J. Phys. Chem. B997,101,5405-5413 5405

Temperature-Dependent Hydrogen Electrochemistry on Platinum Low-Index Single-Crystal
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The hydrogen evolution (HER) and the hydrogen oxidation reaction (HOR) were studied on platinum single
crystals in a sulfuric acid solution over the temperature range-338 K. We foundfor the first time that

at a fixed temperature (274 K) the exchange current densitjeinérease in the order (11X (100) <

(110), with thei, on the (110) surface being 3 times that on the (111) surface. We also found that each
crystal face has an unique, temperature-dependent Tafel slope for the HOR, and that the activation energies
for the HER and the HOR decrease in the sequextd, > AH}, > AHY,, the same sequence as the order

of activity. These differences in activation energy with crystal face are attributed to structure-sensitive heats
of adsorption of the active intermediate,dHwhose physical state is unclear. We analyzed the kinetic data
with a model for the coupling of this unknown state,gHvith the well-known adsorbed state of hydrogen,

Hupe Whose adsorption energy is strongly structure-sensitive. We concluded that on Pt(110), the reaction
follows the Tafel-Volmer mechanism with the Tafel (recombination) step rate determining. On Pt(100), the
reaction follows the HeyrovskyVolmer sequence, with the Heyrovsky (ioatom) reaction step being the
rate-determining step. The reaction mechanism on Pt(111) could not, however, be resolved by analyzing the
kinetic parameters. The relatively low activity and high activation energy for the (111) surface is attributed
to strong repulsive interaction betweengtddatoms on this surface.

1. Introduction in sulfuric acid. Given that the [gqis strongly affected by the
The hydrogen evolution reaction (HER) and the hydrogen surface geometry, they proposed thaidis not an intermediate

i 8
oxidation reaction (HOR) on a platinum electrode are among In the HER' Gomezt a.I. .has also found that the HER on.
the most widely studied electrochemical reactions. It is platinum single crystals is independent of the crystallographic

nonetheless still unclear as to the sensitivity of these reactions®fi€ntation. By examining the kinetics of the HER and the
to the microstructure of the Pt surface. Early kinetic studies of P'OC€SS of the formation of Jg on the platinum single-crystals
the HER and the HOR were carried out either on a polycrys- sqrface modlf!ed by_ bls_muth and antimony adatoms, they agreed
talline platinum electrodeor on platinum single crystals that  With the previous findings by Protopopoff and Marteho
had poorly defined surface structufes.In 1970, Physnogreva used sulfur adatoms) that,5d cannot be an mtermeo!late in the
et al2 and Scoulandeet al? reported that the kinetics of the ~HER. It should be noted that all of these studiéswere
HER on Ptbkl) is not sensitive to the surface crystallography. conducted at a single temperature, nominally 298 K (or just
In these experiments, however, the electrodes were “activated*ambient temperature).
and cleaned by cycling the electrode potential deep into the In contrast to these results for the HER in acid solutions, we
region of the oxide formation, a pretreatment which we now recently found that the kinetics of the HER and the HOR on
know disorders the surface. Only recently have the kinetics of Pt(hkl) in alkaline electrolytes varies with the crystal fécghe
the HER been studied on well-ordered platinum single-crystal activity for the HER in alkaline solution increased in the
electrode&® On the basis of potential step measurements, Setosequence (111x (100) < (110); a similar order of activities
et al8 reported that in perchloric acid, even on well-ordered has been found for the HOR,g.,(111)~ (100)< (110). These
Pt(hkl), the kinetics of the HER is insensitive to the crystal- differences in activity with crystal face are attributed to different
lography of the surface. This was rather a surprising result, states of adsorbed hydrogen and to different effects of these
considering that the underpotential deposition of hydroggm H  states on the mechanism of the hydrogen reaction. As in the
the adsorbed state of hydrogen observed in cyclic voltammetry, above cited studies in acid solution, we also concluded that the
is found to be strongly affected by the crystallographic orienta- high binding energy state of adsorbed hydrogeggHs not an
tion of the platinum surface atorfisSetoet al® also suggested  intermediate in the reaction and in fact is a spectator species
that the invariance of the reaction rate reflects compensationand has a site-blocking effect on the rates of both the HER and
between the differences in the standard Gibbs energy of HOR. The findings that the HER is a structurally insensitive
hydrogen adsorption and the differences in the repulsive lateralreaction in acid solutions but structurally sensitive in base
interactions between adsorbed hydrogen adatoms on the differensolution is actually a surprising result, giving that the mechanism
Pt(hkl) faces. The kinetic studies of the HER onHkif with of the HER on a polycrystalline platinum electrode in an acid
the rotating hanging meniscus electrode (RHME) by Kita solution is probably the same as in an alkaline solution/e
al.” also indicated that the HER is a structure-insensitive processdecided, therefore, to re-examine the kinetics of the HER and
. p o Add ” . ; HOR in our own laboratory. We were concerned that due to
St e e e S 62 2 el the very fast kinetics ofthe HER in acid solutit would be
486-5530. experimentally very difficult to correlate the rate of the reaction

€ Abstract published ilAdvance ACS Abstractdune 15, 1997. with the surface geometry, even if the kinetics were indeed
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dependent on the crystallographic orientation ofild}( In order — T T T T
to circumvent this problem,e,, the fast kinetics of the HER in ; Pt(110)
acid solutionsat room temperatureas we did with alkaline ]
solution, we measured the kinetics of these processes in acid
solution at the lowest temperatures possible with dilute solutions,
e.g, 274 K. 0
In this paper, we utilized the rotating disk technique we have I
developed for single-crystal Pt disk electrodes (RkE) and
present results for the kinetics of both the HER and the HOR
in acid solution at 274333 K. For the first time a structural
sensitivity of the kinetics of both the HER and HOR is seen on
Pt(hkl) in 0.05 M H,SOy, solution with activation energies that
vary with crystal face. There is, thus, a compensation effect
which narrows the differences in rate between crystal faces at
298 K, which explains in part the absence of structure sensitivity
in previous studies at ambient temperature. We present a
detailed analysis of the kinetic parameters, including exchange
current densities, Tafel slopes, and activation energies, and 40
suggest the most probable reaction mechanisms for the HER
and HOR on the different Rikl) surfaces in dilute sulfuric acid 0
solution.
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2. Experimental Section -40

The pretreatment and assembling of théKlj(single crystals T B HP R T
(0.283 cnd) in a RDeywigE configuration was fully described 00 02 04 06 08 10
previously!! Following flame annealing, the single crystal was E/V
mounted in the disk position of an insertable ring disk electrode Figure 1. Cyclic voltammograms of Pil) in the RDhgE config-
(RDE) assembly! Subsequently, it was transferred into a uration in 0.05 M HSQ, at (—) 274 K, (- --) 303 K, and £ —) 333
standard electrochemical cell and immersed into 0.0548®4 K; rotation rate, 900 rpm; sweep rate, 50 mV/s.

(J. T. Baker reagent) under potentiostatics contragt@t2 V.

The cleanliness of the transfer and the electrolyte, even under
sustained rotation at high rotation rates, was demonstrated in
our previous work! Upon immersion, the electrolyte was
equilibrated for 5 min with the hydrogen gas (Spectra Gases, 6
N). All experimental measurements reported in this study were
conducted in a standard three-compartment electrochemical cel
equipped with the water jacket. A circulating constant tem-
perature bath (Fisher Isotemp Circulator) maintained the tem-
perature of the electrolyte withi#0.5 °C. All measurements
were conductedionisothermallyi.e., keeping the temperature

broad, nearly flat hydrogen desorption/adsorption peak between
~0.05< E < 0.375 V, and the so-called “anomalous” peak at
~0.4—0.6 V, which corresponds to the adsorption/desorption
of bisulfate aniond? The main characteristic of the well-ordered
Pt(100) voltammetry in sulfuric acid is that the two well-
Idelineated peaks at 0.4 and 0.25 V correspond to the coupling
of hydrogen adsorption with the bisulfate anion desorption on
(100) terrace sites amf100) x (111) step sites, respectivels.

In the case of the Pt(110) surface in 0.5 M3, the initial
adsorption of hydrogen, most likely at (111) microfacets (0.2

. < E < 0.3V), is followed by the adsorption of hydrogen at the
of reference eIectr_ode qonstan‘a( 298 K) while that of the step sites (0).03 E<0.2 V);. The ads%rption o)f/ hydgrogen at
working electrode is varied from 274 to 333 K. The reference the step sites, however, is accompanied by the desorption of
electrode was a saturated calomel electrode separated by a bridgﬁisulfate ani or’1 43 '

|n”ordter tt‘? lerevent cl cont?rgl?athp of etlec'ir(t)lytes. I-t|ow?ver,| For the sweep rate employed here, the underpotential deposi-
all potentials were corrected to a _constant-témperature” SCale, ., ¢ hydrogen is at quasi-equilibrium, and the adsorption

and are referenced to the reversible hyd_rogen electrode at 1 atmg therm may be obtained directly by integration of the
of hydrogen at.the same temperature in the same elecf[meteVoItammetry curves shown in Figure 1. Again, because the
Current-potential curves were obtained po_tentlodynamlcally shape of the adsorption isotherms as well as the charge
(sweep rate 10 mV/_s)_ and were recorded simultaneously ON 8ssociated with the hydrogen adsorption omK}(were almost
chart_recorder ‘f.md digitally on an [BM PC (486) computer using independent of the temperature of the electrolyte, only adsorp-
Labview for Windows. tion isotherms assessed fogdgdon Pthkl) at 274 K will be
shown (see Figure 2). In this work, the fractional coverage for
Hups O, iS based on the surface atomic density assuming
3.1. Temperature Effects on Cyclic Voltammetry of one-electron transfer per surface atom. The surface atomic
Pt(hkl): Adsorption Isotherms. Figure 1 shows cyclic voltam-  densities for (111) and (100) were based on their unreconstructed
mograms for Ptgkl) in 0.05 M H,SOy, recorded at 274, 303, (1 x 1) geometry rather than any reconstructed phase, because
and 333 K. Itis obvious that voltammetric features for all three our recent surface X-ray scattering (SXS) studies confirmed the
single crystals, recorded over the range of temperature studied(1 x 1) structure of the Pt(111) (1.5 10'® atoms/cr) and
are very similar to those observed at a room temperdtlire.  Pt(100) (1.3x 10 atoms/crf) single crystals in contact with
Given that consensus in interpretation appears to be emergingseveral electrolyte¥t15 SXS results for Pt(110) have indicated
with respect to the nature of processes which occur ankpt(  that Pt(110), prepared by the flame annealihgdrogen cooling
in a sulfuric acid solution at the ambient temperature, only a method, is reconstructed into a €1.2) structure with a surface
brief interpretation of the voltammograms recorded at 274 K density of 4.6x 10 atoms/cri.’®> The theoretical charge for
will be presented in this section. The currepbtential curve the formation of the monolayer of g on the (1x 1) and (1
of Pt(111), Figure 1c, gives a distinctive voltammogram with a x 2) surfaces, however, is the samel@é7 uC/cn¥) since two

3. Results
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Figure 2. Plots of the charge associated with the underpotential g
deposition of hydrogen (kg on Ptfikl) in 0.05 M H:SO, at 274 K. 5 2L -
Hupd @adatoms can be adsorbed per unit cell of the reconstructed 4l i
Pt(110)-(1x 2) surface. The maximum charge associated with
the underpotential deposition of hydrogen on the Pt(111) surface [
at 274 K is~160uClcn? (see Figure 2). The theoretical charge 2 -
assuming one hydrogen atom for each surface platinum atom |
would be 24Q:C/cn? for the Pt(111)-(1x 1) surface, indicating
that within the hydrogen underpotential deposition region the 0 .
Pt(111) surface is covered only by 0.66 mL of thgdd Figure A .
2 also shows that on Pt(100) in the hydrogen adsorption region , L . .
the absolute charge equal&25uClcnv; note that the theoreti- 02 00 02 04 06 08 10 12
cal charge for 1 mL of kg on Pt(100) is 208:C/cn¥. The
difference between the experimental value and the theoretical E/V

charge,ca. 20 uClcn?, may be assigned to the charge from Figure 3. Polarization curves for the HER and the HOR orhRIin
concomitant bisulfate adsorption/desorption in this potential 0.05M HSOs at 274 K; sweep rate, 10 mV/s. Insktversusw®® plot
region. In the case of Pt(110), the absolute charge evaluated©r the HOR on Pt(k)) at 0.5 V.
by integration of the charge in the hydrogen adsorption region
varied very little with temperature and equad.80 uClcn?; tively, as was the case of hydrogen adsorption on the Pt(111)
see Figure 2. The theoretical charge, assuming two hydrogensurface free of bisulfate anions. This may imply that the
atoms adsorbed per unit cell of the reconstructed Pt(118)-(1 changes observed in the hydrogen adsorption region on Pt(100)
2), would be 147uC/cn?15 The difference between the and Pt(110) are mostly driven by the enthalpy term for hydrogen
experimental value and the theoretical chamge,30 uClcn?, adsorption and not by the weakly adsorbed bisulfate anions.
may be assigned to the charge from concomitant bisulfate Note that over the same temperature range the bisulfate
adsorption/desorption process in this potential redgfon. adsorption on (111) is shifted positively by increasing the
A detailed analysis of the temperature effects on the under- temperature.
potential deposition of hydrogen on R&{) in sulfuric acid.e.g, 3.2. Polarization Curves for the HER and the HOR on
isosteric heats of adsorption, will be presented elsewhere. ForPt(hkl). The HER and the HOR on Pt in acid electrolytes are
our purposes here we should note that there are two characteramong the fastest known electrochemical reactions, and it is
istics of the voltammetric curves that represent the temperatureexperimentally very difficult to measure anything but diffusion
effects. The firstis that no new features are observed that would polarization. It is our contention that, in order to illuminate
result from the temperature increase. The second characteristidhe fine details of the hydrogen reaction and to establish the
is that on all single-crystal surfaces hydrogen adsorption/ role of the Ptikl) surface geometry on the kinetics of the
desorption peaks are shifted negatively by increasing the hydrogen reaction, the reaction rate of the HER and the HOR
temperature. These observations have been reported by Zolfshould be slowed down.e., should be examined at the lowest
aghariet al.for the polycrystalline platinum electrotfeand by temperature possible (274 K) in dilute solutions (0.05 h6E).
Morin et al. for the Pt(100) electrod¥. Cyclic voltammograms  This, will in turn, enable us to extract true kinetic rates by use
for the Pt(111) surface, Figure 1c, reveal that while the hydrogen of the mathematically well-established correlation for the
adsorption curves are shifted negatively in potential by increas- hydrodynamics of the RDE assembly. Although a complete
ing the temperature from 274 to 333 K, the bisulfate adsorption/ set of the polarization curves were recorded in the temperature
desorption peaks are shifted positively, confirming that the range 274333 K (at intervals of 10 K), only representative
process associated with the “anomalous” feature is different from curves will be shown and discussed.
the underpotential deposition of hydrogen. A close inspection 3.2.1. Kinetics of the HER and the HOR on Pthkl) at
of Pt(100) and Pt(110) voltammograms indicates that by 274 K. Polarization curves for the HER and the HOR at 1 atm
increasing the temperature from 274 to 333 K the voltammetric of H, recorded on rotating Rikl) disk electrodes in 0.05 M
peaks in the potential region where hydrogen deposition is H;SOy at 274 K are shown in Figure 3. For the HER, essentially
accompanied by bisulfate anion desorption are shifted nega-no dependence of current density on the rotation rate was
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observed on all three single-crystal surfaces. Very reproducible
current versus potential relationships were established at a
rotation rate as low as 900 rpm, indicating that at and above
the rotation of 900 rpm the supersaturation effect by molecular,
H, is practically eliminated. It is very important to note that
even at 274 K the exchange current density for the HER is still
very high. Consequently, reliable Tafel slopes for the HER
could not be determined on Bk]) in 0.05 M H,SQ,, since the
measurements must be extended to rather high current densitie
where interference by uncompensated solution resistance an
mass transport limitations can be significant.

The anodic polarization curves for the (110) surface are showr
in Figure 3. A close inspection of Figure 3 reveals that at low
overpotentials there is little or no rotation dependence of the
hydrogen oxidation currents. Figure 3 also shows that the|
anodic current rises sharply from the origin and reaches thg
limiting current at overpotentials afa. 60 mV. This indicates
that the HOR on Pt(110) is kinetically controlled in a very
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narrow potential range and that hydrogen oxidation current
densities,i, on Pt(110) are manly determined by diffusion
overpotential 4, following closely the overpotentialcurrent
density relatiof?

@)

whereiy represents the measured diffusion-limited current at
any given rotation rate. Thus, to obtain kinetic data for this
surface, we must concentrate on analysis of the “micropolar-
ization” potential region, as described below.
Above 0.4 V on all three surfaces, there appears to be well-
defined diffusion-limiting currentdy. The theoretical value of
ig for an RDE is give?
iy=0.6FD** Yoc w2 = Bw™? )
whereD is the diffusivity of hydrogen in 0.5 M kB8O (D2s ¢
= 3.7 x 1075 cn¥/s, estimated from the product of Miffusivity
at infinite dilution and the ratio of the dynamic viscosities of
the electrolyte and pure water),s the number of electrons in
the H, oxidation reactioni(e., n = 2), v is the kinematic
viscosity of the electrolytevgs .c = 1.07 x 1072 cné/s), ¢o is
the solubility of H in 0.05 M H,SOy (Cosoc = 7.14 x 1073
M), and w is the rotation rate. The calculated valueBif at
298 K is 6.54x 1072 (mA/cmdrpm 12, The experimental
values forig at 274 K at various rotation rates are plotted in the
inset of Figure 3. The slope of this plot, which is the
experimental value oBc, is 5.6 x 1072 (mA/cmd)rpm~1/2 at
274 K and 8.8x 1072 (mA/cmA)rpm~Y2 at 333 K, which are in
reasonable agreement with the theoretical value at 298 K.
On the other hand, the polarization curves for Pt(111) reveal

Figure 4. Tafel plots of mass transfer corrected currents for the HOR
on Pthkl) in 0.05 M H,SO, at 274 K. Inset. Polarization curves for
the HER and HOR at low overpotentials; rotation rate, 900 rpm.

The anodic polarization curves for the (100) surface (Figure
3b) show that the kinetics of the HOR, initially under activation
control,~0 < E < 0.05 V, is followed by a region of mixed
kinetic-diffusion control up taa.0.4 V, and above 0.4 V true
diffusion-limiting currents are recorded. Qualitatively, this
surface has a significantly higher activity than (111) but not as
high as (110). Figure 3 also indicates that relative to the HER
the HOR is under mixed diffusion-kinetic control over a wider
range of potentials and provides the better opportunity for
detailed kinetic analysis.

3.2.2. Tafel Plots. Figure 4 shows Tafel plots of mass
transport corrected currents for the HOR athRI surfaces in
0.05 M bSOy at 274 K. The Tafel slopes are determined at
low overpotentials, where measured current densities are es-
sentially due to a mixed diffusion-kinetic resistance for the HOR.
For Pt(110), we fitted the curves with one slop£8 mV/dec
with an exchange current density 0.65 x 1073 A/cm. On
Pt(100), the HER appears to have two Tafel slopes, at low
overpotentials37 mV/dec and at high overpotentiadsl12
mV/dec, with an exchange current density for the HOR-06f36
x 1073 Alcm=2. The (111) surface does not have a transition
in the Tafel slope that can be defined in a consistent way, and
only one slope ofk74 mV/dec is observed; the exchange cur-
rent density for the HOR is©0.21 x 10~3A/cm~2. Note that
at low overpotentials all three PKl) surfaces have symmetrical
log i versus Erelationships (inset, Figure 4), indicating that
there is a single exchange current density for the hydrogen
electrode reaction applicable to both anodic and cathodic
processes. It is also important to note that the analysis of the

that up to about-0.05 V there is no rotation rate dependence, polarization curves recorded for the HOR at higher temperatures
implying entirely kinetic resistance of the HOR. Sweeping the (not shown) revealed that the Tafel slopes were directly
electrode potential more positively, the HOR is first under mixed proportional to the temperature, with the symmetry coefficient,
kinetic-diffusion control, and above:=+0.2 V well-defined B, for the hydrogen reaction being independent of temperature,
diffusion-limiting currents are observed. It is interesting to note see Table 1.

that a diffusion-limiting current for the HOR s still observed 3.2.3. Exchange Current Densities.In the previous sec-

on Pt(111) in the 0.40.6 V potential region where there is tions, we have shown that the kinetics of the hydrogen reaction
adsorption by bisulfate anions, reportedly to very high cover- on Pt(110) is difficult to measure in the Tafel region because
ages!® Above ~0.85 V, however, the current decreases of its high exchange current density. However, the same
continuously up tox1.1 V, presumably due to the additional property makes it possible to measure the exchange current
hydroxyl adsorption (see irreversible peaks&L.75 V). Itis density by conducting measurements in the vicinity of the
also worth noting that Pt(111) is the least active surface, evenreversible potential, often referred to as the “micropolarization
though it is only one of the three surfaces on which there are region” or the “linear-current potential” regiéf In our work,

no bisulfate anions specifically adsorbed in the low overpotential the polarization curves were analyzed in the micropolarization
region. region &10 mV), Figure 5, in which a linear relationship
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TABLE 1: Kinetic Parameters for the HER and HOR on Pt(hkl) in 0.05 M H,SO, at Different temperatures

Tafel slope exchange current densit{mA cm™?) activation energy
Pt(hkl) (mV dec?) 274 K 303K 333K (kJ mol?) mechanisnids
Pt(110) 2.RTI2F 0.65 0.98 1.35 9.5 Tafel—Volmer
Pt(100) 2.RTI3F°
22.RTF)° 0.36 0.60 0.76 12 Heyrovsky—Volmer
Pt(111) ~2.3RTF 0.21 0.45 0.83 18 TafelVolmer, Heyrovsky-Volmer
aQObtained from a linear polarization methdd.ow current density® High current density.
1 T T T 4 T T T T T T
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Figure 5. Comparison of polarization curves for the HER and the E/V

HOR on Pthkl) in 0.05 M H:SQO, in the “micropolarization” potential Figure 6. Broad potential range polarization curves for the HER and
region at (a) 274 K, (b) 303 K, and (c) 333 K. Straight lines are the the HOR on Ptkl) in 0.05 M H,SQ; at (—) 274 K, (- - -) 303 K, and
slopes used to obtain the exchange current densities (see text). Rotatioi— —) 333 K; rotation rate, 900 rpm; sweep rate, 10 mV/s.

rate was 900 rpm and sweep rate 10 mV/s.

the Tafel plots for these surfaces as true Tafel slopes. For the

between the current density and the overpotential is valigl, highly active (110) surface, there is some discrepancy between
the exchange current extrapolated from the Tafel plot (0.45 mA
i = iy(nF/RT) ©)) cm2) and that determined from the micropolarization region
(0.65 mA cnt?), indicating that the Tafel region for this surface
whereiy is the exchange current density apnd+10 mV) is may still contain some diffusional overpotentiak., the true

the applied overpotential. Figure 5 shows the magnification of kinetic Tafel may be slightly higher than 28 mV/decg, 30—
currents in the vicinity of the reversible potential. Current 35 mV/dec.

versus potential data yields straight lines with the slope Anodic and cathodic polarization curves for the different
corresponding to the exchange current density; see Figure 5 andPt(hkl) surfaces are compared at three different temperatures
Table 1. While the data in Figure 5 is only for one rotation from 274 to 333 K in Figure 6. This comparison clearly shows
rate, we note that essentially identical slopes were obtained atthat the order of activity for the HER and the HOR onhRfY

all rotation rates used here. Examination of eq 1 reveals thatseen at 274 K is maintained at higher temperatures. The
the pure diffusion overpotential will also have a “linear” region, exchange current densities determined from the micropolariza-
but with a slope proportional tg not ip, and thus would be  tion data are summarized in Table 1. These results show clearly
rotation rate dependent, which these are not. At the samethat, while the structural sensitivity is very pronounced at low
temperature, the exchange current densities increase in the ordelemperatures (274293 K), in the temperature range303—
io(L11) < io(z00) < loa10) Which gives the order of absolute kinetic 333 K the variation in the kinetics of the hydrogen reaction
activities of three surfaces. The values of the exchange currentbetween crystal faces is less pronounced (especially between
densities determined from the data in Figure 5 are summarizedthe (111) and (100) surfaces). This reconciles, at least in part,
in Table 1. With reference to the anodic Tafel plots in Figure the absence of structure sensitivity in all previously published
4, note that for (111) and (100) surfaces the exchange currentresult§~28 for the HER on Ptkl) at room temperature. The
densities, determined from the slopes in the micropolarization temperature dependencies of the relative rates of reaction appear
region and those determined by extrapolation from the linear to indicate a compensation effect from structure-dependent
Tafel region, are in excellent agreement (within 5%). This activation energies, causing this convergence of the kinetics on
concurrence supports the interpretation of the linear regions of the different crystal faces of Pt at higher temperatures.
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Figure 7. Arrhenius plots of the exchange current densitigps for
Pt(hkl) over the full range of temperatures employed in this study.

3.2.4. Activation Energies. From Figure 6 it is quite clear
that the kinetics of both the HER and the HOR increase
significantly by increasing the temperature even in this relatively
narrow range of absolute temperature. Qualitatively, the biggest
temperature effect is observed at the least active Pt(111) face
with a much smaller temperature effect on the most active
surface, Pt(110). Using the valuesigfi determined on PikI)
over the temperature range 27433 K, we have determined
the apparent activation energies for the hydrogen reaction on
Pt(hkl) in 0.05 M H,SO, from the Arrhenius relation

dlogiy _  AH%
dam 2R
where AH% is the apparent enthalpy of activation at the

reversible potential (from hereafter, activation energies) for the
hydrogen reaction on Rikl). Arrhenius plots for all three

(4)

single-crystal surfaces are shown in Figure 7, and the slopesintermediate, Ky, (in Conway notatation:

correspond to the activation energies: 9.5 kJ/mol for Pt(110),
12 kJ/mol for Pt(100), and 18 kJ/mol for Pt(111). The fact
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4.1. Mechanism for the HOR and HER in Acid Solution
on Pt(hkl). The mechanism for the HOR on a polycrystalline
platinum electrode in acid electrolyf&s?3 is usually assumed
to proceed by an initial adsorption of molecular hydrogen, which
involves either slow dissociation of;lholecules into the atoms,
eq 5, or the iorratom recombination step, eq 6, followed by

rds

Hy, = Hag T Hag (5)
H, S H +H +e 6)
Hyg<H +e @

the fast charge-transfer step, eq.@,, historically refereed to
some accounts as the Taf&lolmer (steps 5 and 7) and
Heyrovsky-Volmer (steps 6 and 7) sequences, respectively. If
we assume that kinetic parameters, such as the Tafel slopes and
the activation energies, are the same for the HOR and HER
close to the hydrogen reversible potential, then, at low over-
potentials the mechanism for the HER would be the same as
that for the HOR].e., the first fast charge-transfer step, eq 7, is
followed either by the VolmerTafel sequence or by the
Volmer—Heyrovsky sequence. It is important to note that the
adsorbed hydrogen, designated agifleqs 5-7, isthereactive
intermediate in the HOR and the HER, and therefore, the
kinetics of the hydrogen reaction is completely determined by
the interaction of Ky with the platinum surface atoms,g, the
adsorption energy and coverage. Unfortunately, relatively little
is known about the nature of glon Pthkl) in electrolytic
solutionsat potentials close to the equilibrium potentiaht
potentials more positive thana. 0.05 V, there have been
extensive studies of the nature of the adsorbed state of hydrogen
on Pt (and the Pt group metals). For the purpose of distinguish-
ing the different possible states of adsorbed hydrogen, it is
convenient to employ simply a thermodynamic notation, refer-
ring to strongly adsorbed states as underpotentially deposited
hydrogen, Hpq and to a weakly adsorbed states as the reactive
overpotentially
deposited hydrogen, dg). The actual physical state of either
Hupd OF Haghas been and continues to be the subject of intensive

that the most active surface also has the lowest activation energystudy. It is now well-established thatdis strongly dependent

is a “classical” result for electrocatalytic reactions and indicates
that the energy of adsorption of the reactive intermediate plays
the dominant role in the kineticaérsusthe pre-exponential
terms, which contain the coverage factt).

4. Discussion

The experimental results we have reported in previous
sections demonstrate clearly that the kinetics of both the HER
and HOR on Pt{kl) in acid solution is a function of the
crystallographic symmetry of the platinum surface. We found,
for the first time that at the same temperature the exchange
current density increases in the ordly < i%, < %, which
gives the order of the absolute kinetic activities of the three
surfaces; Pt(111x Pt(100) < Pt(110). We also found that
every crystal face has a unique Tafel slope for the HOR, and

on the crystallographic orientation of the Pt surfadmyt it is

not clear that Igyqis the reactive intermediate okl of reactions
5—8. In fact, there are numerous references in the literature
that Hyyis a weakly adsorbed state of hydrogen which becomes
populated only at potentials close to the Nernst potential. We
had previously proposédor the alkaline electrolyte that the
weakly adsorbed statesklon Ptkl) is coupled to the strongly
adsorbed state of Jg4 by an as yet uncertain mechanism, so
that there is an indirect effect of g on the kinetics, with an
attendant crystallographic sensitivity. Although the coexistence
of Hypa @and Hyg on Pthkl) over the same potential range has
never been proven experimentally in either electrolyte, we
propose that g plays an important role in the kinetics of the
HER and the HOR in the acid solution as well. To understand
what this role is, we examine what is known about the nature
of Hupa 0N PthKI) in acid and whether there is new insight into

that activation energies for the HER and the HOR decrease inthe nature of the inter-relation ofHand Hipe.

the same sequencAH},, > AHj,, > AH}, In discussion

which follows, from these experimentally determined kinetic
parameters we will attempt to resolve the molecular-level
interactions which control the kinetics of the hydrogen reaction
on Pthkl) in acid solution. The discussion is focused on various

4.1.1. The Nature of the Hpq on Pt(hkl). The flat shape
of the hydrogen peaks in the cyclic voltammogram for the
Pt(111) surface is an indication thatddon Pt(111) obeys the
condition in which a strong lateral repulsion exists between the
adsorbed species. Consequently, the standard free energy of

possible reactive intermediates, and their role in the mechanismhydrogen adsorptioddG°, should be expected to have a linear

of the hydrogen reaction.

decrease in absolute value Af3° on 200
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|AGG| = [AGG_o|—T6 (8
whereAGj is the free energy change in the adsorption reaction
H™ +e < Hyy, 9)

andr is the rate of change of free energy of adsorption with
Hupa coverage. Keeping in mind the relationship between the
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significant fraction of Hyq is below the surface (subsurface
hydrogen), causing expansion of the top most platinum atoms.
It should be noted that X-ray scattering measurements are not
directly sensitive to the location of hydrogen atoms on or below
the surface. The X-ray measurements do, however, accurately
measure the expansion of the surface platinum atoms as a
function of electrode potential.

Recent studies using vibrational spectroscopy provide a mixed

standard free energy of adsorption and the equilibrium constantpicture about the nature ofjshand Hg Conventional infrared

for reaction 9, it is very easy to develop an adsorption isotherm

spectra by Ogasawaro and3tdound H-Pt bands indicative

which can take into account the variation of the standard free of on-top adsorption sites on all three low-index surfaces of

energy of the adsorption of hydrogen with a surface coverage:

[ ) 9 0] exp(O/RT) = K,C expEFRT)  (10)

This equation is known as the Frumkin isotherm, whi§ges
the equilibrium constant fof = 0. At intermediate values of
the coverage, the pre-exponential ted{((Ll — 6) ~ 1, varies
little with & compared with the variation of the exponential term,
so one can write the Frumkin isotherm in a logarithmic form:
0 = (2.3RTr) log(K,C) + (F/r)E (11)
This equation predicts the linear dependencé oh E (eq 11
is often referred to as the Temkin isotherm, although Temkin
had never used this fod®). It can also be seen that= 0
leads to the Langmuir isotherrg., the Langmuir isotherm is
a special case of the Frumkin isotherm.

Figure 8 shows numerical values of the fractional coverage
O, vErsusthe potential for Pt(111) at 274, 303, and 333 K.
We found that the best fit for the hydrogen adsorption on Pt(111)
was derived by curve fitting eq 11 using the assumption that
AG° has a linear decrease in absolute valuggp, (see dotted
curves in Figure 8),e.,from ~40 kJ/mol at) ~ 0 mL to~12.5
kJ/mol até ~ 0.66 mL, shown in Figure 8. The adsorption
energies found in this work for jgg on Pt(111) are very close
to those reported by Ro3® The best fit values of a parameter
f = r/RT, which characterize a lateral interaction in two
dimensions in the hydrogen adlayer, are very higk (L5.9—

18 from the temperature range 27433 K), implying a strong
lateral repulsion between s on Pt(111¢ Unfortunately,
because of close coupling of specific anion adsorption with the

Pt(hkl), but only at potentials very close to the Nernst potential.
There were no band intensities found that were correlated to
the coverage by ks These results were similar to an earlier
report by Bewick and co-worket&for polycrystalline Pt. Very
different vibrational spectra were reported more recently by
Tadjaddine and co-worke¥susing visible-infrared sum fre-
guency generation (SFG) with the free electron laser at Orsay
(CLIO). These spectra, which have impressive signal-to-noise
ratios, clearly indicate HPt bands that correlate with coverage
in both the underpotential deposition and HER overpotential
region. The frequencies of the bands in the underpotential
deposition region are reported to correspond to terminally
bonded hydrogen,e., on-top sites, while in the overpotential
region a new band appears that is assigned to a dihydride
configuration, H—Pt. The latter is suggested to be the active
intermediate, Ky, in the HER, but this state was not detectable
at+0.05 V. Tadjaddine and co-workers did not find any bands
at low frequency, characteristic of multiply bondee-Rt, e.g,

in 3-fold or 4-fold hollow sites, such as is seen for-Rt in

ultra high vacuum, and which we had proposed above {gi H

It may be that the inference we have drawn from the surface
relaxation measurements is not correct, that relaxation is not a
consequence of fgy¢ in or below the surface, but is a
consequence of other more complex interactions.

In the following, we present an analysis of the kinetics in
terms of the same structural models for thg,ds we used
previously with alkaline solution and rationalize its role in the
rate determining step (rds) and in the resulting structure
sensitivity of the reaction. There are two modes of action of
Hupa 0N the kinetics of the HER and the HOR on I in
0.05 M H,SO; which we considered: [jq adatoms block the

hydrogen adsorption on Pt(100) and Pt(110), a quantitative study@dsorption of the active intermediated.e., they compete for
of the hydrogen adsorption cannot be made on these two the same site, and/or affect the adsorption energy.gbH the

surfaces in sulfuric acid solution. At the present time we can

bare Pt sites which are neighbored by thgH

only speculate about both the change in the free energy of the 4.1.2. Mechanism of the HER and the HOR on Pt(110).
adsorption with the surface coverage and the energy of interac-Assuming that the sites for the adsorption afdon Pt(110)

tion between the R On the basis of a fact that a full
monolayer of Hpg can be adsorbed on Pt(100) and Pt(110),

are the 3-fold coordinated sites below the top most rows of Pt
atoms and that the significant amount of,fimay be below

however, it appears reasonable to suggest that the decrease ithe surface (subsurface hydrogen),don Pt(110) is most

the heat of adsorption with coverage is much smaller on theseprobably a spectator during the hydrogen reaction.

In the

two surfaces than on the Pt(111) surface. In fact, we found by absence of more definitive information about the state gf H

surface X-ray scattering (SXS) that the interaction gfdwith
Pt(111) is rather weak and g is adsorbednto the Pt(111)
surfacet®> The same type of SXS experiments indicated that
interaction of Hpqwith the (100) sites is stronger and that close
to the monolayer some of the,jd adatoms might sit in deeper
potential wellse.g, the 4-fold hollow sites, and thus be more
“in” the surface rather than “on” the surface. In the case of

the model that appears to rationalize the results for the HOR at
low anodic overpotentials on Pt(110) is one which follows
application of the Langmuir (ideal) adsorption isotherm @ H
and the ideal dual-site form of the TafeVolmer sequencé?

The Tafel relationship observed for Pt(110) over two decades
of current density for the HOR at low overpotentials with a
slope~ 2.3RT/2F (Figure 4 and Table 1), clearly indicates that

Pt(110) we have recently shown that the most possible sitesthe atom-atom recombination step is indeed the rds. Consider-

for the adsorption of hydrogen on Pt(110) are the 3-fold
coordinated sites below the top most (110) rows of Pt at®ms.

There is a pronounced relaxation of the top most atomic rows,
which are expanded into the electrolyte with the amount of

ing that an activation energy 6£9.5 kJ/mol is reasonable for

a reaction like the atomatom recombination step under
Langmuirian conditions, we can propose that the HOR on
Pt(110) proceeds by the Tafel/olmer sequence, the atom

expansion depending on potential. This may indicate that a atom recombination step being the rds. Assuming that on either
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side of the equilibrium potential for the hydrogen reaction the 0.8 ¥ v
(110) surface always provides the same number of active center Pt(111)
(pair of Pt top-sites), then the kinetics and the mechanism of I
the HER and HOR should be the same, as confirmed from the}
symmetrical shape of the polarization curves in the inset of
Figure 4, and by the fact that the same values for the exchange
current densities are observed for the HER and HOR. Thus, in|
the HER on Pt(110) in sulfuric acid, a fast charge-transfer
reaction is followed by rate-controlling ateratom recombina-
tion step (Volmer-Tafel sequence).

4.1.3. Mechanism of the HER and the HOR on Pt(100).
The adsorption isotherm Figure 2 shows that the HOR on
Pt(100) occurs on the surface which is “fully” covered by
as it was for the HOR on Pt(110). Note that, even when Pt(110)-
(1 x 2) is “fully” covered by H,,q the top rows of platinum 0.0 0'1 . - . o o,
atoms are still unoccupied and available for the adsorption of ’ ’ ) ’
Hag, €.9, as terminally bonded HPt. In contrast, on the E/V
geometrically homogeneous Pt(100)x11) surface, if thereis ~ Figure 8. Adsorption isotherms for s on Pt(111) in 0.05 M bSO,
only one type of site for hydrogen adsorption, then a (100) atd 274 K, 3?3h K, a”qh333 fK' Inset. Chan?e Ofbth.e frdeg ?_ngrgy of
surface covered by 1 mL of Jgsshould be completely inactive fh; %vatgggetdgtgi’mﬁ tﬁgrgﬁ,emcﬁﬁsﬁﬁﬁﬂﬁq tﬁ')r)'.e y fitting
for the HOR because the platinum sites are completely blocked
by Hupe A comparison of the anodic part of the polarization
curves in Figure 3 with the underpotential deposition of
hydrogen in Figure 2 clearly shows that the HOR indeed takes
place on P(100) fully blocked by the inactive,gdadatoms. o tion mechanism of the HOR would be resolved in a
The implication is that unoccupied Pt sites_, required for the qfinitive way by the analyzing the Tafel slopes, as we did for
adsorption of Hg can only be created if some amount o py(110) and Pt(100). Unfortunately, this does not appear
(unknown) of the fgpg adatoms sit in deeper potential wells on -y, e possible at this time, principally because the Tafel slope
the surface, e.g. the 4-fold hollow sites, freeing top-sites, 4t ~.74 mvi/dec at 274 K obtained for the HOR at Pt(111) cannot
neighbored by subsurface,fd, to serve as a(_jsorptlon centers  pa interpreted unambiguously. A Tafel slope 2.3RT/F,
for Haa.  Although the number of on-top active sites near 0 V' gpained over the entire temperature range studied in this work,

is unknown, we propose that this number is relatively small, jyjies that the adsorption of the reaction intermediates on
and that the Pt(100) is active for the HER at low overpotentials Pt(111), Hg does not follow Langmuirian conditions. Actually,

only due to a very high turnover rate at these sites. A small e noted earlier that the equilibrium constant for the under-
number of active centers for theridsorption would greatly — potentital deposition of hydrogen on Pt(111) is an exponential
reduce the number of pair-sites which are required for the fynction of H,,q coverage and follows the Frumkin isotherm,
chemical recombination step to occur. Consequently, the eq 11. If Hyg simply follows a Frumkin isotherm, then,
preferred reaction pathway on Pt(100) at low overpotential assuming the rate-determining step is either the atatom

maybe one which requires only one active site in the rds, like recombination step or atorion recombination step, it will yield
the ion—atom recombination reaction. In fact, an activation the same slope of 2.BTIF. Even if Hyq is not the active

energy of~12 kJ/mol for the HER and the HOR found at the  intermediate in the HOR and the HER,Jdcould still have a
hydrogen reversible potential, and two separate Tafel regions, significant indirect effect on the kinetics on the HER and the
2.3RT/3F at low current densities and RI/F at higher current  HOR on Pt(111). k,may alter both the electronic properties
densities, found for the HOR strongly imply that the reaction of the Pt substrate and/or the interaction qf With the surface,
mechanism is indeed different on Pt(100) than on Pt(110). On pyt the number of mathematical models for such effects is
the basis of these Tafel slopes and this model.gf We propose  arbitrarily large in the absence of other knowledge.
that the mechanism for the HOR on the Pt(100) proceeds
through the ideal HeyrovskyVolmer sequence with the ien
atom reaction as the rds (see Gilé8tlfor the case of small
coverage by k at low overpotentials and “maximum” surface The hydrogen evolution (HER) and the hydrogen oxidation
coverage by iy at high overpotentials). As in the case of reactions (HOR) were studied on platinum single crystals in a
Pt(110), the anodic/cathodic symmetry for the polarization sulfuric acid solution over the temperature range 2333 K.
curves for the (100) surface, see inset of Figure 4, can beWwe found, for the first time, that at the same temperature the
rationalized as arising from the same mechanism in both exchange current density for the hydrogen reaction increases
overpotential regionsj.e., the HER follows the Volmer in the orden;, < 1%, < i%, Which gives the order of absolute
Heyrvsky sequence. kinetic activities of Ptkl), Pt(111)< Pt(100)< Pt(110). We
4.1.4. Mechanism of the HER and the HOR on Pt(111). also found that every crystal face has an unique, ideally
The influence of Hpy on the kinetics of HOR is most temperature-dependent, Tafel slope for the HOR: a single slope
pronounced for the Pt(111) surface, as one can see by comparingf 2.3RT/2F and 2.RT/F on Pt(110) and Pt(111), respectively;
Figures 2 and 4. On Pt(111), the onset of the HOR appears toand two slopes, 2(2B3T)/3F at low current densities and
be correlated with the desorption of,}d which suggests that  2(2.RT)/F at high current densities on Pt(100). The activation
the HOR mechanism on Pt(111) at low overpotentials follows energies for the HER and the HOR decrease in the sequence
a dual-site pathway, the TafeVolmer sequence. The relatively ~ AH%,, > AHY,, > AH%,, and the structure sensitivity of the
high activation energy for the hydrogen reaction on Pt(111), kinetics is directly related to these differences in activation
~18 kJ/mol, that almost doubledersusthe same reaction energy. These differences in activation energy with the crystal
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pathway on Pt(110) may be due to the strong repulsive
interaction between } adatoms, which is indicated by the
adsorption isotherm of ljqin Figure 8. It was hoped that the

5. Conclusions
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face are attributed to structure-sensitive heats of adsorption of

the active intermediate, 44 whose physical state is unclear.
We analyzed the kinetic data with a model for the coupling of
this unknown state k4 with the well-known adsorbed state of
hydrogen, Hyq whose adsorption energy is strongly structure-

J. Phys. Chem. B, Vol. 101, No. 27, 199413

(3) Schulander, S.; Rosen, M.; Flinn, 970
1251,

(4) Protopopoff, E.; Marcus, ikt s1991 88, 1423.

5) Markovic N. M.: Sarraf, T. S.; Gasteiger, H. A.; Ross, P. N.
n$996 92, 3719 and references therein.

(6) (a) Seto, K.; lannello, A.; Love, B.; Lipkowski, ainSSiiSae]

sensitive. On both the (110) and (100), we assumed an indirectQhem.1987 226 351.

effect of H,p,q 0N Hag, Which are distinctly different species. The
reaction intermediate, 44 was assumed to follow Langmuirian
isotherms on these surfaces. We concluded that on Pt(110) th
reaction proceeds through the Taf&lolmer sequence with the
atom—atom recombination step (Tafel) as the rds. On Pt(100),
the ion—atom reaction (Heyrovski) controls the rate of the
reaction in the HeyrovskyVolmer sequence. In the case of
Pt(111), we found that energy of adsorption ghéhas a linear
decrease with coverageom ~40 kJ/mol a) ~ 0 mL to~12.5
kJ/mol atf ~ 0.66 mL, which is well-fit by a Frumkin isotherm.
The best fit values of a paramefer r/RT (f ~ 15.9-18 from

the temperature range 2#833 K) correspond to a strong lateral
repulsive interaction in the hydrogen adlayer on Pt(111). We
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concluded that this strong repulsive interaction is the cause of Sci, in press.

the relatively high activation energy on this surface and
consequently the lowest activity of the three crystal faces. The

reaction mechanism on Pt(111) could not, however, be resolved

in a definitive way.
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