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ABSTRACT: Understanding the evolution of the composition and atomic
structure of nanoalloy catalysts in the ethanol oxidation reaction (EOR) is
essential for the design of active and robust catalysts for direct ethanol fuel cells.
This article describes a study of carbon-supported platinum—ruthenium
electrocatalysts (PtRu/C) with different bimetallic compositions and their
activities in the EOR, an important anode reaction in direct ethanol fuel cells
(DEFCs). The study focused on establishing the relationship between the
catalyst’s composition, atomic structure, and catalytic activity for the EOR. Ex situ
and in situ synchrotron high-energy X-ray diffraction (HE-XRD) experiments
coupled with atomic pair distribution function (PDF) analysis and in situ energy-
dispersive X-ray (EDX) analysis were employed to probe the composition and
structural evolution of the catalysts during the in situ EOR inside a membrane
electrode assembly (MEA) in the fuel cell. The results revealed an intriguing
composition—structure—activity relationship for the PtRu electrocatalysts under
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EOR experimental conditions. In particular, the alloy with a Pt/Ru ratio of ~50:50 was found to exhibit a maximum EOR activity
as a function of the bimetallic composition. This composition—activity relationship coincides with the relationship between the
Pt interatomic distances and coordination numbers and the bimetallic composition. Notably, the catalytic activities of the PtRu
electrocatalysts showed a significant improvement during the EOR, which can be related to atomic-level structural changes in the
nanoalloys occurring during the EOR, as indicated by in situ HE-XRD/PDF/EDX data. The findings shed some new light on the
mechanism of the ethanol oxidation reaction over bimetallic alloy nanocatalysts, which is important for the rational design and

synthesis of active nanoalloy catalysts for DEFCs.

1. INTRODUCTION

The development of direct ethanol fuel cells (DEFCs) as a
power source has drawn a surge of interest in recent years
because of their high energy density (8.0 kW h kg™'), low
toxicity, and ease of storage and transportation. In addition,
ethanol is biorenewable, and it can be produced in large
amounts through the fermentation of sugar cane, corn, or
wheat. One of the key issues in the development of ethanol-
based fuel cells is the need for highly effective, robust, and low-
cost catalysts."” However, the slow kinetics of the catalytic
ethanol oxidation reaction is still a barrier to the development
and commercialization of DEFCs. Platinum is a highly active
catalyst for most fuel-cell reactions, including the oxygen
reduction reaction and small-molecule oxidation reactions.
However, pure platinum is not effective for the electro-
oxidation of ethanol because it can be easily poisoned by
strongly adsorbed intermediates, such as CO.”'' Several
studies of alloys of Pt with different transition metals, such as
PtRu, PtSn, PtPd, and PtRh, have been performed in efforts to
increase the catalytic activity and reduce the cost.'”~"” Ternary
catalysts such as Pt/Rh/SnO, have been shown to be able to
break the C—C bond of ethanol and produce CO, in an acidic
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electrolyte.'® Binary catalysts such as PACu have recently been
shown to exhibit catalytic activity for oxidizing ethanol to CO,
in an alkaline electrolyte.'”

Among different binary catalysts, there have been extensive
studies of PtRu for the methanol oxidation reaction (MOR).
However, limited studies have been reported for the ethanol
oxidation reaction (EOR) over PtRu. In comparison with Pt,
Ru has a lower oxidation potential for H,0.'® In general, a
bifunctional mechanism has been proposed for PtRu, whereby
ethanol adsorbed on Pt forms a strong bond and its oxidized
species can be removed by oxygen-containing species formed
on Ru. In a recent study of the EOR, PtRu alloy catalysts with
different atomic ratios prepared by the electrodeposition
method displayed an increased activity with Ru contents of
up to 40%."° Ru is believed to facilitate the oxidation of
intermediates and not to increase the selectivity for complete
oxidation toward CO,.”" The activity depends strongly on the
preparation method, as shown by differences in EOR activity
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over PtRu prepared by the coreduction of mixed ions” and

with different degrees of alloying.”> High-surface-area metal
oxides, such as TiO, and SnO,, have been investigated as
additives in PtRu/C catalysts to enhance the electro-oxidation
of ethanol in acidic solution. The PtRu-based composite
catalyst containing a SnO, promoter exhibited a lower onset
potential and a higher current density for ethanol oxidation
than both the additive-free catalyst and the catalyst containing
TiO, promoter.”’ The highly active Fe—N—C catalyst has been
investigated to gain insight into its extraordinary tolerance to
the presence of alcohols.”

Despite these prior studies, the mechanism of the EOR over
PtRu catalysts remains unclear, and some of the previous results
are not fully understood. For example, PtRu catalysts with 50—
60% Pt were shown to exhibit the highest EOR activity in some
studies,'”>° whereas a Pt content of ~30% was found to be the
most catalytically active composition in another study.*" In view
of the fact that catalysts prepared or treated by different
methods have shown different catalytic activities,”” there is a
need to understand how different synthesis methods and
treatment processes correlate with the atomic structure of the
alloy nanoparticles. In our recent work, the three-dimensional
atomic structures of Pt,Ru,4o_, (n = 31, 49, 75) catalysts were
characterized by total scattering experiments involving ex situ
high-energy synchrotron X-ray diffraction (HE-XRD) in
conjunction with the analysis of atomic pair distribution
functions (PDFs) and reverse Monte Carlo (RMC) model-
ing”® which provided new structural information on the
nanoalloy catalysts. We report herein new findings from an
investigation of the correlation of the structure of PtRu
nanocatalysts with their EOR activity, including an in situ study
of the catalysts in a membrane electrode assembly (MEA) of an
ethanol vapor fuel cell under half-cell measurement conditions.
As illustrated in Scheme 1, the three-dimensional structural

Scheme 1. Illustration of Models of PtRu Nanoalloys with
Different Compositions Derived from the HE-XRD/PDE/
RMC Study™ Used for Understanding of the Correlation
between Composition and Activity

Ethanol

Oxidation Products
Activity Correlation

Stability Correlation

parameters from the HE-XRD/PDF/RMC analyses25 can be
used to understand the correlation between the bimetallic
composition and the catalytic activity.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Platinum(Il) acetylacetonate [Pt(acac),,
97%], ruthenium(III) acetylacetonate [Ru(acac)s, 97%], octyl
ether (99%), oleylamine (70%), 1,2-hexadecanediol (90%), and
oleic acid (>99%) were purchased from Aldrich. Other

chemicals such as ethanol, hexane, and potassium chloride
were purchased from Fisher Scientific. Vulcan carbon XC-72
was obtained from Cabot. All gases were obtained from Airgas.
All chemicals were used as received. Water was purified with a
Millipore Milli-Q water system.

2.2. Synthesis and Preparation. Pt,Ru,,_, nanoparticles
(NPs) (n = 31, 49, and 75) were synthesized according to a
protocol described previously.”> In brief, platinum(II)
acetylacetonate and ruthenium(III) acetylacetonate were
mixed in the desired molar ratio in octyl ether solution under
a N, atmosphere. Oleic acid and oleylamine were added to the
solution as NP capping agents, and 1,2-hexadecanediol was
added as a reducing agent. The solution was purged with N,,
heated to 220 °C, and kept at that temperature for 30 min.
After the solution had cooled to room temperature, the
resulting PtRu NPs were precipitated by adding ethanol and
separated from the solution by centrifugation. The precipitated
NPs were redispersed in hexane and mixed with fine carbon
powder (XC-72), and the resulting mixture was subjected to
sonication and overnight stirring. The resulting carbon-
supported PtRu NPs, hereafter referred to as the as-synthesized
NPs, were collected and dried under a N, atmosphere. The
carbon-supported PtRu NPs were activated for catalytic
applications. The activation involved a two-step thermal
treatment under a controlled gas atmosphere.25 In particular,
the PtRu NPs were first heated to 260 °C under a N,
atmosphere to remove the organic molecules from the NP
surface. Next, the NPs were further heated to 400 °C under a
15 vol % H, atmosphere and held at that temperature for 2 h.
The postsynthesis-treated NPs are hereafter referred to as the
fresh catalysts or Pt,Ru;o_,/C (n = 31, 49, and 75) catalysts.

2.3. Characterization of Catalysts. 2.3.1. Thermogravi-
metric Analysis (TGA). The loading of PtRu NPs on the carbon
support was determined by thermogravimetric analysis (TGA)
performed on a Perkin-Elmer Pyris 1-TGA instrument and was
found to be within the range of 15—30 wt %. The nanoparticles
were mixed with carbon (20% metal loading) before thermal
treatment. The measured loadings were 20% for Pt;;Rug/C,
19% for Pt,Rus;/C, and 29% for Pt,sRu,s/C. For Pt;sRu,s/C,
the degree of burning of the carbon support was found to be
somewhat higher than that for the other PtRu catalysts.

2.3.2. Inductively Coupled Plasma-Atomic Emission Spec-
troscopy (ICP-AES). ICP-AES was used to analyze the chemical
compositions of the as-synthesized and fresh PtRu alloy NPs.
The analysis was performed on a Perkin-Elmer 2000 DV ICP
optical emission spectrometer using a cross-flow nebulizer with
the following parameters: plasma, 18.0 L of Ar(g)/min;
auxiliary, 0.3 L of Ar(g)/min; nebulizer, 0.73 L of Ar(g)/min;
power, 1500 W; peristaltic pump rate, 1.40 mL/min. Samples
were dissolved in aqua regia and then diluted to concentrations
in the range of 1—50 ppm. Calibration curves were made from
dissolved standards in the same acid matrix as the unknowns.
The standards and the unknowns were analyzed 10 times each,
resulting in <3% error in the reported chemical compositions.
Within the error limits, no appreciable differences between the
chemical compositions of the as-synthesized and corresponding
fresh PtRu NPs were observed. Note that similar thermochem-
ical activation of noble-metal-based NPs for catalytic
applications was also shown not to induce significant changes
in NP’s overall chemical composition, size, or shape.*®

2.3.3. Transmission Electron Microscopy (TEM). TEM and
high-resolution TEM (HR-TEM) were employed to determine
the sizes and morphologies of the as-synthesized and fresh
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PtRu NPs. For the measurements, batches of NPs were diluted
in hexane and drop cast onto carbon-coated copper grids; the
solvent was then allowed to evaporate in air at room
temperature. The measurements were performed on a JEM-
2200FS microscope operated at 200 kV. The microscope was
fitted with an ultrahigh-resolution (UHR) pole piece with a
point resolution of 0.19 nm.

2.3.4. High-Angle Annular Dark-Field (HAADF) Scanning
TEM (STEM). The chemical patterns of fresh PtRu NPs were
determined by HAADF-STEM. Experiments were performed
on a JEOL JEM 2100F instrument equipped with a CEOS
hexapole probe. The instrument was operated at 200 keV in
STEM mode. The lens settings combined with the corrector
tuning gave a spatial resolution of ~90 pm.

2.3.5. Catalytic Activity Measurements. The catalytic
activities of fresh Pt,Ru;o,_,/C (n = 31, 49, and 75) catalysts
for the electrocatalytic oxidation of ethanol were measured
following a typical procedure reported previously.'” In brief,
glassy carbon (GC) disks (geometric area = 0.07 cm®) were
polished with 0.005-ym Al,O; powders. A typical suspension of
the carbon-supported catalysts was prepared by adding S mg of
catalyst (fresh PtRu/C) to S mL of 0.25% Nafion solution and
ultrasonicating the mixture for 10 min until it became a uniform
dark ink. Then, S pL of the suspension was quantitatively
transferred to the surface of the polished 0.07 cm* GC disk.”’
The disk, as coated with a thin film of the ink, was dried
overnight at room temperature, inserted into an electro-
chemical cell, and used as the cell’s working electrode. The cell
included two additional electrodes: a reference electrode [Ag/
AgCl, saturated KCl, or saturated calomel electrode (SCE)]
and a counter electrode (Pt). Cyclic voltammetry (CV) was
performed using a microcomputer-controlled electrochemical
analyzer (CHI600a, CH Instruments) at room temperature.
The electrolyte (0.1 M HCIO,) was deaerated with high-purity
N, before cyclic voltammetry (CV) measurements were
conducted. Current generated by the cell was measured as
the potential of the working electrode was varied. Ethanol was
added to the electrolyte for the study of oxidation. For the
analysis of the CV curves, I, and E,; represent the ethanol
oxidation peak current and potential, respectively, in the
negative-to-positive sweep direction, and I}, and E, ;, represent
the same quantities in the reverse sweep direction. E,¢, E,\’,
I,¢,and I}’ represent the same peak potentials and currents in
the CV curves of the catalysts after they had been subjected to
potential cycling.

2.3.6. Ex Situ/In Situ Synchrotron High-Energy XRD (HE-
XRD). Ex situ HE-XRD measurements of the carbon-supported
as-synthesized and fresh Pt,Ru,o_, (n = 31, 49, and 75)
catalysts were carried out at Sector 11 of the Advanced Photon
Source, Argonne National Laboratory. X-rays with an energy of
115 keV (1 = 0.1080 A) were used. Diffraction data were
collected on a large-area detector up to wave vectors of 25 A™,
allowing for the resolution of the structural features of the PtRu
NPs in fine detail. The experimental setup was calibrated with
high-purity powder Si standard. During the measurements,
samples were sealed in thin-walled glass capillaries.

In situ HE-XRD measurements of fresh Pt,Rus,/C catalyst
were carried out at Sector 1 of the Advanced Photon Source,
Argonne National Laboratory. X-rays with an energy of 100.2
keV (4 = 0.1236 A) were used. Measurements were carried out
on MEAs in a custom-built fuel cell that was optimized for HE-
XRD.*® MEAs containing Pt,Rus;/C (19% metal loading, 0.6
mg of Pt/cm?) as the anode catalyst and Pt/C (20% Pt/C,

Etek, 0.08 mg of Pt/cm®) as the cathode catalyst on carbon
papers were prepared. Whereas the carbon-paper electrode was
2.5 X 2.5 cm?, the effective geometric area of catalyst on the
carbon paper was 3.10 cm® The MEAs were prepared by hot
pressing the sandwich-structured Nafion membrane (Nafion
212) and catalyst-coated electrodes at 120 °C. The MEAs were
tested at 75 °C with 100% humidified 3% H, (balanced by N,)
fed to the cathode at a flow rate of 50 mL/min, which
functioned as a dynamic hydrogen electrode (DHE) for the in
situ half-cell reaction measurements. Ethanol vapor was carried
by N, at a flow rate of 50 mL/min and introduced onto the
anode, where the EOR half-cell reaction occurred. In situ HE-
XRD and energy-dispersive X-ray (EDX) data were collected in
intervals of 1 min as the cell's anode was cycled in the potential
range of 0—1.2 V at a scan rate of 100 mV/s for ~90 min,
amounting to about 200 cycles. The HE-XRD patterns were
reduced to so-called structure atomic pair distribution functions
(PDFs), which have proven to be highlz advantageous in
structural studies of metallic alloy catalysts.”>**~>°

3. RESULTS AND DISCUSSION

3.1. Composition and Structure of PtRu Nano-
particles. The relationship between the Pt composition in
PtRu NPs and the synthetic feeding composition is shown in
Figure 1. Data for the composition of PtRu NPs shows a slope

100

80 s’

60 1

Pt% (in NPs)

0 20 40 60 80 100
Pt% (feeding)

Figure 1. Plot of Pt composition in PtRu NPs (from ICP-AES
analysis) vs synthetic feeding composition. The dashed line represents
a 1:1 relationship. The solid line represents the linear fitting to the
actual nanoparticle data (slope = 0.88, R* = 0.978).

of 0.88, which is slightly less than 1, indicating that the chemical
composition of the binary alloy PtRu NPs can be controlled
well by controlling the feed ratio of the metal precursors during
the synthesis. This finding indicates that Pt is slightly more
favored than Ru in the formation of the bimetallic nano-
particles.

Figure 2 shows a representative set of TEM, HR-TEM, and
HAADF-STEM images of Pt,Ru,q,_,/C [n = 31 (Figure 24),
49 (Figure 2B), and 75 (Figure 2C)] catalysts after thermal
treatment. The PtRu NPs feature an average size of 4.6 (+0.7)
nm and display good crystallinity. Pt,yRus;/C and Pt,sRu,s/C
exhibit quite uniform contrast, indicating single-phase compo-
sitions, whereas Pt;Rug/C shows some bright and dark
contrast patterns, indicating phase-segregated [Pt-rich (bright)
and Ru-rich (dark)] domains. Pt;sRu,s/C displays a lattice
fringe of 0.222 nm, characteristic of the {111} plane of the fcc
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(A)

Figure 2.
(bottom) HAADF-STEM images of the respective catalysts.

(B)

©)

TEM images of (A) PtyRug/C, (B) PtyRus,/C, and (C) Pt;sRu,s/C after thermal treatment. Insets: (top) HR-TEM images and

structure.”’ * Pty Ruge/C and PtyRug,/C exhibit lattice
fringes of 0.204 and 0.203 nm, respectively, corresponding to
the {200} plane of the fcc structure.>®

The lattice parameters of the Pt,Ru;o_,/C (n = 31, 49, and
75) NPs, as determined from HE-XRD/PDF data,> were
analyzed (Figure 3). The results indicate that Pt,sRu,s/C is fcc-
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Figure 3. Lattice parameters (calculated from PDFs) vs composition
for Pt,Rujp_, (n = 31, 49, and 75). Dashed lines are the fitting
relationships between metal and PtRu NPs. The dashed box for
Pt;;Rugg indicates the co-existence of hcg) and fcc phases. Black squares
are data extracted from a recent report.”” The red circle indicates data
extracted from the study reported herein.

type ordered, Pt,Rus/C is largely fcc-type ordered, and
Pt; Ruge/C is segregated into fcc and hcp domains. The
addition of Ru has a contraction effect. Apparently, the lattice
parameters do show some agreement with the lattice
parameters of Pt and Ru as a function of composition (dashed
lines). Here, we investigated Pt,Rug,/C further by applying
atomic PDF analysis. The results showed that Pt,,Rus,/C is a
stack of close-packed atomic layers. About 80% of the layers in
the stack follow an fcc-type packing sequence. The remaining
20% can be viewed as stacking faults introducing an hcp
character of the atomic structure. Note that the presence of
stacking faults does not imply phase segregation. It merely
reflects the lack of perfect three-dimensional periodicity in the
atomic ordering in the NPs.

Key findings of the prior and present structure studies are
summarized in Figure 4 in terms of bond lengths (Figure 4A)
and first coordination numbers (CNs) of atoms on the surface
of fresh Pt,Ru;q_,/C (n = 31, 49, and 75) catalysts (Figure
4B).”® A maximum for the Ru—Ru bond length and a minimum
for the Pt—Pt bond length were observed for PtRu NPs with a
Pt/Ru ratio of 49:51. Interestingly, a maximum of the Pt—Ru
first CN and a minimum of the Pt—Pt first CN were also
observed for atoms on the surface of PtyRug;/C. These
maximum and minimum features from PDFs can be linked to
the catalytic activity for the EOR, providing important
information for assessing the structure—activity relationship,
especially the changes in composition or atomic structure
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Figure 4. Plots of (A) bond length and (B) first CN for atoms on the surface of fresh Pt,Ru;q_,/C (1 = 31, 49, and 75) NPs as a function of the

bimetallic composition.
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peak currents for the fresh catalysts (I}, and I, ) and the same catalysts after 30 potential cycles (I, and I,"). Electrolyte, 0.1 M HCIO, with 0.5 M
ethanol saturated with N,; scan rate, 50 mV/s. Data extracted from Figure 6.

occurring during electrochemical processes, as discussed in the
next subsections.

3.2. Electrocatalytic Properties in Acidic Electrolyte.
The as-prepared Pt,Ruq,_,/C (n = 31, 49, and 75) catalysts
were examined using the CV technique to determine their
electrochemically active areas (ECAs). The electrochemical
measurements were performed after 30 potential cycles
between —0.3 and 1.0 V (vs Ag/AgCl, saturated KCl) in N,-
saturated 0.1 M HCIO, solution at 50 mV/s, which activated
the catalysts. Figure SA shows a typical set of initial CV curves

after activation for catalysts with different compositions
(Pt;;Rugy/C, PtyRug;/C, and Pt,cRu,s/C). The voltammetric
characteristics in the hydrogen adsorption/desorption range
(from —0.23 to 0.20 V vs Ag/AgCl, saturated KCl) showed
significant differences for different compositions. Pt,Rug,/C
exhibited the largest hydrogen adsorption peak, indicative of
the largest ECA value (see Figure SB), whereas Pt;sRu,s/C
showed the smallest hydrogen adsorption peak. The large
capacitive charging current indicates the activation of H,O on
Ru sites.”® ECA values determined from the waves in the
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hydrogen adsorption region of the CV curves are plotted as a
function of NP bimetallic composition in Figure 5B, revealing a
maximum value [148 m?/(g of Pt)] for Pt,Rus;/C. This shows
that the ECA depends strongly on the bimetallic composition.

In Figure 6A, the comparison of CV curves in N,-saturated
0.1 M HCIO, electrolyte with 0.5 M ethanol for different PtRu
compositions shows a clear difference in the ethanol oxidation
peak currents and potentials. For PtyRus,/C and Pt;sRu,s/C,
the two ethanol oxidation peaks are observed at 0.40 and 0.65
V, characteristic of electrochemical ethanol oxidation.”’ Note
that very small ethanol oxidation peaks were observed for
Pt;;Ruge/C. To assess the EOR activity, peak potentials are
compared for different compositions in Figure 7A, and peak
currents normalized to the mass of Pt are compared in Figure
7B. For both E, ¢ and E,,}, the increase of Pt percentage resulted
in higher peak potentials, which is consistent with the ability of
Ru to lower the overpotential.”’

On the other hand, Pt,Rus,/C has higher I, and I}, values
than the other two compositions. The IL,;, and I, values of
PtyRus,/C are 336 and 410 A/(g of Pt), respectively, which are
higher than peak currents reported in the literature [Pts,Ruyq/
C, ~190 and ~310 A/(g of Pt)].”” The trend Pt,Ruy;/C >
Pt;sRu,s/C > Pty Rug/C, is in agreement with the ECA trend
discussed earlier and previous results.'”*”**

Pt,oRug,/C was found to exhibit the highest EOR activity. By
comparing the composition dependences for the electro-
catalytic properties in Figure 7 and the structural characteristics
in Figure 4, one can see that this activity maximum appears to
correlate with the maximum of the Ru—Ru bond length, the
minimum of the Pt—Pt bond length, the maximum of the Pt—
Ru first coordination number, and the minimum of the Pt—Pt
first coordination number. This correlation provides some new
insight into the composition—structure—activity relationship for
the EOR in an acidic electrolyte.

After 30 potential cycles between 0 and 0.90 V (vs Ag/AgCl,
saturated KCl) in N,-saturated 0.1 M HCIO, with 0.5 M
ethanol, the catalytic activity of Pt,Ru;o_,/C (n = 31, 49, and
75) catalysts was evaluated by CV (Figure 6B). The peak
potentials and peak currents for different PtRu compositions
are compared in Figure 7. Remarkably, Pt;Rug/C and
Pt,oRus,/C showed different degrees of activity improvement
after 30 cycles, with the improvement for Pt,Rus,/C being
more significant. Pt,sRu,s/C barely showed any activity change.
To assess the composition change of the catalysts after the
potential cycles, the composition was measured using ICP-AES.
A change in the composition of PtyRug/C was found,
indicating 54% Pt and 46% Ru. This finding suggests a small
degree of leaching of Ru from the catalyst after 30 cycles.

The stability of the Pt,Rujo_,/C catalysts was further
examined by potential cycling up to 800 cycles. Peak potentials
and peak currents of ethanol oxidation were measured every 50
cycles; they are plotted as functions of the number of potential
cycles in Figure S1. Both the peak potentials and the peak
currents increased for Pty;Ruge/C, Pt,oRus;/C, and Pt;sRu,s/C.
These change happened mostly in the first 100 cycles. After 150
cycles, the values seemed to reach a plateau. Pt,Rug,/C
showed the highest peak potentials and the most dramatic
increases in peak current, namely, 60% and 124% for I, and
I}, respectively.

These findings represent the first observation of an activity
increase for the EOR over PtRu catalysts by potential cycling
under the experimental conditions. Based on the structural
characterization, the evolution of the atomic structure and

composition of PtRu NPs likely occurs during the EOR, in
addition to the removal of residual surface species. These
observations and preliminary results from studies of the EOR in
alkaline electrolytes ruled out the effects of the removal of
surface species on the activity. Rather, the structural evolution
of the nanoalloys during the potential cycling is the likely
reason for the observed activity change. This scenario was
further examined by the in situ HE-XRD/EDX techniques, as
described below.

3.3. In Situ HE-XRD/PDF/EDX of Catalysts inside MEA
in an Ethanol Vapor Fuel Cell. Having established the
composition—activity correlation under ex situ conditions, the
activity and stability of fresh Pt,oRusg;/C were examined in situ
under EOR conditions within the MEA in a custom-built fuel
cell (see Figure 8). Three percent H, was purged to the

Figure 8. Setup of an ethanol vapor fuel cell for in situ HE-XRD/
PDF/EDX measurements. Ethanol vapor was carried by N, at 50 mL/
min and introduced into the anode half cell, and 3% H, balanced by
N, with a flow rate of 50 mL/min was introduced into the cathode half
cell, establishing a DHE for the half-cell measurements.

cathode of fuel cell, establishing a dynamic hydrogen electrode
(DHE). The configuration of the XRD beam pathway was
described previously.””*” The structure and composition
evolutions were also measured by in situ HE-XRD/EDX
coupled to atomic PDF analysis. Data were recorded every 1
min as the potential of the electrode with the PtyRug,/C
catalyst was cycled between 0 and 1.2 V at a scan rate of 100
mV/s for about 90 min, including operating time. During
cycling, the cell was kept at 75 °C.

Our study focused on the half-cell EOR in the above fuel-cell
setup for in situ EOR measurements. Note that studies of half-
cell reactions in a similar fuel-cell setup have been reported for
impedance measurements.*”*" In the CV curves (see Figure
S2), the EOR peak in the scan going from high potential to low
potential can be observed between 0.4 and 0.8 V [vs reversible
hydrogen electrode (RHE)]. There is a significant shift in the
CV baseline. The peak potential and current as functions of
potential cycle number are shown in Figure 9. Remarkably,
both E,;, and I,;, exhibited a sharp drop in the first 60 cycles,
which was not observed in our study in the electrolyte. After 60
cycles, both E,; and I}, gradually increased until the 200th
cycle, in agreement with the results of our stability study in
acidic electrolyte. The drop might reflect unique behavior for
the activation of the catalyst in the ethanol vapor environment.
It could take more cycles for the catalyst in the MEA to
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Figure 9. Plots of E,;, and L}, as functions of potential cycle numbers
for Pt,oRus,/C in the in situ experiments (see Figure 8).

function effectively because of possibly slower mass transport
through the membrane electrode assembly in the cell.

Based on an analysis of the in situ HE-XRD data (Figure S3),
atomic PDFs of the Pt,qRus; NPs were obtained to trace the
atomic-level structural changes during the in situ experiments
(Figure 10A). Experimental values of the atomic bond lengths
and fcc stacking fault ratio were calculated and expressed as
functions of the number of cycles (Figure 10B,C). Composition
fluctuations experienced by the sample during the in situ EOR
were evaluated by analyzing the in situ EDX spectra. The latter
were calibrated against the ICP-AES data for fresh Pt,Rug,/C
and the catalyst after 200 cycles. As shown in Figure 10C, the
percentage of Pt in Pt,yRug; showed subtle changes during the
in situ EOR. The Pt percentage was found to be 59% after 200
cycles. This increase in Pt percentage agrees with the results
shown for the same catalyst in acidic electrolyte. The changes in
Pt percentage are compared with the changes in the in situ
PDFs [G(r)] in Figure 10B. The data in Figure 10C were
extracted from the in situ PDFs shown in Figure 10B. In
particular, the data points in red show the changes in the
character of the packing of atomic layers in the catalysts as a
function of the number of potential cycles. As can be seen, the
character of packing, perfect fcc-type vs stacking faults of hcp
character, changed in sync with the changes in the relative Pt
percentage in the catalyst. The evolution of the average bond
lengths in PtRu NPs coincides with changes in the I, values of
the CV curve, indicating a clear composition—structure—
catalytic activity relationship.

The data in Figure 11 were extracted from Figures 9 and 10.
As shown in Figure 11A, the activity of the PtRu catalysts
dropped during the first 45 cycles, likely due to repacking of the
atomic layers in the catalyst, which, in turn, was triggered by the
moderate leaching of Ru from the latter. During the cycles 45—
60, both E,, and I, increased. Concurrently, the bond lengths
and thus the interactions between Pt and Ru atoms also
increased. Evidently, the EOR activity of the PtRu NPs
improves with the increase in the fcc character of the packing of
the atomic layers in the NPs. The change in Pt percentage
probably reflects a dealloying—realloying process as Ru leaches
out during potential cycling.

The peak potentials (E,},) and peak currents (I,;,) showed an
overall trend of increase from cycle 60 to cycle 200 (Figure
11B). A “slow-mode-oscillation” behavior can be observed that
is reminiscent of that of PdNi studied during the oxygen
reduction reaction (ORR) under cell operating conditions.”
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Figure 10. (A) In situ atomic PDFs of the Pt,Rus,/C sample as a
function of cycle number derived from the corresponding in situ HE-
XRD patterns. (B) Color map representation of the low-r part of the
in situ atomic PDFs for the sample Pt,Rus,/C in the MEA of the
ethanol vapor fuel cell. The curved arrow highlights the changes in the
PDF intensity [G(r)] up to 45 cycles. The oblique arrows highlight the
gradual changes in the position r (A) of the PDF peaks. The outlined
arrow at the right highlights the changes in PDF intensity. Dashed red
lines guide the comparison between the color map of the in situ PDFs
and the analysis curves with cycle number. The changes in the PDF are
related to the structural changes that affect the EOR activity. (C)
(Top, blue) Evolution of the average bond length during in situ EOR,
which is related to the change in relative Pt percentage (bottom,

black), hence changing the fcc/hcp stacking ratio (middle, red).

Other concurrent changes in the chemical composition,
structural characteristics, and catalytic activity were also
observed (cycles 45, 60, 120, and 180). The first 60 cycles
are possibly responsible for the activation of the catalyst, which
is different from the structural evolution in the subsequent
cycles 60—200. For example, removal of the capping agent
might expose catalysts to a higher voltage and result in a
different structural change. Further discussion of the slow-
mode-oscillation behavior during the realloying and subtle
resizing process on the NP surface is presented in the next
subsection.

4. MECHANISTIC CONSIDERATIONS

Note that there are subtle differences between the regular
electrochemical conditions for the EOR in an acidic electrolyte
and the conditions during the in situ study of the MEA in an
ethanol vapor fuel cell, such as temperature, potential sweep
range, and mass-transport environment. However, the trends in
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Figure 11. Relationship between EOR E,,;, and I,}, and the in situ evolution of the Pt percentage, fcc atomic packing percentage, and atomic bond
distance for Pt,oRus;/C in the MEA of an ethanol vapor fuel cell (see Figure 8): (A) first 60 cycles and (B) cycles 60—200. Data were extracted from

Figures 9 and 10.

the voltammetric current during potential cycling are largely
similar. Both cases involved Ru leaching out during potential
cycling under the experimental conditions. In general, there are
two major findings: (i) There is a composition—structure—
activity correlation in the EOR, and (ii) there is a slow-mode-
oscillation behavior for the changes in fcc atomic packing
percentage and Pt percentage in the potential cycling process.
Both findings have a strong relationship to Ru leaching from
PtRu/C during the EOR electrocatalytic process. Consider
Pt,Rug; as an example. This sample showed not only the
highest EOR catalytic activity but also the most dramatic
change during potential cycling. The potential cycling induced
Ru leaching, leading to oscillatory structural evolution in terms
of the fcc atomic packing percent. The alloy characteristic
structure still remained during this reconstruction (realloying).
The in situ HE-XRD/PDF/EDX characterization provides
additional information for understanding the evolution of the
structure and composition during the EOR. The dependencies
on the number of cycles for fcc packing percentage and peak
current show the effects on structure and activity of the Ru
leaching and realloying processes. We consider two possible
scenarios for Ru leaching from Pt,Rus; under the EOR
experimental conditions. One involves the realloying of Ru with
Pt on the surface during cycling, and the other involves the
formation of a Ptrich shell; both are reminiscent of other
nanoalloy catalysts in other electrocatalytic processes.””*”**
To further substantiate the dependence of the electrocatalytic
activity on composition, the I}, values of the Pt,Ru,q_,/C (n=
31, 49, 54, and 75) catalysts in acidic electrolyte were analyzed
(Figure S4). For Pt,Rug,/C after 30 potential cycles, which
resulted in Ptg,Ru,s/C, the highest activity was found to be
reached at about 60% Pt. The trend in Figure S4 explains the

activity improvement for the catalyst after 200 potential cycles
from the in situ fuel cell as a result of the composition change
to PteRu, /C. The surface structural change due to the
composition change resulting from Ru leaching during the
EOR played an important role in improving the catalytic
activity.

The results from the in situ HE-XRD experiments provide
some important insights into the evolution of the structure and
composition involving Ru leaching and during the EOR. In the
MEA, Ru was leached out and remained in the vicinity of
Pt,oRus,/C, instead of being diffused into the electrolyte, thus
favoring realloying during in situ experiments. In Figure 12A,
the catalytic activity and surface structure characteristics are
compared in terms of their dependencies on the bimetallic
composition.

At a Pt/Ru ratio of ~50:50, the highest Pt—Ru first CN and
the lowest Pt—Pt first CN appear to coincide with the highest
catalytic activity for ethanol oxidation. It is believed that the
maximization of Ru atoms in the closest neighborhood of each
surface Pt atom favors the catalytic sites that provide OH(ad)
for the EOR. Note that the Ru realloyed on the surface, as
revealed by the in situ data, could also increase Pt—Ru first CN,
leading to an increased activity.

Mechanistically, the adsorption of ethanol on the top site of
Pt on the PtRu alloy surface could undergo either a-
dehydrogenation or f-dehydrogenation during the EOR (see
Figure 12B)." In a number of previous studies, PtRu catalysts
were shown to exhibit no selectivity for CO, product
formation.”® It is thus likely that a-dehydrogenation is the
predominant reaction pathway. In this case, the catalytic activity
is favored by the maximization of Ru atoms around each Pt
atom on the surface of the catalyst with a Pt/Ru ratio of ~50:50
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Figure 12. (A) (Top) First CN and bond length for atoms on the
surface of Pt,Ru,,_,/C (n = 31, 49, and 75) catalysts and (bottom)
Iy and I¢ for Pt,Ruye,_,/C (n = 31, 49, and 75) catalysts. (B) (a)
Top-site adsorption and a-dehydrogenation of ethanol. (b) Bridge-site
adsorption and p-dehydrogenation of ethanol. The models are based
on Pt,oRus; with the same number of Pt and Ru atoms. Pt atoms are in
gray, and Ru atoms are in blue.

where a-dehydrogenation occurs (structure a in Figure 12B).
This case is consistent with the structure—composition—activity
correlation shown in Figure 12A. If p-dehydrogenation
occurred on the same surface site, the formation of a bridge
adsorption mode (Figure 12B, structure b) would be possible.
In this case, the catalytic activity would also be favored by the
reduction of the Pt—Pt bond length on the catalyst with a Pt/
Ru ratio of ~50:50, leading to CO, product formation. This
possibility would be supported by the minimization of the Pt—
Pt bond length shown in Figure 12A. Details on how these
different mechanisms operate in terms of catalyst synthesis and
processing conditions as well as the surface coordination
number and interatomic bond length for the chemisorption of
alcohol*** remain to be further investigated, which is part of
our future work.

5. CONCLUSIONS

Taken together, the results from the electrocatalytic evaluation
of the EOR, ICP-AES composition analysis, and in situ HE-
XRD/PDF/EDX study of PtRu catalysts with different
bimetallic compositions have provided some new insights
into the correlation among the composition, atomic structure,
and catalytic activity of these catalysts. The enhanced EOR
activity for the catalyst with a Pt/Ru ratio of ~50:50 correlates
well with several features of the surface atomic structure, such
as an increased Ru—Ru bond length, a decreased Pt—Pt bond
length, an increased Pt—Ru first coordination number, and a
decreased Pt—Pt first coordination number, as revealed by ex
situ HE-XRD/PDF data. Importantly, the structural informa-
tion can be related to the a-dehydrogenation or -dehydrogen-
ation of ethanol, demonstrating the potential of manipulating
the interatomic coordination numbers and distances of
bimetallic nanoalloy catalysts toward the control of catalytic

activity and selectivity. The leaching of Ru from PtRu catalysts
during potential cycling was found to be related to structural
evolution based on in situ HE-XRD/PDF/EDX data. The
results reveal an oscillatory characteristic in the potential
cycling processes for the Pt percentage, fcc packing percentage,
and EOR peak current, which is linked to Ru leaching and
realloying under the EOR experimental conditions. These
findings have important implications for understanding how the
evolution of the structure and composition can be exploited to
enhance the catalytic activity of nanoalloy catalysts in fuel-cell
reactions. A study of the catalysts in direct ethanol fuel cells,
similar to the study of direct methanol fuel cells,* is part of our
future work.
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