mostly studied system due to its superior activity to-
ward the electrooxidation of methanol. Bifunctional

mechanism and ligand effect are usually considered
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to explain the promoting electrocatalytic activity of
the PtRu catalysts. In the bifunctional mechanism,
CO-like poisoning intermediates formed from the de-
composition of methanol on Pt sites are subsequently
oxidized to CO, by the surface oxygenated species on
the neighbouring Ru sites at lower overpotential™*'7,
In the latter case, the Ru atoms in the alloy induce
changes in the electronic configuration of the Pt
atoms, which accelerates the direct oxidation of
methanol. No matter which mechanism functions, it
is clear that the practical performance of the PtRu
catalysts strongly depends on the surface composi-
tions of Pt and Ru. In addition, the morphology
would affect the catalytic activity of the catalysts. For
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this propose, mesoporous/single crystalline Pt ™ and
Pt/Ru™, Pt/Ru nanowire network®!, Pt/RuP"and Pt/Sn*?
nanotubes have been synthesized. Enhanced electro-
catalytic activities of these mesoporous materials were
observed due to the improved mass transport of fuels
and catalytic activities of the mesoporous structures™>*,

Template-directed synthesis based on PAA
membranes was pioneered by Martin’s group =2,

Using this technique, desired nanotubes and
nanowires have been successfully synthesized 22,
The PAA template with size-controlled and diame-
ter-uniformed cylindrical pores has been attracting
considerable attention for its simple fabrication and

inexpensive technology®

>34 With the help of appropri-
ate molecular anchors modifying the pore wall, high-
ly ordered nanotubes arrays could be successfully
prepared?:2-3132,

Herein, we reported the preparation of highly or-
dered nanotubes arrays of Pt and PtRu alloys with
varied atomic ratios of Pt to Ru using the template
synthesis technique and electrochemical codeposition
method. The prepared nanotubes arrays were charac-
terized by XRD and SEM. The catalytic activity of
the nanotubes arrays with various atomic ratios of Pt
to Ru toward the electrooxidations of CO and CH;OH

were systematically studied.
1 Experimental

1.1 Reagents and Instruments

PAA templates were obtained from Whatman
International Ltd. (Maidstone, England). CO gas with
0.9999 purity was obtained from Nanjing Weichuang
Gas Ltd. Co.. Methanol, 3-aminopropyltrimethoxysi-
lane, sulfuric acid, potassium chloroplatinate, and
ruthenium chloride were of analytical grade. Solu-
tions were prepared with distilled water from pure
system (>18.2 M()-cm, PureLab Classic Co., USA).

All electrochemical experiments were carried
out on a CHI 1140 electrochemical workstation (CH
Instrument Co., USA). Traditional three-electrode
system involving a counter electrode of Pt net, a
working electrode of Pt/Ru nanotubes array layer
supported on gold substrates (¢p= 4 mm, geometric

area of 0.13 cm?” was accessible to solution) and a sat-

urated calomel electrode (SCE) or a reversible hydro-
gen electrode (RHE) were employed. The SCE and
RHE were used, respectively, for electrodeposition of
nanotubes array and electrochemical characterization
of the NTAEs. The current density was reported as
the ratio of the current to the real surface area which
will be described in the section of results.

The PtRu NTAEs were characterized with a
scanning electron microscope (Hitachi SEM-X650,
Japan) at an acceleration voltage of 20 kV. Detailed
morphologies of all samples and electric diffraction
(ED) pattern of the NTAEs were measured on a
JEM-200CX TEM (JEM-100s JEOL, Japan). HRTEM
analysis was carried out on a JEM-2010 instrument
(JEOL, Japan) at an acceleration voltage of 200 kV.
X-ray diffraction measurements were performed on
an X'Pert Pr X-ray diffraction (X'TRA, Swiss, ARL
Co.). The molar ratios of Pt to Ru of the electrode-
posited electrodes were measured by EDAX (Energy
Dispersing Analysis of X-rays) (PV9100, USA,
EDAX Co.).

1.2 Codeposition Procedure

To synthesize nanotubes arrays of PtRu bimetal-
lic catalysts, the pore wall of porous anodic alumina
membrane was first silanized by immersing it in a 1%
(V/V) solution of 3-aminopropyltrimethoxysilane for
30 min. Then, the template was rinsed ultrasonically
with distilled water for three times. Finally, a thin
layer of Au film was evaporated on one side of the
silanized membranes as connector to the working
electrode port of the potentiostat via a gold disk and
copper wire.

The Pt NTAE was electrochemically deposited
at -0.1 V (vs. SCE) from a solution of 0.077 mol-L"
H,PtClg + 0.5 mol - L' H,SO,. PtRu NTAEs with dif-
ferent molar ratios were electrochemically codeposit-
ed at-0.1 V from solutions of 0.077 mol-L" H,PtCl +
0.077x mol-L"' RuCl; (x =0.3,0.5, 1,2, 3) + 0.5 mol-L"
H.SO..

Deposition charge of 9.6 C-cm™ (geometric area:
0.13 ¢cm? was used for preparing all the samples.
Specimens of the Pt or Pt/Ru filled alumina mem-

branes for SEM were immersed in 3 mol -L' NaOH
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for 10 min to remove the alumina template, and fol-
lowed by carefully rinsing with deionized water for
several times.
2 Results and Discussion
2.1 Characterization of Nanotubes Array
Electrodes

The synthesis of NTAEs using PAA membranes
modified with 3-aminopropyltrimethoxysilane was
similar to that reported previously®". Both the Pt NTAE
and PtRu NTAEs with different atomic ratios of Pt to
Ru were electrochemically codeposited at -0.1 V from
corresponding precursors. From the SEM  (Fig. 1A)
and TEM images (Fig. 1B), it is clear that Pt and PtRu
nanotubles arrays were synthesized. Fig. 1 demon-
strates the PtRu NTAE sample with Pt:Ru =56:44.
The top-view SEM image of the nanotubes array
(Fig. 1A) clearly shows the nanotubes array structure
of PtRu alloy.

The outer and inner diameters of the nanotubes
were (200+20) nm and (60+10) nm, respectively. The
thickness of the PtRu nanotubes, which can be con-

trolled by the charge for the codeposition process, is

ca. 70 nm in the present case. Interestingly, the TEM
image of a single Pt/Ru nanotube (Fig. 1B) shows
that the nanotube consists of nanoparticles. The total
length of the nanotubes is ca. 3 wm. Electric diffrac-
tion pattern shows a polycrystalline Pt/Ru alloy struc-
ture (Fig. 1C). XRD measurements of the PtRu nan-
otubes array (Fig. 1D, curve a) show the characteris-
tics of the face-centered cubic (fcc) PtRu crystalline
structure with the plane orientations along PtRu
(111), PtRu (200), PtRu (220) and PtRu (311). Com-
pared with the diffraction peak position of Pt nan-
otube array (Fig. 1D, curve b), the reflection peaks of
PtRu nanotubes array are shifted to higher 26 values,
demonstrating that the ruthenium atoms in the PtRu
alloys fill the platinum lattice sites. This result is sim-
ilar to that reported previously™!. The broad bands of
the XRD falls demonstrate that the metallic particles
in the nanotubes array are small. The average size of
the PtRu particles in the nanotubes array is calculated
as ca. 11.2 nm from the (111) diffraction peak using
the Scherrer's equation". For comparison, the XRD

pattern of the pure Pt NTAE is also displayed in Fig. 1D,
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Fig. 1 A. SEM image (top view); B. TEM image; C. ED pattern of the PtRu,, nanotubes array codeposited at -0.1 V in silanized
PAA template; D. XRD patterns of the Pt;;Ru,, NTAE (a) and pure Pt NTAE (b)
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curve b, which is similar to that of PtRu electrode be-

side somewhat narrower peaks due to the larger parti-

cle size (average particles size: 18.6 nm).

2.2 Determination of the Real Surface Area
and Atomic Ratio of the PtRu Elec-

trodes

Comparison of the electrochemical properties of
the nanotubes array electrodes can be made by using
the real surface area of the NTAEs. For a pure Pt
electrode, the area can be determined directly from
its voltammogram in a 0.5 mol - L H,SO, solution by
integrating the charge for the adsorption/desorption of
hydrogen as reported previously™. In this case, a frac-
tional coverage of 0.77 is taken, and the real surface
area is calculated by assuming that a monolayer of ad-
sorbed hydrogen adatoms requires 210 wC - cm?3* %),
However, this approach cannot be directly used to de-
termine the real surface area of PtRu electrode which
absorbs hydrogen into the metal lattice™ due to poor-
ly separated underpotential hydrogen adsorption and
overpotential hydrogen evolution regions and unde-
fined double-layer contributions®.

As known, CO can be adsorbed on both pure Pt-
electrode and Ru electrode surfaces to form saturated
monolayer 7. Assuming that each accessible surface
Ru atom in the PtRu or Ru nanotubes can adsorb one
CO molecule, the real surface area of the NTAEs can
then be estimated by the stripping charge of the ad-
sorbed CO (CO,y). Therefore, a full monolayer of CO,q
on the PtRu NTAEs was deposited by controlling the
adsorption potential at 0.05 V (vs. RHE) in a CO sat-
urated 0.5 mol - L' H,SO, solution with CO bubbling
for 15 min. After adsorption, the dissolved CO in the
solution was eliminated by bubbling pure N, in the
system for another 15 min. Then, a potential step
from 0.05 V to 0.71 V was performed to anodically
strip the adsorbed CO, and the oxidation current as a
function of time was collected simultaneously. A typ-
ical result on a PteRu, NTAE is displayed in Fig.2.

The solid curve shows the transient current of
the CO adsorbed on the PtRu NTAE. An oxidation
current peak having the general characteristics of a

surface oxidation process is clearly observed™. For

0.0024
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0.0012 -

Current/A

0.0006 -

0.0000 -

0 5 10 15 20 25 30
Time/s

Fig. 2 Current transient of a full monolayer of CO adsorbed
on the PtyRu, nanotubes array electrode in a solu-
tion of 0.5 mol -L"' H,SO, (solid curve). The CO
monolayer was formed at 0.05 V from a solution of
0.5 mol -L" H,SO, saturated with CO and with CO
bubbling for 15 min. After the adsorption, the solu-
tion was bubbled with nitrogen to remove the dis-
solved CO in solution. Then a potential step from the
CO adsorption potential of 0.05 V to 0.71 V was per-
formed. For subtracting the contribution of the dou-
ble layer charge, a current transient of the clean
NTAE without CO adsorption procedure in 0.5 mol -
L' H,SO, (dashed curve) was collected.

elimina ting the contribution from the double layer
charge, a current-time curve of the same electrode in a
pure 0.5 mol - L' H,SO, solution was recorded (Fig. 2,
dashed curve). In this case, the transient current de-
cays abruptly to the base signal, and no current maxi-
mum is observed during the whole process.Therefore,
the coverage of CO, on the electrode surface can be
calculated from the charge under the transient, cor-
rected from the blank experiment (dashed curve). It is
assumed that the oxidation of a full monolayer CO
which is all top-terminated on the electrode surface
generates a charge of 420 wC-cm?!™ *¥! The real
surface area of the PtRu NTAE can then be deter-
mined by the following equation.
- Qe ’

A ) )

420(nC-cm )

The bulk compositions (atomic ratios) of the
codeposited PtRu NTAEs were directly measured by
EDAX. The results are listed in Tab. 1.

It is clear that the atomic ratios of the codeposit-

ed PtRu NTAEs deviate from the solution composi-
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Tab. 1 The bulk molar compositions (molar ratios) of the electrodeposited electrodes measured by EDAX

Sample 1 2 3 4 5 6 7
Pt(IV):Ru(IIl) 4:0 3:1 2.7:1.3 2:2 1.3:2.7 1:3 0:4
Pt:Ru 100:0 89:11 60:40 54:46 44:56 19:81 0:100

tions of the metal precursors. This result is somewhat ~ o0l

different from that reported previously in which the § o b A
atomic ratios of the codeposited PtRu alloys on gold é 0.00 - ; ' \ e
electrode were approximately equal to the solution %‘ o0l L _ / - -;_‘étmkuﬂ
compositions of the metal precursors®™*. This differ- T I e b. Pt Ru,
ence may be due to the template effect of the PAA § -0.06 - c. Pt Ru,,
membrane modified with molecular anchor of S d. PtRu,,

-0.09

3-aminopropyltrimethoxysilane.

The electrochemistry of the codeposited PtRu
NTAEs with different atomic ratios was first investi-
gated. The CVs of these electrodes in a solution of
0.5 mol -L"! H,SO, at a scan rate of 0.01 V -s' were
recorded and are displayed in Fig. 3.

To avoid the electrochemical dissolution of Ru
into solution, potential scan was performed in a po-
tential range of 0.05 to 0.9 V (vs. RHE)™". As shown
in Fig. 3, the typical features for a polycrystalline Pt
and Pt/Ru electrodes can be observed. The currents in
the potential range from 0.05 V to 0.40 V are due to
the adsorption/desorption of hydrogen adatoms.
These currents are directly relating to the Pt content.
They increase with the increase of the Pt content in the
alloys™. The currents in the potential region between
0.40 V and 0.80 V are attributed to the formation and
(e.g., OH
group) at Ru surface. The shape of the voltammograms

reduction of surface oxygenated species

correlates, in principle, with the Pt:Ru atomic ratios.
2.3 Activity of the NTAEs Catalysts toward

the CO,, Oxidation

In these experiments, CO was adsorbed on the
NTAE:s at 0.05 V from a CO saturated solution of 0.5
mol - L' H,SO, with CO bubbling for 15 min. After
adsorption, the CO in solution was eliminated by N,
bubbling through the solution for another 15 min.
Then, cyclic voltammograms were recorded anodi-
cally from 0.05 V at a scan rate 0of 0.01 V-s™. The re-
sults for Pt.e.9Ru, (x =0, 11,40, 46, 56, 100) NTAEs

0.0 0.2 0.4 0.6 0.8
Potential/V(vs. RHE)

Fig. 3 Cyclic voltammograms (CVs) of a Pt (curve a),
PtyRug, (curve b), PtyRu,; (curve c),PtRu,y (curve
d) NTAE in a deaerated solution of 0.5 mol -L
H.SO, at a scan rate of 0.01 Vs

are shown in Fig. 4.

The position and shape of the CO oxidation
peaks are considerably determined by the Ru content
in the PtRu alloys. The CO,q stripping curve on a pure
Pt electrode (Fig. 4A) shows a broad current peak cen-
tred at approximately 0.70 V with a distinct shoulder at
the higher potentials, which is attributed to the contri-
butions from different crystallite orientations™ *!. For
the PtRu NTAEs, it is evident that small amount
of Ru in the alloys promotes the electrocatalytic ac-
tivity toward the oxidation of CO, (Fig. 4B-E) as in-
dicated by the negative shift of the onset and peak po-
tentials. For the PtgwRu;; NTAE, the oxidation of CO
starts at 0.30 V and the current peak appears at 0.58
V. As the atomic ratio of the Ru in the alloys increas-
es from 11% to 46%, the current peak potential shifts
slowly from 0.58 V to 0.50 V. With further increase
of the atomic ratio of Ru, the current peak potential
shifts to more positive potentials again, e.g., the cur-
rent peak appears at 0.53 V for 56% Ru. It is clear
that the PtRu NTAE with 46% Ru is the most active
catalyst for the oxidation of CO,4. For a pure Ru elec-
trode (Fig. 4F), the current peak at 0.68 V demon-
strates that pure Ru is not a good catalyst for the CO
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Fig. 4 CVs of a monolayer CO adsorbed on the PtRu NTAEs with different molar ratios in a solution of 0.5 mol- L' H,SO, (Sol-
id curve) at a scan rate of 0.01 V -s™. The monolayer of CO on the NTAEs was formed at 0.05 V from a solution of 0.5
mol - L' H,SO, saturated with CO and with CO bubbling for 15 min. After the adsorption, the solution was bubbled with

nitrogen to remove the dissolved CO in solution. Then a cyclic potential sweep was started anodically from this adsorption

potential of 0.05 V.

oxidation. The present results for the CO oxidation
can be explained by using the bifunctional mecha-
nism ™! In this study, PtRu NTAE containing ca.
50% Ru has the highest activity for CO electrooxida-
tion, which is in good agreement with the study re-
ported previously™.
2.4 Activity of the PtRu NTAEs toward
Methonal Oxidation
The electrocatalytic activity of the NTAEs to-
ward the electrooxidation of methanol was also in-

vestigated. For better understanding the influence of
Ru component on the electrocatalytic activity, CVs of
the first scan for the PtRu NTAEs in a solution of 0.1
mol-L' CH;OH + 0.5 mol-L! H,SO, at a scan rate of
0.01 V-s! were recorded. The results on the Pt Ru,
(x=0, 40, 46, 54, 81, 100) NTAEs are shown in Fig. 5.

Two significant differences are observed for the
electrosorption and electrooxidation of methanol on
these NTAEs with different Ru content. The elec-

trosorption of methanol on these NTAEs results in
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S a
s a- PRy, fected strongly by the Pt to Ru ratio, e.g., for a pure
2 b. Pt Ru o
é 0.4r P:"R " porous Pt electrode, the decomposition current peak
- c. ( u4 .
E, d pt:Ru: of methanol appears at 0.26 V; for the sample with
2 02l ¢. PtRu Pt:Ru = 60:40, the largest current peak at 0.22 V is
ko) 0100
£ observed. The increased current could be due to the
5 0.0 : e fact that the decomposition process of methanol is

0.0 0.2 0.4 0.6 0.8
Potential/V(vs. RHE)

Fig. 5 CVs of the PtRu NTAEs with different molar ratios
in a solution of 1 mol -L"' CH;OH + 0.5 mol -L"
H,SO, at a scan rate 0of 0.01 V-5’

the accumulation of poisoning intermediates (e.g.,
CO,)!'* 34447 on the electrode surface, blocking fur-
ther adsorption and direct oxidation of methanol.
Therefore, a current peak for this electrosorption oc-
curs. For all the NTAEs containing Ru in the atomic
ratio range of 0 to 81, the electrosorption peak islo-
cated at potentials between 0.20 V and 0.3 V. vs
RHE. However, for a pure Ru NTAE, the current
peak appears at 0.11 V. This peak having almost the
same peak potential as the hydrogen desorption peak
of the pure Ru NTAE in pure sulfuric acid (Fig. 3)
should be due to the desorption of hydrogen, but not
the electrosorption of methanol. This is also con-
firmed by the fact that no current for the oxidation of
surface intermediates or direct oxidation of methanol
(Fig. 5) appears. This result supports the conclusion
that adsorption and oxidation of methanol on pure Ru
electrode surface cannot occur™).The magnitude of
the electrosorption peak current could demonstrate
the rate of methanol electrosorption. From Fig. 5, it is
clear that the NTAE with 40% Ru (PtgRuy) has the
highest activity toward the electrosorption of methanol
(Fig. 5).

Interestingly, the bulk composition of PtRu al-
loys affects both the kinetics of adsorption and direct
oxidation of methanol. In the potential region for hy-
drogen adsorption and desorption, a current peak
around 0.2 V overlapped on the peak of hydrogen
adatom desorption occurs, indicating the decomposi-

tion of methanol on these samples. The current and

not a rate-determining step. This result indicates that
the content of Ru in the alloys induces the change of
electronic properties of the catalysts, which deter-
mines the decomposition rate of methanol. However,
with the further increase of the Ru molar ratio, the
electrosorption peak decreases accordingly due to the
poor activity of Ru toward the adsorption of
methanol. Pure Pt is known to be the best catalyst for
breaking the C—H bond but not for water dissocia-
tion, the oxidation of methanol cannot occur below
0.45 V& The strong attenuation of this reaction with
increasing Ru content is due to the reduced adsorp-
tion activity of methanol on Ru-rich surfaces.

The long-term stability of the nanotubes array
PtRu catalysts was investigated in a solution of 0.1
mol-L" CH;OH + 0.5 mol-L" H,SO, at room tempera-
ture. As shown in Fig. 6, the steady-state polarization
curves of the PtRu electrodes at 0.55 V show that the
PtRu catalysts have excellent electrocatalytic activity
toward the electrooxidation of methanol and good
stability. At polarization time of 500 s, the current
density obtained from Ptg,Ruy is 0.18 mA - cm?. In
contrast, the current densities obtained from PtgRu,
and PtyRuy catalysts are only ca. 0.02 mA -cm?
These results demonstrate that PtgyRuy possesses
much stronger anti-poisoning capability than PtgRu,,
and PtyRuy, catalysts at room temperature.

The above phenomenon can be well understood
by taking the bifunctional mechanism into account, in
which the Ru sites dissociate water to form surface
hydroxides and promote the oxidation of CO on
neighboring Pt sites. In good agreement with the re-
sults in Fig. 5, the catalyst with Pt:Ru = 60:40 shows
the highest electrocatalytic activity toward the elec-

trooxidation of methanol at room temperature.
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3 Conclusion

The bimetallic nanotubes array electrodes
(NTAEs) with large surface areas have been prepared
by electrochemical codeposition of platinum and
ruthenium in a 3-aminopropyltrimethoxysilane modi-
fied anodic alumina membranes. The prepared
nanoarrays composed of Pt or PtRu alloys (with dif-
ferent molar ratios) could enhance the mass-normal-
ized activity toward the electrooxidation of methanol
by improving mass diffusion rate through the cata-
lysts and avoiding the self-aggregation problems that
commonly existed for the DMFC anodic electrocata-
lysts. PtRu NTAE containing ca. 50% Ru has the
highest activity for CO electrooxidation and 40% Ru
for the CH;OH electrooxidation at room temperature.
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