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Controlled Pt adlayers were deposited on commercial Ru nanoparticles (NPs) using an
industrially scalable one-pot ethylene glycol (EG) reduction based method and were characterized
by X-ray diffraction (XRD), electrochemical (EC) CO stripping voltammetry, inductively-coupled
plasma optical emission spectrometry (ICP-OES), X-ray photoemission spectroscopy (XPS), and
transmission electron microscopy (TEM). Compared with the previously used “‘spontaneous

deposition”, the wet chemistry-based EG method is less technically demanding, i.e. no need to
handle high-temperature hydrogen reduction, offers a better control of the Pt packing density
(PD), enables the formation of stable, segregated Pt surface adlayers for optimal tuning and use
of Pt, and effectively prevents NPs sintering. Two batches of a total of 11 (8 vs. 3) samples with
different values of Pt PD ranging from 0.05 to 0.93 were prepared, with a time interval of more

than 18 months between the sytheses of the two batches of samples, and an excellent
reproducibility of results was observed. All samples were investigated in terms of methanol
(MeOH) electro-oxidation (EO) by cyclic voltammetry (CV) and chronoamperometry (CA).
Although the peak current of CV increased as the Pt content increased, the long-term steady-state
MeOH electro-oxidation current density of the Pt-decorated Ru NPs measured by CA showed a
volcano curve as a function of the Pt PD, with the maximum appearing at the PD of 0.31.

The optimal peak activity was ~150% higher than that of the industrial benchmark PtRu

(1:1) alloy NPs and could deliver the same performance at half the electrode material cost.
Fundamentally, such a volcano curve in the reaction current is the result of two competing
processes of the EO of MeOH: the triple dehydrogenation of MeOH that prefers more Pt
ensemble sites, and the elimination of poisonous CO that is enhanced by more adjacent

Ru/Pt sites via the so-called bifunctional mechanism and also by possible electronic effects

at low Pt coverages.

1. Introduction

Pt has long been used as the major component of anode
electrocatalysts for electro-oxidation (EO) of methanol
(MeOH) in direct MeOH fuel cells (DMFCs).! However,
two major, long outstanding obstacles still exist that prevent
large scale practical applications of the DMFC. One is the CO
poisoning during the EO of MeOH, which quickly lowers the
catalytic activity of Pt. The other is the high loading of
Pt needed in the anode to sustain the performance, which
noticeably increases the cost of the whole fuel cell system.
Numerous efforts have been made both to improve the CO
tolerance and to reduce Pt loading.>® For both purposes,
binary or ternary Pt-based metallic/metal oxide catalysts, such
as PtRu,* PtNi,> PtSn.® and PtRuTiO,” have been studied,
among which, the PtRu alloy has been shown to have the best
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practical performance.®® Consequently, most of the recent
research in this field has focused on manipulating PtRu from
different perspectives, such as varying the molar ratio between
Pt and Ru,'® improving synthetic methods,'""'? and adopting
different carbon supporting materials.”>'>  Recently,
Brankovic er al.'® adopted a spontaneous deposition method
(that was first used in reverse; depositing Ru on single crystal
Pt surfaces!”) to decorate the surface of carbon-supported Ru
NPs with Pt. The method involved a necessary step of reducing
Ru NPs with hydrogen gas at relatively high temperature
(300 °C). The resulting NPs, according to that work, offered
the advantage of maintaining the activity towards CO tolerance
with a much reduced Pt loading of ~10 wt% compared to
commercially available E-TEK PtRu (1:1) which has a Pt
loading of ~66 wt%. Later on, Kuk and Wieckowski'® also
applied a similar method to cover Ru and carbon-supported
Ru NPs with different Pt loading using repetitive hydrogen
reduction and spontaneous depositions. While the Pt packing
densities (PDs) were determined using inductively-coupled
plasma mass spectrometry (ICP-MS), the analysis of the true
surface coverage and the associated activity was complicated
by the possibility of Pt penetrating into Ru NPs and the
observed sintering effect due to high temperature reduction.
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Although this spontaneous deposition method opens up a
promising way of fabricating anode materials of low Pt
loading, handling high temperature hydrogen reduction is
technically less appealing, and repetitive hydrogen reduction
and spontaneous depositions are often tedious and struggle to
achieve quantitative control of the Pt coverage. Furthermore,
the procedure would be difficult to implement on a large
industrial scale.

In an attempt to address the technically important
controllability of the Pt PD and the scalability of the
operation, we have developed a superior, industrially scalable
ethylene glycol (EG) reduction based wet chemistry method
that allowed us to achieve a quantitative control of the Pt PD
on Ru NPs and optimize the activity of the EO of MeOH. It
started with commercially available Ru NPs (~ 3 nm). Pt salt
was then reduced using the mild reducing power of EG to
cover the Ru NPs. Careful electrochemical (EC) measurements
showed that by varying the Pt: Ru molar ratio of the starting
materials, the EG method enabled a relatively easy control of
the Pt PD that followed the nominal Pt:Ru molar ratio
linearly. ICP optical emission spectrometry (ICP-OES) and
X-ray photoemission (XPS) measurements were carried out on
three of the second batch samples and gave consistent Pt PDs
as determined by the EC method. Detailed transmission
electron microscopy (TEM) measurements on these three
samples showed very similar particle size distributions and
no evidence of pure Pt NP formation. Powder X-ray diffraction
(XRD) measurements were carried out on two representative
samples of the first batch and three samples of the second
batch. These results indicated that the samples were neither
pure Ru, Pt, nor PtRu alloy, consistent with the formation
of Pt adlayers on Ru NPs. Furthermore, the as-prepared
Pt-decorated Ru NPs displayed revealing Pt PD-dependent
EC characteristics in CO stripping and MeOH EO. In particular,
a volcano curve, peaking at a Pt PD of 0.31 in long-term
steady-state MeOH activity as gauged by chronoamperometric
(CA) current measured at 60 min and 0.2 V (with respect to the
Ag/AgCl (3M) reference electrode), was observed. The peak
activity was ~150% higher than that of the industrial
benchmark PtRu (1:1) alloy NPs.'® Technologically, with
the higher activity achieved, and lower Pt loading, one could
expect at least a 50% decrease in catalytic material cost.
Fundamentally, the observation of the volcano curve as a
function of the Pt coverage can be largely rationalized by the
so-called “bifunctional mechanism”?® in which the electro-
oxidation of the poisonous CO intermediate preferentially
adsorbed at Pt sites occurs at a lower potential due to the
supply of oxygen-containing species formed at the adjacent
Ru sites.

2. Experimental
2.1 Preparation of the Pt-decorated Ru NPs

All commercial high-surface area Ru, PtRu (1: 1) alloy, and Pt
NPs used either as the starting material or references in this
study were courtesy of Johnson—Matthey.

It has been experimentally confirmed that, when in contact
with air, Ru NPs are readily oxidized to form Ru0O..?""*? Our

previously published data,®® and those of others,> have
reported that the presence of RuO, makes it difficult to deposit
Pt onto the surface of Ru NPs. Thus, the first step is to
completely reduce the Ru surface. Previous studies'®!®
employed hydrogen gas reduction, usually at relatively high
temperature (200 to 300 °C), to reduce the Ru surface. In order
to vary the Pt coverage, tedious, repetitive hydrogen reduction
and spontaneous deposition cycles were employed, which
could easily cause unwanted penetration of Pt into the Ru
NPs and electrocatalyst sintering.'® Consequently, it becomes
very challenging to control and tune the Pt PD. That is, the Pt
PD is not known a priori. It would also be quite difficult to
scale up this procedure for potential industrial applications.
Here, we describe a wet chemistry based, homogeneous
reaction-like procedure using EG as both reaction medium
and reductant for the reduction of Ru NPs and the subsequent
deposition of Pt. This new approach is advantageous in two
respects. One is that the homogeneous-reaction-like medium is
better at preventing sintering (vide infra) and is, in principle,
industrially scalable. The other is that the mild reducing power
of EG offers better control of Pt deposition on Ru NPs.
Specifically, the samples studied in this paper were prepared
as follows: 5 mg of the 3 nm Johnson—-Matthey (J-M) Ru NPs
was dispersed ultrasonically into EG to form a homogeneous
ink, which was heated at 140 °C for 2 h with vigorous stirring
to reduce oxide species on the Ru surface. The efficiency of this
reduction step is clearly demonstrated by comparing the
corresponding CVs of the Ru NPs as shown in Fig. 1. According
to Brankovic ez al., > the large cathodic peak at around —0.2 V
in the CV of the cleaned Ru NPs (Fig. 1B) was due to the
adsorption of oxygen-containing species, e.g. OH groups, and
could be considered a hallmark of well reduced Ru NPs.
Notice that this cathodic peak was largely absent for the
as-received Ru NPs because the surface had already been
covered by RuO,. Green et al.,”® however, attributed this
peak to a co-adsorption of hydrogen and oxygen-containing
species. In any case, the contributions from the adsorption of
oxygen-containing species distinguish Ru from Pt and Pd in
that the latter adsorb only hydrogen in this potential region.
The cleaned J-M Ru NPs were then collected and rinsed
with ethanol and re-dispersed ultrasonically into a fresh EG
solution with the calculated volume of H,PtClg solution that
gave the desired nominal Pt: Ru molar ratio. After a 30 min
long ultrasonication, the mixture was heated at 120 °C for 4 h
to reduce Pt(1v) to Pt(0) on the surface of the J-M Ru NPs.
The final product was collected and rinsed several times with
ethanol. The first prepared batch consisted of eight samples
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Fig. 1 Comparison of the CVs of (A) the as-received Ru NPs and
(B) the EG-cleaned Ru NPs.
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with nominal Pt:Ru molar ratios of 1:20, 1:10, 1:6, 1:5,
1:4,1:3,1:2,and 1:1.5, respectively and the second batch of
three samples with nominal Pt: Ru molar ratios of 1:13.3,
1:4, and 1:2.7, respectively, with an interval of more than
18 months between them. It was found that the degrees of
dispersiveness of the starting Ru NPs and their reductive
cleanness were critically important to obtaining good
reproducibility.

2.2 Electrochemistry

The working electrode was prepared as follows. The
as-prepared Pt-decorated Ru NPs were transferred into a mixed
solution of 2-propanol and 5 wt% Nafion® (Du Pont, Inc)
solution. It was found that the following ratio of the above
ingredients gave the optimum EC results: 1 mg PtRu sample,
0.2 ml 2-propanol, 1 pl Nafion solution. The mixture was then
ultrasonicated for at least 10 min to form a uniform suspension
which was drop-cast onto the surface of a commercial
(Bioanalytical) 3 mm-diameter glassy carbon (GC) electrode.
The electrode surface was air dried under a gentle Ar flow and
rinsed with a copious amount of Milli-Q water (18.2 MQ cm)
to eliminate loosely attached NPs.

All EC experiments were carried out in an Ar-blanketed,
conventional three-electrode EC cell using an EG&G273A
potentiostat (Princeton Applied Research) controlled by a
PC with the CoreWare software package (Scribner). All CVs
were recorded with a scan rate of 50 mV s~'. The commercial
GC electrode, Pt gauze and Ag/AgCl (3M) (Bioanalytical)
were used as working, counter, and reference electrodes,
respectively. All electrode potentials in this paper were cited
with respect to the Ag/AgCl (3M) reference electrode (0.290 V
with respect to RHE) and all current densities were calculated
using the total surface area as determined by the CO stripping
peak. A 0.1M HCIO, solution prepared with Milli-Q water
was used as the electrolyte. For CO stripping experiments,
ultrahigh purity CO gas (MG Industries) was bubbled for
2 min followed by Ar bubbling for another 5 min. During the
whole process, potential was held at 0 V. At least two cycles of
CVs were recorded to make sure that all of the CO molecules
oxidized were from the electrode surface, not from the residual
CO in the electrolyte solution. For EO of MeOH, a 0.1 M
HCIO, solution with 0.5 M MeOH was used. In the CA
experiments which were run first, the electrode was pre-cleaned
by holding the potential at 0 V until the current decayed to a
negligible level, and then the MeOH was injected under an
active stirring condition. The CA curves were recorded while
the potential was held at 0.2 V for 1 h. Under the same
conditions, the background current was measured without
the presence of MeOH and was subtracted from the CA curve.
After the CA measurements, multiple cycles were run to
obtain the stable and repeatable EO of MeOH CVs that are
shown in the paper.

2.3 XRD, TEM, XPS, and ICP-OES

XRD measurements were carried out using a Rigaku RAPID
curved IP X-ray powder diffractometer with Cu Ko radiation
(1.5406 A) and an image plate detector. For XRD sample
preparation, the as-prepared samples were completely dried in

a vacuum desiccator and then transferred into a 0.5 mm
diameter sample tube (Mark-Rohrchen) which was ready for
measurement use after flame-sealing.

TEM samples were prepared by depositing diluted NP
suspensions onto carbon-coated copper grids. The images
were taken on a JOEL JEM-2100 FE-TEM at the Nanoscale
Imaging Spectroscopy and Properties Lab, University of
Maryland.

XP spectral data were acquired on a Kratos Axis Ultra
DLD using an Al Ko (1486.7 e¢V) source. Samples were
drop-cast from sonicated methanol suspensions onto cleaned
Si substrates. Experiments were run on two differernt spots of
the same substrate to ensure the consistency of the measurements.

ICP-OES measurements were conducted in the axial mode
using a PerkinElmer Optima 5300 DV ICP-OES instrument.
Operating conditions were as follows: power = 1.5 kW;
nebulizer gas flow = 0.6 L min~!; auxiliary gas flow =
0.5 L min~'; sample uptake = 1 mL min~'. A MiraMist
nebulizer and cyclonic spray chamber were used to introduce
the samples into the ICP. The calibration was performed by
using the method of standard additions to compensate for any
matrix effects. Pt 265.945 and Ru 240.272 were observed to
determine the Pt and Ru sample concentrations with Sc
357.634 as an internal standard emission line. Three to four
different aliquots were prepared for each sample and two
measurements were performed on each aliquot. The average
of these measurements is reported. As a control, the Johnson—
Matthey PtRu (1:1) alloy NPs sample was analyzed with the
Pt-decorated samples in two independent runs. The averaged
results of the Pt:Ru ratio from the alloy sample were
1.14 £ 0.03 and 1.10 £ 0.06, respectively.

3. Results and discussions

3.1 Pt packing density (PD): the formation of segregated
atomic adlayers

The state of the Pt deposited on the Ru NP surface needs to be
addressed first. Technically, it is still a challenge to determine
the fraction of Pt surface area in Pt-based bimetallic, particularly
Pt—Ru, NPs. For pure Pt, the electrochemically active surface
area of Pt has been routinely determined by using the charge
associated with hydrogen desorption,?” CO stripping,®® or Pt
oxide reduction.?** The former two methods, however, may
produce large uncertainty if used for Pt—-Ru bimetallic surface due,
respectively, to the interference of the adsorption/desorption
of oxygen-containing species (see Fig. 1B) and the indiscriminate
nature of CO adsorption with respect to the Pt and Ru sites.
We therefore adopted a method that combines the CO stripping
and Pt oxide reduction. Because of the indiscriminate nature
of CO adsorption, CO stripping with a well-known reaction
stoichiometry (2e per CO oxidation and the charge density of
420 uC cm~2 was used for calculating the surface area)
provides a good and straightforward estimate of the total
surface area accessible to CO adsorption. On the other hand,
using Pt oxide reduction charge to determine the Pt surface
area is more complicated because the reaction stoichiometry is
not as well defined as the CO oxidation.?® However, it can still
offer a reasonable estimate of the Pt surface area,”* particularly
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when the corresponding charge density is reasonably well
calibrated by a known quantity. Here, we used the J-M Pt NPs
as the reference in which the Pt oxide reduction charge was
calibrated by the CO stripping charge (see the dashed CV in
Fig. 2(h)). This gave a charge density of 400 pC cm~> that we
used to calculate the Pt surface area (notice that this charge
density value is very close to the one obtained by Kozlowska
et al.*®). The Pt PD was then calculated by the ratio between
the surface area determined by the Pt oxide reduction, which
was Pt specific, and that determined by the CO stripping.
Fig. 2 shows the CO stripping CVs of the eight samples of
the first prepared sample batch. The dashed CVs in Fig. 2(a),
(f), and (h) are those of the J-M Ru (the starting material),
J-M PtRu (1:1) alloy, and pure J-M Pt NPs, respectively,
used as references for the purpose of comparison. Reproducible
results were obtained on the three samples of the second batch
as shown in Fig. S1 in the ESI¥. Using these data, the Pt PDs
were calculated by the approach described above and the
values obtained are listed in Table 1. For the purpose of
comparison, the values of the nominal PD calculated using
the nominal Pt:Ru molar ratios are also listed. Here, we
assumed that all the Pt(1v) were reduced to Pt(0) on the
metallic Ru surface sites that acted as nucleation centers for
the Pt deposition®® and then formed adlayers of mono-atomic
height. Taking an average size of 3 nm (see the TEM results
below), the dispersion of the J-M Ru NPs was estimated
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Fig. 2 The CO stripping CVs and, thereafter, those of the eight
Pt-decorated Ru NP samples of the first batch. The dashed CVsin (a),
(f), and (h) are those of pure J-M Ru, J-M PtRu (1:1) alloy, and J-M
pure Pt NPs that are used as references for comparison. The percen-
tage numbers are the values of Pt PD calculated by the method

described in the text. Reproducible results were obtained on the three
samples of the second batch as shown in Fig. S1 of the ESI.
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Fig. 3 The linear relationship between the measured and the nominal

Pt packing density (PD). Squares are for the three, 2nd batch samples.
The straight line goes through the origin.

to be ~40% according to the Benfield’s calculation.?' Thus,
the values of the nominal Pt PD were then calculated by
equation: PD = Pt:Ru molar ratio/0.40. Notice that the
values of the Pt PD as determined by the charges of Pt oxide
reduction and CO stripping, although being constantly lower
than the respective nominal ones (likely due to the value of
400 pC/em? overestimating the charge density for Pt oxide
reduction on Ru surface (a value of 250 pC/cm?® would give a
slope of 1) and/or to 3D packing), followed the trend of the
nominal PD linearly (y = ax with R*> = 0.99,Fig. 3), therefore
enabling a quantitative control of the Pt PD in one-pot synthesis.
The squares in Fig. 3 are from the three samples of the second
batch, demonstrating excellent reproducibility.

The Pt PDs determined by ICP-OES for the three samples of
the second batch are, respectively, 0.36, 0.66 and 0.86, which are
in a good agreement with the nominal Pt PDs shown in Table 1.
For the XPS measurements on the same samples, the Ru NP
diameter (ca. 3 nm) is >2x the inelastic mean free path (IMFP,
see below), thus modeling these systems as a 2-dimensional Ru
surface was used. The attenuation of photoemission from the
Ru core by the Pt overlayer was accounted for using the NIST
standard reference database 82 (NIST Electron Effective
Attenuation Length Database, Ver. 1.1) using an IMFP of
1.329 nm at 462 eV (Ru 3d binding energy, 1025 eV kinetic
energy). The Ru 3d intensity was compared to the Pt 4d and 4f.
Representative XP spectra are shown in Fig. S2 in the ESIf.
Assuming a 0.7 nm Pt overlayer thickness (0.27 attenuation
factor) and neglecting any other surface adsorbed species, the
model analysis gave the Pt PD values as 0.55, 0.72 and 1.35,
respectively. If an additional 0.5 nm carbon overlayer was used
to model the ubiquitous surface adsorption, the corresponding
PD values became 0.31, 0.40 and 0.79, respectively, in reason-
able agreement with the values shown in Table 1. The fact that
such high Pt contents were obtained from the XPS data without
using the Ru core—Pt shell structure suggested that what we had
synthesized were indeed Ru@Pt NPs.

Finally, for facilitating the following discussions, the as-prepared
Pt-decorated Ru samples are named as Pt(EC-measured PD)-Ru,
e.g. Pt(16)-Ru = 16% Pt-decorated Ru.
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Table 1 Comparison of the nominal and measured Pt packing densities (* indicates the 2nd sample batch)

Pt: Ru ratio 1:20 1:13.3* 1:10 1:6
Nominal PD 0.12 0.19 0.25 0.42
Measured PD 0.05 0.12 0.16 0.31

5 1:4 1:3 1:2.7% 1:2 1:1.5
0.50 0.62 0.83 0.92 1.25 1.65
0.36 0.39 (0.40%) 0.54 0.67 0.79 0.93

Another important question that needs to be addressed
convincingly is whether the Pt ended up on Ru NP surface
or formed pure Pt NPs. For this purpose, we carried out
detailed TEM and XRD measurements on the three samples
of the second batch and on the starting Ru NPs. We also
obtained XRD measurements of two representative samples of
the first batch (Pt(31)-Ru and Pt(93)-Ru). The average
particle sizes measured (with ~ 150 counts for each sample)
by TEM are 3.1 £ 0.4 nm, 3.1 + 0.3 nm, 3.2 + 0.3 nm and
3.0 + 0.4 nm for pure Ru NPs, Pt(12)-Ru, Pt(40)-Ru, and
Pt(67)-Ru, respectively. From these TEM data, it is clear that
no sintering of the NPs happened and that the Pt shell was
predominantly of mono-atomic height. Fig. 4(a) and (b)
compare the representative TEM images of the pure Ru and
Pt(67)-Ru (see Fig. S3 in the ESI{ for the TEM images of
Pt(12)-Ru and Pt(40)-Ru). The insets are the corresponding
high resolution TEM (HRTEM) images. By measuring,
almost exhaustively, the distances between adjacent atomic planes
as revealed by the HRTEM images (insets in Fig. 4(a) and (b)),
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Fig. 4 The TEM images of (a) the starting Ru NPs and
(b) Pt(67)-Ru. The insets are the corresponding HRTEM snapshots
where the distance between two adjacent atomic planes was measured
to be 0.21 nm for both samples. (c) XRD patterns within the small
angle range for two representative Pt-decorated Ru samples of the
Ist batch and for the three samples of the 2nd batch. Those for pure
J-M Pt, J-M PtRu alloy, and pure Ru NPs are also shown for
comparison. The vertical dashed lines indicate the respective standard
angle positions of Pt(111) (left) and Ru(101) (right) as references.

no evidence of Pt NP formation was found: all measured
distances were about 0.21 nm (Fig. 4(b)), the same as that
measured on pure Ru NPs (Fig. 4(a)).

The results of XRD are shown in Fig. 4(c) together with
those of the pure J-M Pt, J-M PtRu (1:1) alloy, and the
pure starting J-M Ru NPs for comparisons. The XRD of the
J-M Pt and Ru NPs reproduced all standard peak positions of
which the main peaks within the angle range are located at
38.38°(100), 42.15°(002), 44.00°(101) for Ru (PDF#06-0663)
and at 39.76°(111), 46.24°(200) for Pt (PDF#04-0802).
The vertical dashed lines in Fig. 4(c) indicate the respective
standard positions of Pt(111) (left) and Ru(101) (right) as
references.

As can be seen in Fig. 4(c), the Ru(101) peak amplitude
decreases gradually but the peak position remains the same as
the Pt PD increases. These are strong indications showing that
the Ru NPs were gradually covered by Pt and no PtRu alloy
was formed. At the same time, a growing peak corresponding
to Pt appears with a peak position slightly larger than, but not
exactly at, that of Pt(111). Using the Bragg’s law 1 = 2d sin 0,
the d corresponding to the Pt(93)-Ru peak (20 = 39.91°) is
0.2256 nm. This value is very close to the height (0.2248 nm) of
a Pt atom sitting in a close-packed fashion at a three-fold site
of a Ru(0001) surface. Because of the mismatch of the close-
packed atomic distances between Pt (0.2772 nm) and Ru
(0.2701 nm), the height of a pseudo-morphic growth of a
Pt(111) monolayer on a Ru(0001) surface is expected to be
larger than 0.2248 nm. On the other hand, the d of a close-
packed Pt(111) plane is 0.2265 nm. Therefore, the d value of
0.2256 nm strongly suggests that the Pt adlayers formed were
predominantly of mono-atomic height. The growth of the
peak intensity indicated that the Ru surface was covered more
and more by Pt adlayers. Similar intensity was also reported
recently for the synthesized Ru@Pt NPs with 1 to 2 Pt atomic
layers.* Such Ru@Pt structure was further corroborated by
the strong dissimilarity between the XRD pattern of
Pt(93)-Ru and that of J-M PtRu alloy NPs**** that largely
eliminates any major formation of alloy in Pt(93)-Ru.

The formation and growth of the Pt adlayer on the Ru NP
surface are further corroborated by the EC data shown in
Fig. 2. For all the coverage values, no separate peak, expected
for pure Pt NPs, was observed,® indicating that few, if any,
pure Pt NPs were formed during the Pt deposition. For
Pt(5)-Ru (Fig. 2a), two features in the CO stripping CV are
worth highlighting: one is the appearance of a narrower and
small peak that was negatively shifted by as much as 0.17 V
with respect to the broader CO stripping peak observed on the
pure J-M Ru NPs (dashed CV in Fig. 2a). This may be a direct
manifestation of the bifunctional mechanism well-articulated
for a Pt—Ru surface®®” as well as a possible additional
electronic (ligand and strain) effect,® *° thus indicating a
direct deposition of Pt on Ru. The other is the broad shoulder
at the high potential that is different from that of the pure J-M
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Ru NPs but can be reasonably assigned to the CO oxidation
at the Ru sites distant from the deposited Pt sites. As the
Pt PD increased, the low-potential Pt—-Ru peak grew larger
at the expense of the broader high-potential Ru peak.
These gradual and monotonic changes strongly suggest that
the Pt went onto the Ru surface forming nanosize Pt islands
instead of forming pure Pt NPs, which is very similar to cases
of Ru-decorated Pt NPs.*!

An intriguing observation is that, in great contrast to
the PtRu alloy NPs in which no well-defined Pt oxide
reduction peak was observed (see dashed CV in Fig. 2(f)),
the 11 Pt-decorated Ru NP samples studied here all showed
well defined Pt oxide reduction peaks that enabled the Pt
surface area to be determined. This observation attests that no
PtRu alloy was formed, but, rather, a segregated Pt adlayer on
the Ru surface. Additionally, the monotonic decrease in
the double-layer current as the Pt coverage increased also
indicates that the Ru surface was gradually covered up by the
Pt. Similar observations on Ru-decorated Pt NPs were made
previously'”***® in that, for Ru-decorated Pt NPs, the
deposition of Ru was accompanied by an increase in the
double-layer capacitance, a decrease in the hydrogen
adsorption area and a change in the oxide stripping peak.*!
Notice that large double-layer capacitance of the characteristics
of pure Ru NPs would show up if physically separated Pt and
Ru NPs did exist.®* But it is clearly not the case here.
In summary, the above observations made from several
independent perspectives all together provide a convincing
convergence that is consistent with the formation of Pt adlayers
on Ru NPs surface.

The variations in the shape and potential of the CO
stripping peak as a function of Pt PD are highly revealing
(the latter is shown in Fig. 5a). As the Pt PD increased,
it started with a large (~0.17 V) negative shift that peaked
at the Pt PD of 0.31. (However, the shift is less negative
than that observed on the Ru-decorated Pt NPs.'®)
At the same time, it shows a fast rising front and a slow
decreasing back, indicating a dominant electro-oxidation of
CO at the peripheral Ru/Pt sites.*' The peak then moved
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Fig. 5 (a) The Pt coverage dependence of the CO stripping peak
potentials. The CO stripping peak potentials of the pure J-M Ru, J-M
PtRu (1:1) alloy, and J-M Pt NPs (as labeled) are also shown in the
figure for comparison. (b) A linear relationship between the MeOH
EO peak current and the Pt PD. The straight line goes through the
origin. The squares are of the three samples of the 2nd batch.

positively in the opposite direction until the potential
value of the pure Pt NPs was recovered at the Pt PD
of 0.93, accompanied by a change to a slow rising front and
a fast decreasing back which indicates a dominant EO of CO
on Pt terrace sites, in agreement with a fully Pt covered Ru
surface. Indeed, the latter sample showed characteristics
almost identical to those of the pure Pt NPs (Fig. 2(h) and
vide infra). It is also interesting to point out that, although
the Pt(54)-Ru and the J-M PtRu (1:1) alloy NPs showed
very similar CO stripping peaks, their overall CVs were
arguably dissimilar (Fig. 2(f)), implying different surface
structure, electronic properties and catalytic behaviors.
Most importantly, the pattern shown in Fig. 5(a) strongly
suggests that, for the Pt adlayer—Ru substrate systems studied
here, the bifunctional mechanism was the dominant force in
achieving the enhanced CO-eliminating ability and the
active sites were highly likely to exist along the peripheries
of the Pt adlayers, similar to the cases of Ru-decorated
Pt surfaces.*>*® On the other hand, although the electronic
effects of the Ru substrate on the Pt adlayers might play a
stronger synergistic role at the lower Pt PDs,*®*° it would
become smaller and smaller as evidenced by the recovering of
the characteristics of the pure Pt surface towards the high Pt
coverage.

N
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Fig. 6 The CVs of MeOH electro-oxidation on the 8 Pt-decorated Ru
samples. The CVs (dashed curves) on the J-M Ru, J-M PtRu (1:1)
alloy, and J-M Pt NPs are also shown in (a), (f), and (h), respectively
for the purpose of comparison.
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3.2 MeOH electro-oxidation

Fig. 6 presents the MeOH electro-oxidation CVs of the 8
Ist-batch and the reference samples. Those of the 3 2nd-batch
samples are shown in Fig. S4 in the ESIf. The trend of
variation is identical to that in Fig. 6. For the J-M Ru, no
MeOH electro-oxidation activity was observed (dashed CV in
Fig. 6a) which was in agreement with previous observations,?
although a recent surface enhanced Raman scattering study by
Zou et al*’ suggested that Ru NPs may have observable
MeOH activity at room temperature. However, a deposition
of a merely 5% of Pt already initiated small but observable
MeOH activity (Fig. 6a). This is in clear contrast to the Pt
deposited on a polycrystalline Au substrate on which no
MeOH activity was observed at a coverage as high as
22%.% This may be rationalized by the difference in Pt-Au
and Pt—Ru interactions: Pt solute has a very strong tendency
to segregate in a Ru host but a strong tendency towards
anti-segregation in a Au host.>® This difference led the Pt to
form a segregated Pt adlayer phase (islands) on Ru during the
EG reduction period that satisfied the ensemble requirement
for the MeOH EO.”

With the increase of the Pt PD, the transient peak current
density of MeOH EO increased and there was a remarkably
linear relationship between them as shown in Fig. 5(b)
(y = ax with R* = 0.98). This linear relationship is a strong
indication that all deposited Pt atoms were grouped in the
form of surface islands since insulated Pt atoms would not be
active for MeOH EO. As the Pt PD increased, the pattern of
the CV became more and more similar to that of the pure
J-M Pt NPs: they almost overlapped at the Pt PD of
0.93 (Fig. 6(h)). This resemblance again indicates that the
electronic effect of the Ru substrate became weaker at higher
Pt coverages, i.e., the atoms in the Pt adlayer supported by Ru
NPs acted more like pure Pt atoms rather than those alloyed to
the Ru, as already pointed out in the above discussions of the
XRD results. This observation is further substantiated by the
striking difference observed between the CV of the Pt(54)-Ru
and that of the J-M PtRu (1: 1) alloy NPs (Fig. 6f). The latter
resembled more that of the Pt(5)-Ru (Fig. 6a). Considering
that a nominally 45% Pt is expected on the surface of the PtRu
alloy NPs, these observations are somewhat unexpected. Two
reasons may account for the observations: One is a high
segregation of the Ru on the surface of the alloy NPs as
recently observed by !’Pt NMR of PtRu alloy NPs.*** The
other is a solid solution of alloying that resulted in a large part
of the Pt sites having insufficient Pt neighbors to form an
ensemble needed for MeOH electro-oxidation,? i.e., the
so-called ensemble effect.’

In the real-world DMFC applications, the long-term CO
tolerance of electrocatalysts is practically more important than
the intrinsic MeOH EO activity as measured by the transient
peak current in Fig. 6. In this regard, CA measurements were
carried at 0.2 V on the 11 Pt-decorated Ru NP samples to gauge
their respective CO tolerance in a 0.5 M MeOH-containing
electrolyte solution. The resulting CA curves of the 8 Ist-batch
samples are shown in Fig. 7A (those of the 3 2nd-batch
samples in Fig. S5 in the ESI¥). As can be seen, and in
agreement with the results presented in Fig. 6 and the extrapolation

B
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Fig. 7 (A) The CAs of the 8 Pt-decorated Ru NP samples. The CAs
of the J-M Ru, J-M PtRu (1: 1) alloy, and J-M Pt NPs are also shown
for the purpose of comparison. (B) The volcano-like curve of CA
currents measured at 60 min as a function of the Pt coverage. The inset
in (B) is a surface structure model (dark spheres for Pt atoms and light
spheres for Ru atoms with each Pt 3-atom ensemble having 9 nearest
Ru neighbors) that consists of ensembles of 3 Pt atoms on Ru(0001)
and simultaneously has the maximum numbers of Pt ensembles and of
Pt/Ru sites. The corresponding Pt PD = 3/7 = 0.43.

of the straight line in Fig. 5(b) to zero, the J-M Ru NPs did
not show any observable MeOH reactivity. On the other hand,
the Pt(93)-Ru sample acted almost the same as the pure J-M
Pt NPs. However, the J-M PtRu showed a much higher
activity (i.e. CO tolerance) than both Pt(5)-Ru, Pt(12)-Ru,
and Pt(54)-Ru, which seems to be contradictory to the
observation gleaned from Fig. 5(a) where higher CO stripping
peak potential was observed for J-M PtRu. The exact reason
is still unclear at present and warrants further, carefully
designed experimental and theoretical investigations.

On the other hand, the CA currents for the 11 Pt-decorated
Ru samples closely follow the trend of the CO stripping peak
potential as a function of the Pt PD, as shown in Fig. 8. When
the CA currents measured at 60 min of the MeOH reaction are
plotted as a function of the Pt PD, an expected volcano-like

127

-2

j/pA.cm

0.30 0.35 0.40 0.45 0.50
Potential of the CO Stripping Peak/V

Fig. 8 The correlation between the long-term steady-state current
density of the MeOH electro-oxidation and the potential of the CO
stripping peak. The squares are for the three second batch samples.
The Pt coverage is the implicit parameter in this plot with the arrows
indicating the direction of the increasing coverage.
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curve as shown in Fig. 7B is observed with the maximum
current at the PD of 0.31 that coincides with the lowest CO
stripping peak potential (Fig. 8). This volcano curve can be
understood as the result of two competing processes in
MeOH EO on a Pt-decorated Ru NP surface: the triple
dehydrogenation reaction steps being facilitated by the
increased Pt ensemble sites that would lead to the generation
of more poisonous CO and the enhanced CO eliminating
ability through the bifunctional mechanism offered by the
presence of more adjacent Ru/Pt sites as well as the possible
synergistic electronic (ligand and strain) effect at the lower Pt
PDs that weakens the Pt—-CO bonding.*® ** As the Pt PD
increased but before the volcano peak, the two processes could
work in unison because both the dehydrogenating ensemble
sites and the CO-eliminating ability increased (the latter is
indicated by the continuous negative shift of the CO stripping
peak potential), and so did the reaction current. Beyond the
volcano peak, although a further increase in Pt coverage
would increase the dehydrogenating ensemble sites, the
accompanying decrease in the CO-eliminating ability, as
indicated by the positive shift of the CO stripping peak
potential (Fig. 5 and 8), led to the decrease of the overall
current. The difference in slope before and after the volcano
peak as shown in Fig. 8 may be indicative of the difference in
electronic effect® of the Ru substrate which appeared to be
stronger at lower Pt PDs. Overall, one can conclude that the
Pt(31)-Ru sample had the optimal compromising surface
structure/electronic effect that maximized the overall reaction
current. This should be compared to the Ru-decorated Pt NPs
where the maximum activity appeared at 40 to 50% of Ru
packing density.'” Most remarkably, the Pt(31)-Ru sample
showed an impressively high reactivity that was about 150%
higher than that of the industrial benchmark J-M PtRu (1:1)
alloy sample but with at least 3.5x less Pt loading. It is also
worth noting that the Pt(16), Pt(36), and Pt(39)/(40)-Ru
samples all showed either higher or comparable MeOH
long-term activity as compared to that of the J-M PtRu
(1:1) alloy sample but with lower Pt loadings.

4. Conclusions

In conclusion, we have reported the development of a super-
ior, industrially scalable one-pot EG based wet chemistry
method to prepare Pt-decorated Ru NPs that offers an
exquisite control of the Pt PD of the Pt adlayers with, most
likely, mono-atomic height and effectively prevents the NPs
sintering during the deposition. Using the 3 nm J-M Ru NPs
as the starting material, 11 samples with different Pt PD
ranging from 0.05 to 0.93 were prepared, characterized,
and studied in detail for the MeOH EO. A volcano curve
in terms of long-term activity as a function of the Pt coverage
was observed and peaked at the Pt PD of 0.31, attesting
the competition of the two processes that are both essential
for the MeOH EO: the triple dehydrogenation and the
elimination of poisonous CO. An increase of the Pt ensemble
sites will facilitate the former via the ensemble effect while
an increase of the adjacent Ru/Pt sites will enhance the latter
via the bifunctional mechanism. Assuming an ensemble of
minimum three Pt atoms is needed for EO of MeOH,

the surface structure shown in the inset of Fig. 7(B) gives,
simultaneously, the maximum numbers of ensembles and of
Pt/Ru sites on a Ru(0001) surface. The corresponding Pt PD is
3/7 = 0.43, reasonably close to the Pt PD (0.31) of the most
active sample. Notice that Gasteiger et al. did a statistical
analysis of a Pt—Ru alloy surface using a model of a 3 Pt atoms
ensemble that had only one Ru atom as the nearest
neighbor and found out the optimal Pt content was about
88%.'% Thus, this simple analysis suggests that on Ru@Pt,
more than one Pt/Ru site per Pt ensemble is needed to achieve
the highest activity.

Additionally, the CO eliminating ability might also be
enhanced at the lower Pt PDs by the electronic effect.3 40
The direct correlation between the long-term steady-state
MeOH EO current density and the CO stripping peak
potential highlights again the technological importance of
optimizing this CO-eliminating ability. However, evidence
suggested that, for the higher Pt PD adlayers formed
on the Ru NP surface, electronic effects exerted by the Ru
substrate were very weak, if at all. This is in contrast to the
theoretical calculations®®**-* and warrants further scrutiny.
Nonetheless, and most significantly, the reactivity of the
Pt(31)-Ru sample was about 150% higher than that of the
industrial benchmark J-M PtRu (1:1) alloy sample but
with 3.5 times less Pt loading. The specific activity we
obtained is generally higher than or at least comparable to
those'® of the systems made by spontaneous depositions via
repetitive hydrogen reductions. Considering that Ru is
currently about seven times less expensive than Pt, using
the Pt(31)-Ru NPs would lower the eclectrode material
cost by more than 50% compared to using the industrial
benchmark J-M PtRu (1:1) alloy NPs for DMFC
applications. Furthermore, the wet chemistry based EG
method for the controlled deposition of submonolayer Pt is
advantageous in terms of processing and maximizing the use
of Pt and can, in principle, be scaled up straightforwardly to
an industrial level.
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