A430 Electrochemical and Solid-State Letters, 9 (9) A430-A434 (2006)
1099-0062/2006/9(9)/A430/5/$20.00 © The Electrochemical Society

X-Ray Absorption Spectroscopy Studies of Water Activation on
an Rh,S, Electrocatalyst for Oxygen Reduction Reaction
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The prototype chalcogenide electrocatalyst Rh,S, was probed in situ via a synchrotron-based X-ray absorption near-edge structure
(XANES) technique to elucidate specific sites and modes of water activation during oxygen reduction reaction. X-ray diffraction
revealed a mixture of phases (Rh,S;, Rh;S,, and Rh;;S;s). Theoretically generated XANES on a variety of geometries of O(H)
adsorption on the predominant Rh;S, phase were compared to the experimental data. We show for the first time that the
electrocatalyst first adsorbs O(H) in a onefold configuration at lower potentials and n-fold at potentials greater than 0.80 V. This
expectedly has important consequences for oxygen reduction reaction on alternative chalcogenide materials.
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The current state-of-the-art materials for low- and medium-
temperature fuel cell cathodes are platinum or platinum-transition
metal alloys. Platinum has a high activity for oxygen reduction re-
action (ORR), (i = 107 mA cm™2) and tends predominantly to-
wards the 4_ oxygen reduction process. Unfortunately, platinum is
extremely expensive, low in abundance, and easily poisoned. Even
small amounts of contaminants severely depolarize platinum cath-
odes; this is a major issue in the context of direct methanol fuel cells
(DMFCs). Methanol crossover through the proton exchange mem-
brane and the resulting depolarization of a platinum-based catalyst
causes overpotential losses of the order of approximately 300 mV vs
reference hydrogen electrode (RHE). It is also important to note that
in the case of electrolyzers such as those used for chlorine genera-
tion, cathodic oxygen reduction is preferred from both energy-
saving and safety perspectives. 12 Here, Pt-based electrocatalysts are
not applicable due to their inherently higher solubility and suscepti-
bility to poisoning in chlorine-saturated HCL'?

As a result of these economic and technical issues, many groups
are currently searching for new materials to replace platinum in
these applications, such as transition metal chalcogenide clusters.®*
A wealth of research has generally pointed to pseudobinary
M,Ru,Se, clusters (where M = transition metal) as exhibiting the
best performance (ig:Ru,Se,/C =222 X 1075, 0.5 M H,S0,). .
While these clusters are active towards ORR and exhibit a high
degree of methanol tolerance, the pertinent structure/property rela-
tionships are still unclear.”

One of the important variables to full 4; ORR is the water acti-
vation pathway. In the case of Pt-based electrolcatalysts, the adsorp-
tion of OH (as well as halide ions) on the electrocatalyst surface acts
as a surface poison towards O, adsorption.8 These effects on Pt and
Pt-alloy systems have been extensively studied.”'” A recent study
examined the effects of OH adsorption on Pt and Pt alloys by vary-
ing the concentration of water in a trifluoromethane sulfonic acid
(TFMSA) electrolyte (where 6 M corresponds to a 4:1 mol %
H,0/S03 ratio).” The ~60 mV/dec Tafel slope observed at low
overpotentials was related to OH(ads) coverage, and the higher per-
formance exhibited by the Pt alloys was attributed to two effects.
Either the alloyed transition metal takes the brunt of OH adsorption
in cases where homogeneous alloy formation results in enough tran-
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sition metal atoms on the surface, or a deactivation of the Pt surface
(involving an increased partial valence of Pt) shifts the onset of OH
formation to higher potentials.g’”’12

These conclusions were bolstered by ab initio calculations and
experimentally determined apparent activation energies (E ) for
ORR on Pt and Pt-alloy electrocatalysts. 314 In both cases, a down-
ward trend of the E, values were observed in respect to increasing
overpotential and indicated that differences in oxide layer formation
on these systems influence the preexponential term in the Arrhenius
equation. % This was related to a surface coverage expression derived
by Paulus and Markov1c with the initial electron transfer as the
rate-determining step. 1316 guccessive calculations by Anderson et
al. lead to the conclusion that reduction of the H,O, intermediate
possessed the highest activation energy and is closely followed by
the first electron reduction of adsorbed oxygen. 17 The lowest activa-
tion energies corresponded to the formation of -OOH(ads) and
.OH(ads)."?

Another recent technique that has assisted in elucidating ORR on
Pt and Pt alloys is the “delta mu” (Ap) analysis of X-ray absorption
spectra measured in situ under electrochemical control v1a synchro-
tron radiation to study the water activation pathway ? The Ap
techm ue entails a specific normalization of the absorptlon
data'®**?? and allows for the observation of adsorbates on the elec-
trocatalyst surface mcludmg the specific site symmetry, as a func-
tion of potentlal Subsequent modeling of Pt and Pt-alloy spectra
showed that OH adsorbs in an atop configuration at low potentials
proceeding to bridge-bonded (twofold) O geometry at ~0.9 V, and
finally three- and fourfold O [e.g., face-centered cubic (fcc) and
hexagonal close-packed (hcp)-coordinated O] at E > 0 95 v 102324
Place exchange, 1n1t1a1%y proposed by Wroblowa et al.® appeared at
a potential of 1.05 V. Historically, this was the first time that the
place-exchange mechanism on a Pt electrocatalyst was spectroscopi-
cally observed under in situ operating conditions. Prior density func-
tional theory (DFT) calculations to determine OH and O binding
preferences on 1dentlcal Ptg clusters agreed well with the results of
the Ap analysls

Here we have studied a mixed-phase 30 wt % Rh,S,/VXC72
electrocatalyst by both rotating disk electrode (RDE) and in situ
X-ray absorption spectroscopy (XAS). Rh,S, shows significant ac-
tivity in acid electrolytes and maintains a rlgorous select1v1ty to—
wards ORR in the presence of large concentrations of methanol.”>
Recent patent literature has promoted Rh,S, as a promlsmz% candi-
date in the harsh environments of chlor- alkah production. Not
only is this material commercially available from E-TEK, Inc.
(Somerset, NJ, a division of PEMEAS Fuel Cell Technologies), 31,32
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but, in contrast to previous reports on materials synthesized accord-
ing to the nonaqueous route,”* the material from E-TEK possesses
long-range order and is therefore ideally suited for the modeling
necessary for A interpretation. Through examination of the activa-
tion energies and water activation via the A technique we not only
show the correlation between surface coverage (water activation)
and the specific ORR kinetics on a chalcogenide electrocatalyst but
also validate the Ap analysis technique for structurally complex
mixed-phase chalcogenide ORR electrocatalysts.

Experimental

Electrochemical characterization— RDE studies were con-
ducted according to procedures described in detail elsewhere.”
Briefly, inks of 30 wt % Rh,S,/VXC72 (E-TEK) were prepared by
combining the catalyst, deionized water (18.2 M{Q, Millipore MilliQ
system), 2-propanol (HPLC grade, Aldrich), and 5 wt % Nafion so-
lution (Aldrich). The ink was then cast on a 6 mm diameter polished
glassy carbon (gc) rotating disk electrode (Pine Instrument Co.) to
give a final metal loading of 14 g metal with a Nafion catalyst
ratio of 1:50 (weight). Activation energies for the material were
determined by analyzing RDE data obtained at 100, 400, 625, 900,
1225, and 1600 rpm at 20, 30, 40, 50, and 60°C in O,-saturated
0.5 M H,SO, (HPLC Grade, Aldrich).”!*3%3% All data was col-
lected with an Autolab potentiostat (model PGSTAT30, Ecochemie-
Brinkmann) with a sealed RHE, filled with same electrolyte as the
bulk cell as the reference electrode and a Pt mesh serving as the
counter electrode.

In situ XAS data collection and analysis— All  experiments
were performed at room temperature in an inert electrochemical cell
(based on a previously reported design)37 to capture the essence of
water activation sans interference. The cells consisted of a 30 wt %
Rh,S,/VXC72 working electrode, 20 wt % Au/VXC72 (E-TEK)
counter electrode, and a RHE in 1 M TEMSA (3M Corporation)
electrolyte with a Nafion 112 membrane (DuPont) acting as a sepa-
rator. TFMSA was utilized for its low anion adsorption effects'® and
was extensively purified according to the methods described
elsewhere.**” The inks were hand-painted onto commercially
available ELAT V2 (E-TEK) gas diffusion electrodes (95:5 30 wt %
catalyst/Nafion binder by mass) and cut into 5.0 cm squares. The
total geometric metal loadings of the anode and cathode were
0.7-1.5 mg metal cm™2 and were chosen to be approximately 10%
of the loading to give a transmission XAS absorption cross section
of ~1. In all cases, 0.35 mm Au wires (99.995%, Alfa-Aesar) were
used as the current collectors.

Following an activation step (0.02 to 1.2V vs RHE at
20 mV s71), full Rh K edge (23220 eV) extended X-ray absorption
fine structure (EXAFS) scans (—250 eV to 18 k) were collected at
different potentials by cycling the cell to the respective anodic po-
tential and holding potentiostatically during the absorption measure-
ments. These measurements were collected in fluorescence mode via
a 13-element fluorescence detector at beamline X18-B (National
Synchrotron Light Source, Brookhaven National Labs, Upton, NY).
During all the measurements transmission data was collected in con-
junction with a thin Rh foil. For alignment, background subtraction,
and normalization of the XAS data, the IFEFFIT suite (version
1.2.4, IFEFFIT Copyright 1997-2002, Matthew Newville, http://
cars9.uchicago.edu/ifeffit/) was utilized.*!

The theory and normalization processes for the A analysis are
described in detail elsewhere,'®2%2142 Briefly, the collected spectra
were aligned by using the signals from the reference foil in order to
preserve any shifts in the absorption edge arising from oxidation of
the Rh. The aligned spectra were then carefully normalized in a

R 7 22 .
previously described manner.”” Difference spectra were generated
according to the relationship

Ap = (V) = n(040 V) [1]

where the signal at 0.40 V is considered the cleanest (e.g., double
layer) region free of adsorbed H, O(H), and CF;SO5 anions. Due to
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Figure 1. CuKa X-ray powder diffractogram for the 30 wt %
Rh,S,/VXC72 electrocatalyst (E-TEK). The patterns are indicative of a
balanced-phase mixture of Rh,S;, Rh;S,, and Rh,;S 5 phases with an insig-
nificant amount of fcc Rh metal present. The single-phase diffractograms
were reproduced from Ref. 48, 50, and 51.

the mixed-phase character of the Rh,S, catalyst, it is impossible to
say that the 0.40 V signal represents the true adsorbate-free region.
However, trials involving baseline subtraction of other potentials
(0.30 and 0.50 V) did not yield a clean and systematic spectrum. For
the A signals at 0.50 and 0.60 V a correction to account for both
charging effects of the electrode and the Rh lifetime core width was
performed.m’43 Fitting of the acquired spectra was accomplished by
first constructing 3D models of the RhsS, (RhgS,) clusters with
various adsorbed O(H) species in differing locations and geometries
and generating XANES spectra with FEFF 8.0.10:23:24 Interpretation
of the results was accomplished by comparison of the experimental
and theoretical A = w(RhgO,) — w(Rhg) spectra.

Results and Discussion

X-ray diffraction (XRD).— Analysis of the powder XRD spec-
trum for the 30 wt% Rh,S,/VXC72 electrocatalyst (Fig. 1) poses
considerable complexities. Since the first systematic XRD investiga-
tions of rhodium—sulfur chalcogen systems were reported during the
1930s, a considerable number of complexes have been
recognized.” " Geller undertook single-crystal studies an investiga-
tion of a single crystal of Rh;;S;s (and its Pd-based analogue:
Pd;;Se;s) in 1962.%4 While the indexing could be accomplished

with a variety of space groups, the cubic Pm3m symmetry gave the
lowest standard errors. The result was a material consisting of alter-
nating Rh-rich and S-rich layers. Another phase, orthorhombic
Pbcn Rh,S3, was investigated in tandem with Ir- and Se-based ana-
logues in the early 1960s.”° Rh,S; was found to consist of alternat-
ing RhSg octahedra with an average Rh—Rh bond length of 3.208 A.
As the average Rh—Rh distance in metallic Rh is 2.69 A, the possi-
bility of direct Rh—Rh bonds, and hence any metallic character, was
discounted. The final morphology of interest is the monoclinic
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Figure 2. ORR curves for 30 wt % Rh,S,/VXC72 (E-TEK) in room tem-
perature (293 K) O,(,-saturated 0.5 M H,S0, at 10 mV s~'. (a) From top to
bottom: 100, 400, 625, 900, and 1225 rpm, (b) cyclic voltammogram of the
same electrocatalyst in Ar,-saturated 0.5 M H,SO, at 20 mV st (T
=293 K), and (c) mass-transfer-corrected Tafel plot of the data collected at
900 rpm.

Cy/m Rh3Sy phasc‘“SI The Rh;S, material resides between the non-
metallic Rh,S; and metallic Rhy;S;5 phases and exhibits properties
akin to both of its brethren. RhS¢ octahedra (essentially Rh,S3)
serve as the backbone in the Rh3S, phase and anchor metallic Rhg
eaves. In addition, Beck and Hilbert’s studies confirm the mixed—
phase character of these materials.

As a result of the synthetic methodology,31 Rh,S, is considered
to be a balanced-phase mixture of Rh,S;/Rh;S4/Rh;;S,s. In Fig. 1,
the 4-peak cluster at 37-40.5° is indicative of the balanced phase
(and the presence of Rh;S;s), while the intensities of the 3 large
peaks slightly below 30° points to the Rh,S; phase [29.1° (002),
29.6° (211), 29.8° (020)], and the Rh3S, phase is indicated by the
(130) and (131) peaks appearing at 26.6° and 29.3°, respectively, in
the Rh,S,/VXC72 spectrum. In addition, the (311) facet of fcc
rhodium metal is observed at 47.3°, but the relative intensity indi-
cates only a small amount is present.

Rotating disk studies— The results for the room temperature
RDE studies of the 30 wt % Rh,S,/VXC72 is shown in Fig. 2. It is
immediately apparent that the voltammogram (Fig. 2b) is relatively
featureless. However, a close examination reveals a slight cathodic
peak extending from 0.7 to 0.3 V. The reasons behind this feature
are not clearly defined at the moment, for, as described above, the
Rh,S, is fully hetereogeneous. Possible explanations involve Rh ion
reduction,’ oxo-monolayer or oxygen reduction, and possibly bisul-
fate anion adsorption.” A more complete description of these fea-
tures regarding the synthesis and electrochemical characterizations
of the Rh,S, single phases will be reported at a later date.>*

While the ORR curves exhibit a large kinetic fingerprint (Fig.
2a), the lack of a well-defined limiting current region makes a rig-
orous kinetic analysis difficult. Nonetheless a mass-transfer-
corrected Tafel plot (900 rpm, Fig. 2¢) was constructed by utilizing
the region where the slope of the current became constant. Analysis
revealed two specific regions with slopes of -58 and
—122 mV dec™! over a 1.04-0.75 V region. These features are strik-
ingly similar to those observed for Pt-based electrocatalysts. Further,
Rh,S, possesses a fairly high onset potential for ORR as determined
by a first derivative transform of the reduction waves (vs +1.1 V for
Pt in similar O,-saturated conditions). When compared to the more
common Ru-based sulfides and selenides (which suffer irreversible
Ru and Se oxidation at potentials greater than ~0.85 V), 363 Rh,S,
offers substantial performance gains, especially when considering
the inherent methanol tolerance of chalcogenide electro-
catalysts.s’z&s’
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Table 1. Activation energies as a function of potential. The
30 wt% Rh,S,/VXC72 moiety was collected in 0.5 M H,SO,. The
20 wt % Pt-based catalysts, shown for comparison, are from Ref.
9 and 13.

E, (0.85V) E,(080V) E. (0.75V) E, (0.70V)

Electrocatalyst  (kJ mol™) (kI mol™") (kI mol™")  (kJ mol™")
Rh,S,/C 22.65+2.02 21.81 =190 19.13 +222 17.33 + 1.87
Pt/C 27.84 £2.04 2687 +20 2213+1.7 19.12+1.8
PtCo/C 27.86 £ 0.23 25.18 £ 0.78 22.33 £ 0.33 19.02 £ 0.78

Table I presents a comparison of the activation energies for the
30 wt % Rh,S,/VXCT72 electrocatalyst compared to previously re-
ported 20 wt % Pt and Pt alloys9 as determined by a modified

Arrhenius equationls’ 3
d log(i E,
( og(z)) _E 2]
(T /g 23R

where i is the current, T is temperature (in Kelvin), E is the constant
potential term, E: is the activation energy (kJ mol™!), and R is the
gas constant. An overall trend of decreasing activation energies in
respect to increasing overpotential is evident for all of the catalysts.
Comparison with prior results for Pt and Pt-based alloys, ~ coupled
with the inherent similarity of the activation energy trends for the
Rh,S, moiety, suggests that the mixed-phase 30 wt %
thS'y/VXC72 electrocatalyst not only proceeds through a similar
formation of -OOH(ads) species at lower potentials but may accom-
plish ORR on geometrically similar active sites. Further analysis of
the Rh,S, results, including qualitative estimations of the relative
densities of active sites in relation to potential, would require similar
time-consuming DFT calculations."? However, a spectroscopic (Ap)
analysis of water activation as reported for Pt-based
electrocatalystslo’ was readily accomplished in a comparatively
short amount of time. If the assumptions gleaned from the activation
energy studies are correct, then the corresponding Ap analysis
should reveal a water activation pathway similar to that reported for
the Pt and Pt-alloy electrocatalyst systems.

In situ XAS.— The in situ XANES spectrum for the 30 wt %
Rh,S,/VXCT72 electrocatalyst collected at different potentials is pre-
sented in Fig. 3a. From analysis of the absorption edge energy
(Rh K edge = 23220 eV), it would appear that the Rh present in the
sample is fully reduced. Comparison with the Rh reference foil
(grey line), however, clearly shows that while the Rh in the material
may have an adsorption edge indicating an average oxidation state
of 0, it is not a fully reduced Rh metal. While the line shapes and
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Figure 3. Rh K edge (23220 eV) XAS spectra for 30 wt % Rh,S,/VXC72
(E-TEK) in 1 M TFMSA at different anodic potentials: (a) XANES, (b)
forward Fourier transform (phase corrected, K2 weighted, AR = 0.02 A), and
(c) Ap = (V) = n(0.40 V) spectrum.
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Figure 4. 3D representations of the monoclinic C,;,, Rh;S, moiety (Ref. 50)
used for fitting the A spectra. The Rh atoms are the smaller, darker circles,
while the sulfur atoms are the large diameter light-colored orbs. (a) Full unit
cell of Rh;S,, (b) a single, fully sulfided Rhg eave (octahedral cluster), and
(c) a stripped version of the Rhg cluster used in the calculations with the
“equatorial” geometry shown as a solid line passing through two Rh atoms
and the “axial” geometry as the line that passes through an Rh and S atom.

amplitudes past the edge correspond closely to those observed for an
oxidized Rh metal, the amplitude shifts are too small to directly
expound upon the extent of oxidation.

In light of the limitations of the X-ray absorption near-edge
structure (XANES) analysis, a forward Fourier transform (k>
weighted) of the corresponding EXAFS data was performed (Fig.
3b). The peak amplitudes in these transforms correspond to quanti-
tative shifts in both the coordination number and Debye—Waller fac-
tor of the studied element and are plotted against interatomic dis-
tance (+0.02 A). Like the XANES spectrum (Fig. 3a) the Fourier
transformed (FT) spectrum shows clear differences between the
Rh,S, electrocatalyst and Rh metal. The strong Rh—-Rh interactions
present in the Rh reference foil (R = 2.69 A) are almost completely
damped out in the spectra for the Rh,S, moiety. Based on the XRD
data, it is not surprising to find that the catalyst is primarily com-
posed of materials that are dominated by Rh—S and Rh-O interac-
tions ranging from 2.1 to 2.4 A (AR = 0.02 A). Most important, the
Rh-O peak amplitudes at ~2.1 A undergo systematic increases
with respect to an increase in potential. Unfortunately, EXAFS is a
bulk-averaging technique and proper separation and identification of
the Rh—O interactions of the three balanced phases is too compli-
cated to be considered reliable.

The corresponding A = (V) — w(0.40 V) spectrum of the
30 wt % Rh,S,/VXCT72 catalyst is shown in Fig. 3c. Compared to
the XANES and EXAFS spectra in Fig. 3a and b, clear and system-
atic differences are occurring with respect to potential. The line
shapes in the potential regions 0.50-0.60 V vs RHE show clear
shoulders before and after the primary minima and a clear change in
the post-peak shoulder shape between 0.80 and 0.90 V, and an over-
all increase in peak amplitude is observed from low (0.50 V) to high
(1.00 V) potentials. For the fitting of the Rh, S, A spectrum, Rh;S,
(Fig. 4) was chosen. As previously described, this material consists
of a heavily sulfided RhSq backbone with the two metallic octahe-
dral Rhg eaves on either side. Based on the morphology of the ma-
terial and chemical intuition, it is apparent that charge transfer oc-
curs predominately at these metallic eaves. A comparison of
numerous fits to the experimental data, and the corresponding mod-
els, is presented in Fig. 5.

At the lowest measured potential, 0.50 V, only an atop (onefold)
OH was able to reproduce both the low intensity of the first peak
minimum in addition to the preceding positive intensity shoulder. At
0.60 V adsorbed OH would not reproduce the shoulders before and
after the main minimum peak. Instead it was found that only an
adsorbed onefold O would fit the spectrum. By 0.80 V onefold O
species have been replaced by twofold O in the axial position, sug-
gesting that replacement of a sulfur atom occurs between 0.60 and
0.80 V. As with 0.80 V, only twofold O would give an adequate fit
at 0.90 V. Interestingly, the twofold O is a mixture of both the axial

0.90 V 2)

Figure 5. Theoretical FEFF 8.0 (dashed) fits and (solid) experimentally de-
rived Ap curves for the 30 wt % Rh,S,/VXC72 (E-TEK) electrocatalyst in
1 M TEMSA shown with the corresponding oxygenated models used to gen-
erate the fits.

and equatorial positions. At 1.00 V, the highest potential at which
data was collected, the spectrum is clearly dominated by n-fold O.
There is no evidence of subsurface O, or place exchange of the
metal atoms, as reported for the Pt/C electrocatalysts.lo

Based on the similarity of the previously discussed activation
energies to Pt/C systems (Table I), it would not be surprising to see
a correlation between the two systems in respect to the water acti-
vation pathway. As expected, the Rh,S, is primarily covered with
onefold O(H) at potentials from 0.50-0.60 V. From 0.80 to 1.00 V
the surface is predominantly covered by two- and n-fold O, suggest-
ing that water of hydration is not affecting the catalyst. When com-
pared to the reported Pt and Pt-alloy systems,g‘lo’24 the Rh;S, phase
of the 30 wt % Rh,S,/VXC72 electrocatalyst behaves in a remark-
ably similar manner.

Conclusion

Application of the Ap technique to in situ XAS data collected
under real electrochemical conditions coupled with activation en-
ergy measurements has allowed, for the first time, the direct obser-
vation of the water activation on a heterogeneous 30 wt%
Rh,S,/VXC72 (E-TEK) chalcogenide electrocatalyst via the model-
ing of the Rh3S, phase. Not only is a clear delineation between one-
and n-fold adsorbed O(H) species observable, but the specific site
symmetry of adsorption on the catalyst has been clarified. Akin to
Pt/C electrocatalysts, the surface of Rh;S, is dominated by onefold
O(H) species at low potentials. Beginning at 0.80 V, a successive
parade of twofold to n-fold adsorbed O dominates on the surface.
Similarities to the activation energies for ORR of Pt/C systems non-
withstanding, the nearly identical nature of the water activation pro-
cess is remarkable.

The ramifications of this examination are significant. First, the
Ap technique has been previously successfully applied to homoge-
neous Pt and Pt-alloy electrocatalysts. Compared to a mixed-phase
chalcogenide material, however, those prior investigations were con-
siderably easier to perform. Here the Ap analysis was proven not
only to function in a mixed-phase environment but also supplied the
chemical information necessary to discern the active sites for water
activation in respect to potential. Indeed, considering the consider-
able amount of work performed over the past decades to understand
the kinetics of ORR on Pt-based electrocatalysts, the time scale of
this investigation on a chalcogenide electrocatalyst is significantly
brief. It is anticipated that future examinations on the phases present
in the 30 wt % Rh,S,/VXCT72 electrocatalyst will convey similarly
detailed information.”
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