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ABSTRACT

In situ x-ray absorption spectroscopy (XAS) in 1 M HC1O4 was used to examine the electronic and structural effects
of hydrogen adsorption on carbon supported Pt (Pt/C) and Pt alloyed with first row transition metals (Cr, Mn, Fe, Co, and
Ni). In the case of Pt/C, potential excursions from the double layer region (0.54 V vs. RHE) to 0.0 V caused significant
changes in the XAS spectra whereas none was observed for the alloys. The L, and L2 x-ray absorption near edge struc-
ture indicated the generation of empty electronic states in the vicinity of the Fermi level due to adsorption of hydrogen,
and the L, extended x-ray absorption fine structure indicated an increase in the coordination number of the first Pt-Pt
shell from 9 to 11. The latter was attributed to a reversible surface restructuring process. Alloying of the Ptsuppressesboth the electronic and structural effects at 0.0 V. A comparison of the electrochemical kinetics for hydrogen oxidation
by these electrocatalysts in a proton exchange membrane fuel cell indicated that alloying of the Pt had insignificant
effects on the kinetics.

Previous work1 has shown that the most accepted mech-
anism of hydrogen molecule oxidation is the Tafel-Volmer
sequence, with the rate-determining step being dissocia-
tion of the hydrogen molecule (Tafel, Ref. 2) followed by a
fast oxidation step (Volmer reaction). Despite the facile
nature of this reaction on Pt and Pt group metals, a better
understanding of the electrocatalysis in terms of the elec-
tronic and geometric parameters involved is essential. The
primary motivation emanates from the promise of electro-
catalysts with better tolerance toward commonly encoun-
tered catalyst poisons such as CO and S '' and the eventu-
al success of the direct methanol fuel cells.6

The electronic and geometric parameters which deter-
mine the electrocatalysis encompass several factors such
as (i) the crystallite size effect, coordination numbers,
bond distances, etc., and (ii) the Pt 5 d orbital vacancies.
The effect of crystallite size and other geometric parame-
ters for Pt has been extensively reviewed.7'8 Attempts to
understand the mechanism and kinetics of hydrogen mol-
ecule oxidation on Pt surfaces based on different models of
hydrogen chemisorption and the interplay of electronic
factors have also been made.''°

The x-ray absorption spectroscopy (XAS) technique
with the near edge part (x-ray absorption near edge struc-
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ture, XANES) and higher energy side of the spectra
(extended x-ray absorption fine structure, EXAFS) offers
the prospect for investigating these factors and their inter-
play under in situ conditions of hydrogen oxidation.
Recently we have completed an in situ XAS study on a
series of carbon supported Pt alloy electrocatalysts, where
Pt is alloyed with the first row transition elements (Cr, Mn,
Fe, Co, and Ni). 11,12 This study correlated the electronic (Pt
5 d orbital vacancy obtained from the Pt L3 and L2
XANES) and geometric parameters (bond distance and
coordination numbers from the Pt L3 EXAFS ) with elec-
trocatalysis for oxygen reduction reaction (ORR).

There have been several reports on the effect of adsorbed
hydrogen on the Pt L3 XANES and the Pt d band vacan-
cies. Almost all of these are for oxide-supported Pt cata-
lysts in gaseous hydrogen.'"4 The main effect is a broad-
ening of the Pt L3 XANES white line on the high energy
side of the peak. Similar effects have been observed for
carbon supported Pt electrodes in 1 M HC1O4 in the hydro-
gen adsorption region.'1 Boudart has attributed this
widening of the white line to transitions into Pt-H anti-
bonding orbitals.'4

Recently Allen et al., have used in situ dispersive
EXAFS to study carbon supported Pt over a wide poten-
tial range.'6 They found significant increases in the magni-
tude of the first peak (the first Pt-Pt shell) of the Fourier
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transform in the hydrogen adsorption region. No explana-
tion was given for this, but it indicates some structural
changes. Tidswell et al.,'7 using x-ray reflectivity on Pt
single crystals (<100>), have shown that adsorbed hydro-
gen can induce surface relaxation on Pt.

All these studies indicate that adsorbed hydrogen can
induce significant electronic and structural changes on Pt.
The implication of this for the hydrogen oxidation kinet-
ics or the susceptibility of the electrode to poisons is not
known. The present study uses in situ XAS to study elec-
tronic and structural changes in carbon supported Pt and
Pt alloys in the hydrogen adsorption region.

Experimental
Electrocatalysts, electrodes, and electrochemical charac-

terization.—Five carbon-supported binary Pt alloys (Pt/Cr;
Pt/Mn, Pt/Fe, Pt/Co, and Pt/Ni) and Pt electrocatalysts
were procured from Johnson Matthey Inc. (West Deptford,
NJ). Based on previous investigations" the electrocata-
lyst loading was chosen as 20% (by weight) metal on car-
bon. The gas diffusion electrode structure comprised a
reaction layer (containing 40 to 50% PTFE) and a wet-
proofed carbon cloth substrate (Textron, MA). The elec-
trodes were prepared with a constant Pt loading of
0.3 mg/cm2 (confirmed by atomic absorption spectroscopy).

The electrode kinetic evaluation of hydrogen oxidation
was conducted at a solid polymer electrolyte membrane
(SPEM) interface at 95°C and 5 atm pressure. Meth-
odologies for electrode impregnation with Nafion® solu-
tion (Aldrich), membrane electrolyte purification
(Aciplex,® Asahi Chemical Co., Japan), and the fabrication
of the membrane electrode assembly (MEA) are described
elsewhere.20'2' The MEA was next incorporated into a sin-
gle-cell test fixture with capabilities for half-cell measure-
ments.2' Electrode kinetic measurements were carried out
in a test station with provisions for temperature and pres-
sure control, humidification of reactant gases, and gas flow
measurements.2' Prior to electrode kinetic measurements,
the MEA assembly was conditioned at several temperature,
pressure, and humidity conditions, details of which are
given elsewhere.2' Besides the electrode kinetic measure-
ments at 95°C and 5 atm pressure, measurements were also
carried out as a function of temperature (in the range 35 to
80°C) for determination of the activation energy.

X-ray diffraction .—The characteristics of the crystalline
structure of the supported Pt and Pt alloy electrocatalysts
(formation of superlattices, etc.) were determined using x-
ray powder diffraction (XRD). Measurements were carried
out using a Sintag automated diffractometer with a Cu K
radiation source. 28 Bragg angle were scanned over a
range of 0 to 80°. The diffraction patterns were recorded
and analyzed by comparing them with standard powder
diffraction data such as the JCPDS powder diffraction
patterns (NIST). Details of sample preparation, internal
calibration, and analysis are given elsewhere."2

fit situ XANES and EXAFS investigation.—The x-ray
absorption spectroscopic measurements were carried out
at the National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory (BNL), using the
National Institute of Science and Technology (NIST) beam
line X23A2. Details of the monochromator design and
energy resolution are given elsewhere." Based on the
monochromator and the overall beam line configuration,
the presence of second harmonics was negligible. This was
confirmed at both Pt (L, and L2 edge) and the K edge of the
alloying element using absorption edges of test samples at
approximately twice the energy."

Prior to electrode fabrication all the electrocatalysts
were soaked in either 2 M KOH or 1 M HC1O4 to remove
residual oxides and unalloyed first row transition ele-
ments. The electrodes used for the in situ XAS measure-
ments were prepared by a vacuum table paper making
technique22 and comprise 76% electrocatalyst, 12% carbon
fibers, and 12% PTFE (Teflon TFE-30, Du Pont). This
afforded adequate step heights at both Pt L and the K edge

of the alloying element in transmission and fluorescence
modes. The electrodes were soaked in 1 M HC1O4 for 48 h
to ensure complete wetting prior to incorporation in the
spectroelectrochemical cell. Since XAS is an averaging
technique, it was essential to ensure that all of the electro-
catalyst was electroactive and there was a minimal
amount of residual oxides and other phases (<5%). The
spectro-electrochemical cell used as a part of this study
allowed measurements in both transmission and fluores-
cence modes. The cell comprised the working electrode
and an uncatalyzed carbon counterelectrode that were
wetted with 1 N HC1O,. The separator used was a Nafion
117 proton exchange membrane (Du Pont). The reference
was a calomel electrode, however; all potentials in the
paper are reported vs. the reversible hydrogen electrode
(RHE). The electrolyte was 1 N HC1O4, chosen due to non-
absorption of its anion, a property similar to that of the
perfiuorinated sulfonic acid membrane (Aciplex,® Asahi
Chemical Company, Japan). The cell was specially con-
structed to maintain all components under compression in
order to avoid complications in the spectra due to random
density fluctuations caused as a result of gas bubbles.
Details of the cell and the data acquisition setup are given
elsewhere."2 The potential control for the in situ XAS
measurements was carried out using a potentiostat
(Stonehart Associates, Model No. BC-1200) and a function
generator (EG&G Princeton Applied Research Model No.
PAR-175). XAS data were first recorded at the Pt L2 and
L3 edges and then at the K edge of the respective alloying
element. The measurements were first made at the open-
circuit potential and then at potentials of 0.0, 0.24, and
0.54 V The potential was changed from one value to the
next at a sweep rate of 1 mV/s. The K edge XAS measure-
ments for the alloying element were then carried out at
0.0, 0.24, 0.54, 0.84, and 1.14 V to check for the stability of
the alloying element.

The methods used in analyzing the Pt XANES data and
the determination of the Pt d band vacancies followed
those of Mansour and co-workers'3'23 and are described in
detail elsewhere."2 The EXAFS data were analyzed by
methods described in detail in previous publications."2'24
Phase and amplitude data for the Pt-Pt and Pt-O interac-
tions were derived from Pt foil and Na2Pt(OH), data at liq-
uid nitrogen temperature. The FEFF program of Rehr
et al.,2' (version 4.08) was used to derive the Pt-M (M
denotes the first row transition element) phase and ampli-
tude parameters.

Results and Discussion

X-ray diffraction—Comparison of the x-ray powder dif-
fraction patterns with those of the standard JCPDS pow-
der diffraction data base shows that the PtMn/C, PtCr/C,
PtFe/C, PtCo/C, and PtNi/C alloys form intermetallic
crystalline structures, the primary superlattice phase
being of the type Pt3M (where M is the first row transition
alloying element) possessing an L12-type lattice with an
fcc structure. There were indications of a small contribu-
tion of a secondary phase of the type PtM possessing an

Table I. Structural characteristics of the Pt and Pt alloy
electrocatalysts, obtained from x-ray powder diffraction studies.

Lattice parameter
(Pt-Pt bonil distance) Average pticle size

Electrocatalyst (A) (A)

Pt/c

PtMn/C

PtCr/C

PtFe/C

PtCo/C

PtNi/C

3.927
(2.777)
3.898

(2.756)
3.873

(2.738)
3.8 66

(2.733)
3.854

(2.725)
3.8 12

(2.695)

35

69

57

58

69

58
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Pt/C> PtMn/C > PtCr/C > PtFe/C > PtCo/C > PtNi/C
(Table I). The particle sizes, based on x-ray line broaden-
ing, were estimated using the Scherrer equation26 and the
linewidth at half maximum intensity, corrected for instru-
ment broadening, was obtained using Warrens equation.27
The particle sizes were obtained from peak broadening of
<111> diffraction line of the primary phase in the Pt and
Pt alloys, relative to the <220> diffraction line for 20 p.m
spherical particles of Al powder (AESAR, Johnson
Matthey) used as an internal standard (20 peak position at
44.6°). Table I shows that particle size increases due to
alloying in the order of Pt/C < PtCr/C <PtFe/C, PtNi/C <
PtCo/C, PtMn/C.

Electrochemical characterization—Figure 1 shows the
Tafel plots for the Pt and Pt alloy electrocatalysts at 95°C
and 5 atm pressure. The electrocatalytic activities for both
Pt and Pt alloy electrocatalysts for hydrogen oxidation are
almost identical.

Figure 2a shows the representative plot of the effect of
temperature on the polarization behavior of PtCr/C. The
rate constant for hydrogen dissociation (K) was derived
from the limiting current (Lm) using a previously derived3

0.00 0.05 0.10 0.15 .20 0.25 0.30 expression

Potential (VVS 1E) Lim 2FA1C°(-yK8D)"2

where A is the interfacial roughness; y the active surface
area per unit volume of porous electrode; D, the effective
diffusivity of hydrogen in the electrolyte-filled reaction
layer; and C2, the concentration of hydrogen at the mem-
brane electrolyte interface. The interfacial roughness fac-
tor A was taken as 2 (a reasonable value based on previ-
ous models3'28'29). The value of -y (Table II) was calculated as
0.96 to 1.23 x 10 cm2 Pt/cm3 (based on previously report-
ed roughness factors,11'12 a Pt loading of 0.3 mg/cm2, and a
penetration depth of 10 p.m (based on previously reported
Rutherford backscattering results30). The diffusivity of
hydrogen and its dependence on the hydrogen concentra-
tion at the electrolyte-reaction layer interface were
obtained from previously published values.31'32 The tem-
perature dependence of the rate constant for hydrogen dis-
sociation (I) was used to derive a measure of the activa-
tion energy Figure 2b shows an Arrhenius plot for the
PtCr/C electrocatalyst, and the values of activation energies
are given in Table II. There was no variation in the activa-

Fig. 2. Behavior of a PICr/C elecfrocatalyst in terms of (a) variation in hydrogen polarization as a function of temperature, [30 (•), 50 (A),
and 80°C (•)1 and (b) the corresponding Arrhenius plot.

I
8

10000

1000

100

10

[1]

Fig. 1. Polarization curves for hydrogen oxidation on Pt and Pt
alloy electrocatalysts in a proton exchange membrane fuel cell at
95°C and 5 atm pressure for Pt and Pt alloy electrocatalysts, Pt
loading on electrodes, 0.3 mg/cm2. PtCr/C (—) and Pt/C (...). Data
for PtMn/C, Ptfe/C, PtCo/C, and PtNi/C were almost identical to
PtCr/C.

L10-type lattice with a tetragonal structure. The extent of
contribution of this secondary phase (<5%), was estimated
by the intensity of the diffraction lines due to the PtM
phase. The 20 positions of the <100>, <111>, <200>, and
<220> powder diffraction lines for the Pt/C electrocata-
lysts compares well with the standard JCPDS powder dif-
fraction files and indicates that the electrocatalyst Pt/C
has fcc lattice similar to bulk Pt. The lattice parameters
for the Pt alloys, based on the Pt3M type fcc lattice (Table I),
reveal contractions, in comparison to those for the Pt/C
electrocatalyst. The lattice parameters decrease in the order
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0, 10
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Table II. Electrochemical kinetic parameters
for hydrogen oxidation.

Electrocatalyst
1

(i0 cm')
MI,

(KJ/mol) (On)

Pt/C 1.22 10.88 0.95
PtCr/C 1.01 9.62 0.95
PtMn/C 0.96 10.04 0.94
PtFe/C 1.12 10.46 0.95
PtCo/C 0.98 10.46 0.89
PtNI/C 0.96 9.83 0.88

Table III. Percent atomic ratio of N to alloying element and
electronic parameters (N 5 d orbital vacancy) for N and

Pt alloy electrocatalysts as obtained from in situ
XANES analysis at 0.0 and 0.54 V vs. RHE.

Electrocatalyst
Atom Percent

(Pt: alloying element)
0.0 V
(h4),,0

0.54 V
(hi),;

Pt/C — 0.335 0.329
PtCr/C — 0.359 0.360
PtMn/C 64.17 0.333 0.331
PtFe/C 68.10 0.370 0.368
PtCo/C 64.60 0.398 0.400
PtNi/C 76.45 0.410 0.412(y) Active surface area per unit volume of porous electrode.

(0) Surface coverage by hydrogen.

tion energies, indicating a similar Tafel-Volmer mecha-
nism for Pt and Pt alloys. This agrees with previously pub-
lished results for PtRh and PtRu alloys.33

The hydrogen coverage (0) was derived by fitting the
normalized polarization data to the expression3

'TttLim = (1 — 0) [2]

01

-J

0.01

0.001

(a)

0

V1

—' -2

0.00 0.05 0.10 0.15

Electrode Potential, V vs RHE

0.20

a (5,),, denotes the Pt 5 d orbital vacancy per atom.

Figure 3 shows fits for the PtCr/C and Pt/C data at 6 0°C.
The results for Pt and Pt alloys are given in Table II. The
hydrogen coverages do not differ significantly between the
supported Pt and Pt alloy electrocatalysts and may indi-
cate that the outer surface of the Pt alloys is mostly Pt. In
binary alloys, with a Pt3M stoichiometry, and an LI3 crys-
tal structure, it is possible to have surface enrichment
without surface segregation as has been reported for
Pt/Ti, ' Pt/Co, ' Pt/Sn, 36 and Pt/Ni alloys.37

XAS analysis.—The alloy composition was calculated
from the respective edge jumps at Pt L3 and K edges of the
alloying elements and the absorption cross sections
obtained from the McMaster Tables36 and the results
(Table III) agree with a Pt3M stoichiometry.39'4°

XANES analysis—Figure 4a shows the in situ Pt L3
XANES for a Pt foil and a Pt/C electrocatalyst at 0.0 and
0.54 V vs. RHE. At 0.0 V there is considerable widening of
the white line on the high energy side of the peak. This
effect is completely reversible with potential. At 0.54 V
(double layer region) the spectra for Pt/C is identical to
that for a Pt foil which indicates that there is no interfer-
ence due to anion or water adsorption. Such a widening of
the white line in the hydrogen region is similar to that pre-
viously reported in the gas-phase studies on oxide sup-
ported Pt catalysts by Mansour and co-workers'3'33 and by
Samant and Boudart.'4 Samant and Boudart'4 have pre-
sented their results as the difference spectra relative to a
Pt foil. Similar plots are shown in Fig. 4b. Negative differ-
ence spectrum indicate features present in the Pt foil that
are absent in the electrocatalyst sample. The features at
—18 eV and above correspond to the first oscillation
beyond the white line, and hence the presence of this fea-
ture in the difference spectrum can be attributed to the
change in coordination number of Pt in going from bulk
(foil) to small supported crystallites. At energies below
18 eV, the difference spectra reflect changes in the elec-
tronic structure of Pt. In the hydrogen region (0.0 V), there
is a major positive feature at =9 eV. This suggests the for-
mation of unoccupied states on the high energy side of the
Fermi level of Pt. Calculation of the 5 d orbital vacancies
using the areas under the L3 and L3 white lines (details of
the methodology given elsewhere"323) at 0.0 and 0.54 V
reflect these observations (Table III), which support the
earlier suggestion'4 of the creation of antibonding states
above the Fermi level of Pt due to hydrogen adsorption.

A similar comparison in the case of Pt alloys (Fig. 5a
shows representative XANES for PtNi/C) shows that
alloying causes an increase in the white line thereby indi-
cating higher d band vacancy of Pt. This is exhibited by
the increased magnitude of the white line for PtNi/C at
0.54 V (Fig. 5a). Further; there appears to be no apprecia-
ble differences in the white lines at 0.0 and 0.54 V, indicat-
ing minimal change in the electronic structure of Pt in the
alloys at the hydrogen region. These observations are
quantitatively reflected in the calculated d band vacancies
(Table III). The corresponding difference spectrum
(Fig. Sb) clearly indicates the minimal change in electron-
ic structure of Pt in the hydrogen region in contrast to the

-3

.4
0.00 0.05 0.10 0,15 0.20 0.25

Electrode Potential, V vs RHE

(b)

Fig. 3. Fit between the theoretically derived polarization curve
(—) using (o = 0.95) and the experimental data at 60°C for (a)
PtCr/C and (b) N/C electrocatalysts.
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(a) (b)
Fig. 4. (a) Pt L3 XANES spectra for a Pt foil (0) and for a Pt/C elecfrocatalyst in 1 M HCIO4 at 0.0 V (—) and 0.54 V (...). (b) Difference

spectra at 0.0 (—) and 0.54 V (...).

Pt/C electrocatalyst. The negative feature at —18 eV is
similar to those observed for the Pt/C electrocatalyst arid
can be attributed to the smaller crystallite size of the sam-
ple. The positive feature at 9 eV corresponds to the
increased Pt 5 d orbital vacancy as a result of alloying.

XANES analysis at the alloying element K edge in the
potential region of 0.54, 0.84, and 1.14 V have been report-
ed previously."2 These previous results have shown no
evidence of any redox-type process involving the alloying
element as well as negligible corrosion even at potentials
above 0.8 V vs. RHE. These results strongly indicate that
the outer surface is mostly Pt.

EXAFS analysis.—EXAFS spectra at the Pt L3 edge
were used to investigate the effect of potential on the short
range atomic order (bond distances, coordination number,
and Debye Wailer factor) of Pt and Pt alloys. Figure 6
shows the representative plots for the isolated EXAFS at

the Pt L, edge for Pt/C at 0.0 V. Table IV gives the integra-
tion range in k space for the forward Fourier transforms.
Comparison of the Fourier transforms at 0.0 and 0.54 V for
Pt/C electrocatalysts is shown in Fig. 7. Once again the
effect of potential in the EXAFS is reversible. The higher
magnitude of Fourier transform at 0.0 V indicates a sig-
nificant change in the structural parameters for the Pt/C
electrocatalyst in the hydrogen region relative to the dou-
ble layer (0.54 V). This observation of a higher magnitude
of the Fourier transform is in agreement with previously
reported in situ results on a supported Pt/C electrocata-
lyst.'6 A corresponding analysis for the Pt alloys, as shown
by the representative plots for PtMn/C and PtNi/C (Fig. 8),
however, shows minimal changes with potential.

The increase in the magnitude of the first peak in the
Fourier transform can be attributed to changes in the Pt-
Pt coordination number (I'.J), changes in the Debye Wailer

I r I I
-10 -5 0 5 10 15

Energy Relative to Pt L3 Edge (11564 eV)

Fig. 5. (a) Pt L3 XANES spectra for a Pt foil (0) and for a PtNi/C electrocatalyst in 1 M HCIO4 at 0.0 V (e) and 0.54 V (V). (b) Difference
spectra at 0.0 (—) and 0.54 V (...)

-15 -10 -5 0 5 -20 -10 0 10 20

I'
/ ooo
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. 0.8
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a 0.06
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—15 I I I I I I

0 2 4 6 8 10 12 14 16 18 20 22
k(k1)

Fig. 6. EXAFS spectrum at the Pt L3 edge for Pt/C electrocatalyst at
0.0 V.

factor (r2), the introduction of another coordination shell
(e.g., Pt-C), or to forward scattering effects due to hydro-
gen in the Pt lattice. The presence of extra coordination
shells and the forward scattering were checked by doing
Pt-Pt phase corrected Fourier transforms on the data. In
all cases, the peak of the real part of the Fourier transform
coincided with a symmetrical positive peak in the imagi-
nary part of the transform. This is evident from Fig. 9,
showing such a comparison at 0.0 \ This indicates a sin-
gle Pt-Pt coordination shell, and it eliminates forward
scattering as an explanation of the higher peak. Extra
coordination shells would introduce asymmetry in the
main peak of the imaginary part of the transform.
Forward scattering would change the phase and the max-
ima would not coincide. The effects of N and M2 were sep-
arated by comparing k1 and k3 weighted fits41 and by use
of the log ratio method.42'43 For the log ratio test the log
ratio of the amplitudes for the Pt reference foil and the
Pt/C were plotted vs. k2. The intercept at k = 0 A' yields

Radial Coordinates (A)

Fig. 7. Comparison of Fourier transform (k3 weighted) at 0.0 F—)
and 0.54 V (...) vs. RHE for Pt/C elecfrocatolyst (k values in
Table IV).

the coordination number and the slope of the line, y2•
This yielded N = 10.7 and &r = 0.0046 for the Pt/C at 0.OV
and N = 8.7 and &r = 0.0045 at 0.54 V. This indicated that
the changes in the EXAFS are due mainly to changes in
the coordination number at 0.0 V.

Detailed EXAFS analysis was performed after obtain-
ing the inverse Fourier transforms and performing fits
with phase and amplitude data that were either derived
experimentally (Pt foil at liquid N2 temperature for the Pt-
Pt phase and amplitude parameters) or theoretically
(FEFF program, for the Pt-M phase and amplitude para-
meters). All fits were performed using iterative least
square fitting.44 All relevant parameters for the forward
and inverse Fourier transforms for the sample and refer-
ence standards are given in Table IV. The approach taken
in fitting the sample data was to choose the simplest model
first and attempt to get unique solutions to the fits. Thus
for Pt/C electrocatalyst it was possible to fit the data to a

Electrocatalyst

0.0 V vs. RHE 0.54 V vs. RHE

Ak (A1) Ar (A) Ak (A_i) Ar (A)

Pt/C 3.53 to 14.31 1.41 to 3.41 3.49 to 1423 1.40 to 305
PtCr/C 3.30 to 14.50 1.41 to 3.41 3.15 to 14.71 1.41 to 3.41
PtIvIn/C 3.54 to 14.45 1.40 to 3.32 3.70 to 14.22 1.21 to 3.61
PtFe/C
PtCo/C
PtNi/C

3.28 to 14.51 1.5 to 3.31 3.45 to 14.74
3.20 to 14.48 1.38 to 3.41 3.22 to 14.61
3.25 to 14.20 1.50 to 3.50 3.55 to 14.64

1.50 to 3.40
1.50 to 3.50
1.50 to 3.50

Fourier transformation ranges of the foward aznd inverse transforms for reference standards.

Reference standard Ak (A1) Ar (A) N R4

Pt foil (liquid N2 temperature)
(Pt-Pt standard)

Pt-Cr standard
(FEFF program)

Pt-Mn standard
(FEFF program)

Pt-Fe standard
(FEFF program)

Pt-Co standard
(FEFF program)

Pt-Ni standard
(FEFF program)

3.55 to 19.22 1.04 to 3.52 12 2.774

3.30 to 19.50 1.40 to 3.10 12 2.774

3.30 to 19.45 1.40 to 2.92 12 2.774

3.14 to 18.14 1.45 to 2.95 12 2.774

2.92 to 19.17 1.40 to 3.40 12 2.774

2.55 to 19.25 1,50 to 3.50 12 2.774

15 -

10-

5.

0-

-5 -

-10

2
I!
F-

a,
•0

Ca,

12

8

4

0
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Table IV. Fourier transformation ranges of the forward and inverse transforms (k3 weighted) for Pt and Pt alloy electrocatalysts
at 0.0 and 0.54 V vs. RHE.
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(a) (b)

Fig. 8. Comparison of Fourier transform (k3 weighted) at 0.0 (—) and 0.54 V (...) vs. RHE for (a) PtMn/C and (b) PtNi/C elecfrocatalyst (k
values in Table IV).

single Pt-Pt coordination shell at both 0.0 and 0.54 V.
Figure 10 shows the quality of this fit at 0.0 V in both k
and r space. Similarly the Pt alloy data were fitted to a
two-shell model consisting of Pt-Pt and Pt-M contribu-
tions at both the potentials. The quality of fits obtained is
shown by the representative plots for PtCr/C alloy at
0.54 V (Fig. 11) in both k and r space. The results of
EXAFS analysis are given in Tables V and VI. The error
limits in the EXAFS analysis were obtained according to
procedure described elsewhere.45 For single shell fits, the
limits of error ranged between 1 and 8% for N and 0.005
to 0.01 A for R. For two shell fits, the error limits were typ-
ically in the range of 5 to 14% for N and 0.007 to 0.012 A
for R. The single shell fits are more reliable than two shell
fits, since they can be verified using the log ratio method.
This could account for some of the variation in the total
coordination numbers for the alloys.

The results in Table V are in close agreement with those
obtained using the log ratio method, confirming that there
is an increase in the coordination number at 0.0 V as com-
pared to 0.54 V. Further, the quality of fits obtained using
k' weighting was of similar high quality and the values of
the EXAFS parameters were essentially the same. These
results strongly suggest restructuring of the Pt particles in
Pt/C at the hydrogen region. Previous results of Tidswell
at al.,'7 using x-ray reflectivity at the <100> Pt/electrolyte
interface has shown that surface relaxation of Pt occurs on
adsorption of hydrogen. Similar results have also been
previously reported in vacuum interface studies using
Rutherford backscattering at the <001> Pt surface.46
Recent results by Zei at al.,47 using in situ STM on <100> Pt
surface have shown that a reconstructed <100> Pt surface
([5 x 20] symmetry, prepared using flame annealing) can be
maintained on transfer to the electrolyte at negative
potentials. Excursion to positive potentials lifts this re-
construction ([5 X 20] — [1 X 1]). However, unlike Au 48
there was no evidence of any reconstruction on going back
to negative potentials. Ar explanation of the present results
is that on the small supported Pt electrocatalyst particles
such a reconstruction is possible and is reversible with
potential. The reconstruction could change the particle
shape and hence the coordination number. The coordina-
tion numbers at 0.0 V are what one would expect for a 25 A
particle with a cubo-octahedral structure. The lower coor-
dination number at 0.54 V would indicate a different shape,
perhaps a flat raft-like structure on the carbon support.

Results of the EXAFS analysis for the Pt alloy electro-
catalysts at 0.0 and 0.54 V are given in Table VI. All the
alloys exhibit contractions in their Pt-Pt distances con-
firming the results from the ex situ x-ray diffraction
analysis. In contrast to the Pt/C electrocatalyst, there is no
variation in the N, R, and r' values for any of the alloy
electrocatalysts with potential. This indicates that the
process of alloying renders the electrocatalysts immune to
structural changes in the hydrogen region. It is also impor-
tant to consider the particle size difference between the
supported Pt and the Pt alloy electrocatalysts. The parti-
cle sizes determined using x-ray line broadening analysis
(Table I) indicates that compared to 35 A for Pt/C the
alloys have values ranging from 57 to 69 A. Particle sizes
determined from coordination numbers around Pt in Pt/C
and Pt alloys (sum of Pt-Pt and Pt-M) using cubo-octahe-
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Fig. 9. Comparison of real (—) and imaginary (...) parts of the
Fourier transform for Pt/C electrocatalyst at 0.0 V. The trapsform is
Pt-Pt phase corrected and Ic weighted; Ak = 3.0 to 18.0 A-1.
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dral model for face centered cubic (fcc) clusters indicate
slightly smaller particle sizes, —25 A for Pt/C and 40 to
55 A for the Pt alloys.49 The percent ratio of surface atoms
to the total number of atoms (N5./N9) changes from 28 to
20% in going from 25 to 70 A. The decrease in N,/N9 in
going from Pt/C to the alloy catalyst is not enough to
account for the absence of effects on the XAS of the alloys
in the hydrogen region. Thus the differences between the
behavior of the Pt/C and the Pt alloy electrocatalysts can-
not be attributed to a trivial particle size effect. The short-
er Pt-Pt bond distance in the alloy is also indicative of a
more stable configuration that resists reconstruction at
negative potentials. The Pt 5 d band vacancies for the
alloys and the Pt-Pt bond distances show a smooth inverse
relationship. However the increase in 5 d band vacancies
at 0.0 V did not result in a contraction of the Pt-Pt bond
distances. In acids with strongly adsorbing anions such as
sulfate or phosphate, there is also an increase in the Pt L,
edge white line without any modification of the Pt-Pt
bond length. Apparently, empty states due to adsorbates
such as hydrogen or anions do not affect Pt-Pt bonding,
whereas the empty states due to alloying affect the Pt-Pt
bond length. The Pt XANES for the alloys at 0.0 V indi-
cates that there is no effect due to adsorbed hydrogen.
Alloying may reduce the hydrogen adsorption. In case of
Pt/C adsorption of hydrogen aids the reconstruction. The
reconstruction on the Pt/C may cause a variation in the
kinetic parameters for hydrogen oxidation with potential.

Table V. Results of in situ EXAFS analysis on the carbon supported
Pt electrocatalyst at 0.0 and 0.54 V vs. RHE.

Electrode potential: 0.0 V.

Coordination
(it3),, shell N

R
(A)

&r2
(A2) AE,

0.335 Pt-pt 10.64 2.772 0.0044 0.93

Electrode potential: 0.54 V

Coordination
(it3),, shell N

R
(A)

M'
(A') AE0

This could account for the poorer fit for the kinetic data in
Fig. 3b.

Conclusions
In summary, this study indicates that in contrast to the

oxygen reduction reaction,"2 the electrocatalytic activi-
ties for hydrogen oxidation in Pt and Pt alloys do not dif-
fer significantly. Further, the mechanism for hydrogen oxi-
dation appears to be same for both Pt and Pt alloy
electrocatalysts as indicated by the similarity of their re-
spective activation energies. The hydrogen coverages on
all the Pt alloys were also found to be similar to the Pt/C

Table VI. Results of in situ EXAFS analysis on the carbon supported
Pt elecfrocatalysts at 0.0 and 0.54 V vs. RHE.

Electrode potential: 0.0 V

Coordination
Electrocatalyst shell N

R
(A)

Aa'
(A') E0

PtCr/C pt-pt
Pt-Cr

8.45
2.73

2.70
2.68

0.0051
0.0061

4.44
—6.16

PtMn/C pt-pt 6,84 2.76 0.0045 3.20
Pt-Mn 2.98 2.69 0.0024 —6.81

PtFe/C pt-pt 6.62 2.71 0.0032 4.96
Pt-Fe 2.82 2.65 0.0042 —5.77

PtCo/C pt-pt 7.14 2.67 0.0071 7.51
Pt-Co 2.41 2.64 0.0061 —11.45

PtNi/C Pt-Pt 8.81 2.70 0.0046 2.45
Pt-Ni 2.64 2.62 0.0074 —9.09

Electrode potential: 0.54 V.

Coordination
Eiectrocatalyst shell N

R
(A)

4a'
(A') AE0

PtCr/C Pt-Pt
Pt-Cr

8.53
2.78

2.71
2.69

0.0066
0.0039

5.20
—7.58

PtMn/C Pt-Pt
Pt-Mn

7.52
2.75

2.76
2.68

0.0057
0.0023

1.04
—8.11

PtFe/C Pt-Pt
Pt-Fe

6.71
2.98

2.70
2.64

0.0034
0.0065

9.45
—6.51

PtCo/C pt-Pt
Pt-Co

6.94
2.48

2.68
2.63

0.0057
0.0061

5.48
—8.37

PtNi/C pt-pt
Pt-Ni

9.12
2.72

2.68
2.61

0.0072
0.0114

7.55
—9.12

8

6

4

2
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Fig. 0. Single shell fit for Pt/C electrocotalyst at Pt 13 edge tO.0 Vi in (a) r space and (b) k space. The fits are W weighted with the sample
data denoted by (fl.) in r and (0) in k space and the fitted data by C—) in r and 4) k space.

0
0 2 4 6

-J I
2 4 6 8 10 12 14
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Fig. 11. Two shell fit for PtCr/C elechocatolyst at Pt L3 edge (0.0 V) in (a) r space and (b) k space. The fits are Ic weighted with the sam-
ple data denoted by (..) in r and (0) in k space and the fitted data by (—) in r and (•) k space.

electrocatalyst. This implied that the outer surface of the
electrocatalyst particles is mostly Pt.

XAS analysis revealed that all the alloys possessed high-
er Pt 5 d band vacancies per atom as compared to the Pt/C
electrocatalyst. They also confirmed results of x-ray dif-
fraction that alloying caused contraction of the lattice
parameters. In the case of the Pt/C electrocatalyst, the Pt
5 d band vacancies were higher at 0.0 V as compared to
0.54 V, indicating that the H adsorption at 0.0 V resulted in
increased d band vacancies. These electronic changes were
associated with a change in the Pt-Pt coordination num-
bers, with higher N values at 0.0 V as compared to 0.54 V
(all other parameters remained unchanged, i.e., R and M2).
This is attributed to a reversible reconstruction effect
which changes the particle shape. In contrast to this, the Pt
alloy electrocatalysts showed no influence of potential on
either the d band vacancies or the structural parameters.
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ABSTRACT

The electrochemical faceting and roughening of polycrystalline Ag and Cu electrodes in aqueous 0.01 M HC1O4 +
0.5 M NaC1O4 at 25°C was investigated by applying a symmetric square wave potential reversal technique for 20 h
between preset upper and lower potential values in the range 5 Hz <f <5 kHz. The characteristics of treated specimens
were followed by voltammetry, Pb underpotential deposition for Ag, and Ti underpotential deposition for Cu, and scan-
ning electron microscopy. For f < 50 Hz, the net electrochemical reaction involves the metal electrodissolution in the oxi-
dation half-cycle and metal electrodeposition accompanied by the development of a branched metal topography in the
reduction half-cycle. In contrast, for f > 50 Hz, the metal electrodissolution/electrodeposition cycling produces local
faceting at each metal grain. The amount of soluble species found in the solution after a 20 h potential reversal technique
increases as f is decreased. Under comparable conditions, both metals behave in a rather similar way, although Cu
deposits are always more compact than those resulting from the application of the potential reversal.

Introduction
The electrochemical roughening and faceting of metals

based upon the application of different periodic potential
routines is an attractive procedure for developing textured
metal surfaces.1-6 This procedure has been extensively
employed to modify the surface topography of noble metal
electrodes by applying either a periodic potential to these
electrodes immersed in an aqueous environment7 or by
electroreducing a hydrous noble metal oxide layer previ-
ously built up using an adequate potential routine.5 Less
attention has been paid to the application of these tech-
niques to other lower cost metals of wider practical inter-
est. Previous results on Cu electrodes in aqueous phos-
phoric acid8 have shown that either a smooth or a rough
topography resulted depending on the frequency of the
periodic potential routine. The latter determines the char-
acteristics of the nonstationary diffusion layer built up
around the electrode.8

This work refers to changes in the topography of poly-
crystalline Ag and Cu electrodes immersed in an acid elec-
trolyte solution produced by a prolonged application of
the potential reversal technique (PRT). Topographic
changes are followed by scanning electron microscopy
(SEM), and underpotential deposition (upd)/anodic strip-

* Electrochemical Society Active Member.

ping voltammetry of Pb for Ag,9 and Tl for Cu.1° For both
Ag and Cu, the application of PRT at relatively high fre-
quencies (f > 50 Hz) produces electrofaceting at grain
domains without a significant increase in surface rough-
ness and only small amounts of soluble metal ionic species
in the solution. Under these conditions, a clear long-term
smoothing of the metal surface can be noticed. Conversely,
at low frequencies (f < 50 Hz), branched electrodeposits are
formed simultaneously with the appearance of a rather
large concentration of metal ions in the solution.

The changes in the electrode topography can be
explained as a complex process involving the specific elec-
trochemical kinetics and mechanism of the Ag/Ag and
Cu/Cu2 electrode, the participation of ionic transport
processes at the solution side, and metal atom surface
diffusion.

Experimental
Electrochemical runs were made in a conventional

three-electrode Pyrex glass cell using either polycrys-
talline Ag or Cu working electrodes and Pt counterelec-
trode plates facing up the working electrode surface. The
reference electrode was a saturated calomel electrode
(SCE). Working electrodes were subjected to different pre-
treatments. Thus, Ag electrodes were etched in diluted
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