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The results of a study of the hydrogen evolution reaction (HER) and the hydrogen oxidation reaction (HOR) on the three 
low-index faces of Pt in alkaline solution are presented. The study features a new method for the use of Pt single crystals in a 
rotating disk electrode (RDE) configuration. At low negative overpotentials, the order of activity for the HER increased in the 
sequence (111) < (100) < (110). At low positive overpotentials, the order of activity for the HOR increased in the sequence 
(111) M (100) Q (110). These differences in activity with crystal face are attributed to different states of adsorbed hydrogen and to 
different effects of these states on the mechanism of the hydrogen reaction. Two different types of adsorbed hydrogen are observed 
on Pt(hkl) surfaces. A high binding energy state, often referred to as underpotential deposited hydrogen, Hupd, has an inhibiting 
(site blocking) effect on the rate of the HER and HOR. A low binding energy state is a reaction intermediate at low overpotentials 
in both the HOR as well as the HER, and is most prevalent on the (110) surface. At high positive overpotentials, in the potential 
region where adsorption of hydroxy species (OH,,) occurs, the effects of surface crystallography on the HOR is attributed to the 
structural sensitivity of the adsorption of OH,, on Pt(hkl), with OH,, having an inhibiting effect on the HOR, the inhibition 
decreasing in the sequence (100) 4 (1 10) < (1 11). 

1. Introduction 

The hydrogen reaction is one of the most extensively investi- 
gated electrochemical processes. All the basic laws of electrode 
kinetics as well as the modern concepts for electrocatalysis 
study were developed and verified by examining the hydrogen 
evolution (HER) and the hydrogen oxidation (HOR) reac- 
tions.''2 Nearly five decades ago the hydrogen reaction served 
as a model to establish an empirical volcano relationship 
between the electrocatalytic rate (expressed as the exchange 
current densities, i,) and the substrate electronic proper tie^.^ 
So-called 'volcano plots ' correlating the exchange current 
density with changes of standard Gibbs energy of adsorption 
of hydrogen (AadG) have been rationalized by P a r s o n ~ , ~  Geri- 
sher,' and Kristhalik6 in terms of various possible reaction 
steps for different metal electrodes. Somewhat later empirical 
volcano plots by Trasatti'.' appeared to support these 
analyses. For constructing volcano plots AadG was inferred 
from gas-phase data in low pressure conditions and Pt was 
classified among the group of metals with Aa,G < 0. Protopo- 
poff and M a r c u ~ , ~  however, suggested that Pt should be corre- 
lated with the gas-phase data for dissociative adsorption of H, 
under high pressure conditions (since the HER begins at an 
equivalent pressure of ca. 1 atm), and therefore Pt should be 
classified among the group of metals with AadG > 0. Neverthe- 
less, regardless of the position of Pt in the volcano curve, these 
correlations do not provide answers to many important ques- 
tions concerning the mechanism of the hydrogen reaction on 
Pt. For example, what is the relationship between the 
adsorbed hydrogen produced during the HER (Conway and 
others have called this species overpotential hydrogen, Hop,) 
and the adsorbed hydrogen produced in the underpotential 
region (Hupd)? What is the role of both Hupd and Hop, in the 
mechanism of the HER? What is the role of Hupd in the 
mechanism of the HOR at different overpotentials and under 

-f Present address: Abt. fur Oberflachenchemie und Katalyse, Uni- 
versitat Ulm, D-89069 Ulm, Germany. 

different experimental conditions, especially at different pH? 
As pointed out by Bagotzky and Osetrova,1° a strong depen- 
dence of the kinetics of the HOR on pH poses a fundamental 
problem for the most frequently proposed mechanism for the 
HOR on Pt, the Tafel-Volmer sequence with the Tafel step as 
rate determining.' Certainly, it will be difficult, if not impossi- 
ble, to resolve all of these mechanistic details by studying the 
reaction on a heterogeneous surface, such as the poly- 
crystalline Pt electrodes used in nearly all previous kinetic 
studies. Thus, a knowledge of the effects of the surface struc- 
ture on the rate of the HER and HOR will play an essential 
role in illuminating the fine details of the hydrogen reaction. 

Kinetic studies of the HER on Pt single-crystal electrodes 
have been reported in acid and no effect of 
orientation was found. The significance of these results is, 
however, questionable since it is not clear that true kinetic 
rates were actually measured in any of these studies. As 
emphasized by Bagotzky and Osetrova," and much earlier by 
Breiter et a1.,I4 the hydrogen reaction on 'active' Pt in acidic 
solutions is one of the fastest known electrochemical reactions 
(with an i, 9 lop3 A cm-,), and it is experimentally very diffi- 
cult to measure anything but diffusion polarization. Therefore, 
in our opinion it is experimentally very difficult to correlate 
the rate of the reaction in acid solution with the surface 
geometry, even if indeed the kinetics were dependent on the 
crystallographic orientation of Pt(hkl). In an alkaline electro- 
lyte, however, the rate of the HER and HOR on a poly- 
crystalline electrode is reduced by more than one order of 
magnitude from that in acid solution, and the accurate mea- 
surement of kinetic rates appears more tractable. 

In this report, we present results for the kinetics of both the 
HER and HOR in alkaline solution, utilizing the rotating disk 
[RDPt(hkl)E] technique we employed in our recent study of the 
oxygen reduction reaction (ORR) on Pt(hkl) in 0.1 M 
KOH.15,16 A striking structural sensitivity of the kinetics of 
both the HER and HOR is seen on Pt(hk1) in 0.1 M KOH. We 
present an analysis of the kinetic data which shows that 
hydrogen adsorbed in the underpotential region (Hupd) have 
inhibiting (site blocking) effects on the HER and HOR on 

J .  Chem. SOC., Faraday Trans., 1996,92(20), 3719-3725 3719 

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
96

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
id

ad
 I

nd
us

tr
ia

l d
e 

Sa
nt

an
de

r 
on

 0
8/

01
/2

01
5 

23
:1

7:
29

. 
View Article Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/ft9969203719
http://pubs.rsc.org/en/journals/journal/FT
http://pubs.rsc.org/en/journals/journal/FT?issueid=FT1996_92_20


Pt(hkl), which sharply contrast with the behaviour observed in 
acid solution. We also present an analysis of the role of 
adsorbed hydroxy species (OH,,) in the kinetics of the HOR 
on Pt(hkl). 

2. Experimental 
The pretreatment and assembling of the Pt(hkl) single crystals 
(0.283 cm2) in an RRD,,(,,,,E configuration was fully described 
in our previous paper. Following flame annealing, the single 
crystal was mounted in the disk position of an insertible ring 
disk electrode assembly.' Subsequently, it was transferred 
into a standard electrochemical cell and immersed into 0.1 M 
KOH (J. T. Baker Reagent) under potentiostatic control at ca. 
0.2 V. The cleanliness of the transfer and the electrolyte, even 
under sustained rotation at high rotation rates, were demon- 
strated in our previous work.15 Upon immersion, the electro- 
lyte was equilibrated for 5 min with the hydrogen gas (Spectra 
Gases, 6N). All measurements were conducted at room tem- 
perature, ca. 25°C. All potentials are referenced to the 
reversible hydrogen electrode (RHE) at 1 atm hydrogen in the 
same electrolyte. Current-potential curves were obtained 
potentiodynamically and were recorded simultaneously on a 
chart recorder and digitally on an IBM PC (486) computer 
using Labview for Windows. 

3. Results 
3.1 

Comparison of the cyclic voltammograms of Pt(hkl) electrodes 
in hydrogen-free 0.1 M KOH is shown in Fig. 1. The interpre- 
tation of the voltammetry of Pt(hkl) in alkaline electrolyte has 
been discussed in our recent paper.16 For continuity, we 
present a brief summary of that interpretation here. Only on 

Cyclic voltammograms of Pt(hkf) in 0.1 M KOH 
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Fig. 1 Cyclic voltammograms of Pt(hkl) disk electrode in the 
RD,,(,,,,E configuration in an oxygen-free electrolyte at 1600 rpm and 
a sweep rate of 50 mV s-' 

Pt( 11 1) is hydrogen adsorption separated in potential from the 
adsorption of hydroxy anions by a true double-layer potential 
region. A distinguishing characteristic of both the Pt(100) and 
Pt(11O) single crystals in 0.1 M KOH is that a true double- 
layer potential region does not exist on these surfaces. For 
both the (100) and (110) surfaces, on the positive-going sweep 
the desorption of hydrogen is immediately followed by the 
adsorption of oxygen-like species, for simplicity we shall call 
these species OH,, . On (loo), these processes actually overlap, 
with OH,, forming on some parts of the surface while Hupd is 
still present on other parts. Two different types of OH,, can 
be distinguished on the Pt(100) electrode; a reversible form of 
hydroxy species, which is formed within a potential region 
0.45 < E/V < 0.7, and an irreversible form of hydroxy species 
formed at more positive potentials, E > 0.7 V. In the case of 
(1 lo), the hydrogen desorption (0.05 < E/V < 0.35) is also fol- 
lowed by the reversible adsorption of OH,, (0.35 < E /  
V < 0.65) and then by the formation of an irreversible form of 
OH,,. While the exact nature of these two forms is not 
known, we have postulated that the difference between the 
reversible and irreversible forms of OH,, is the coordination 
with Pt. The reversible form is adsorbed onto the outermost 
plane of Pt atoms as partially (or fully) discharged OH,, 
anions as in 

OH- + he- +OH,;('-@ (1) 
while the irreversible form is in or below the outermost plane 
of Pt atoms, probably by place-exchange with Pt surface 
atoms. The nature, as well as the surface coverage, of both H,, 
and OH,, species are expected to play an important role in 
the kinetics of hydrogen reaction on Pt(hkl), as discussed 
below. 

A detailed description of our procedure for the determi- 
nation of the charge associated with both underpotential 
deposited hydrogen (Hupd) and the adsorption of hydroxy 
species (OH,,) on Pt(hkl) in alkaline solution as a function of 
electrode potential has been discussed in our recent pub- 
lication.16 Briefly, the accuracy of the charge integration from 
the voltammograms of Fig. 1 is dependent primarily upon two 
possible sources of error. One involves the method of correc- 
tion for the double-layer capacitance, and the other, with 
the exception of the Pt(111) plane, involves uncertainty in the 
deconvolution of the charge associated with Hupd from the 
charge corresponding to OH,,. In this work, as in ref. 16, 
the capacitance of the Pt(hkl)-solution interface was deter- 
mined from the Pt(111) curve by assuming that the current in 
the potential region 0.35 < E/V < 0.65 is indicative of a 'true' 
double-layer charging current for all Pt surfaces. The pro- 
cedure for deconvoluting QHupd from QOHad on Pt(100) and 
Pt( 110) was trial-and-error curve fitting of the voltammetry 
curves such that the charge from integrating the current on 
the positive-going sweep from 0.05 > E/V > 0.5 gives the 
number of coulombs required to remove a monolayer of 
adsorbed hydrogen adatoms from these two surfaces. The 
fractional coverage, 8, for either Hupd or OH,, is based on the 
surface atomic density assuming one-electron transfer per 
surface atom. The surface atomic densities for (1 11) and (100) 
were based on their unreconstructed (1 x 1) geometry rather 
than any reconstructed phase because our recent surface 
X-ray scattering (SXS) studies confirmed the (1 x 1) structure 
of the Pt(l11) (1.5 x atoms cmW2) and Pt(100) 
(1.3 x atoms crnp2) single crystals in contact with several 
 electrolyte^.'^^'^ SXS results for Pt(110) have indicated that, 
in the potential region relevant to this work, Pt(ll0) is recon- 
structed into a (1 x 2) structure with a surface density of 
4.6 x 10'" atoms cm-*.19 The (1 x 2) geometry involves a 
change of 50% in the surface atomic density, in comparison 
with the (1 x 1) surface, since every other row is missing, as 
shown in the insert of Fig. l(c). The theoretical charge for the 
formation of the monolayer of Hupd and OH,, on the (1 x 1) 
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\ 
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E N  
Plots of the charge associated with the underpotential deposi- Fig. 2 

tion of hydrogen (H,,d) and adsorption of hydroxy species (OH,d) 

and (1 x 2) surfaces, however, is the same (ca. 147 pC ern-,) 
since two Hupd or OH,, species can be adsorbed per unit cell 
of the reconstructed Pt(ll0) (1  x 2) surface [indicated by the 
letter X in the top view of the surface in Fig. l(c)]. Adsorption 
of hydrogen into these sites was proposed as the mechanism 
for an increase in corrugation of the Pt(ll0) surface in both 
UHV2' and in situ X-ray scattering  measurement^.^' The 
resulting isotherms for Hupd and OH,, are shown in Fig. 2. 

3.2 Hydrogen evolution reaction (HER) 

Polarization curves over a wide range of overpotentials, both 
anodic and cathodic, for the hydrogen reaction at 1 atm on 
rotating Pt(hkl) disk electrodes are shown in Fig. 3. On the 
cathodic side, only a weak dependence of current density on 
the rotation rate was observed on all three single crystal sur- 
faces. This is most likely due to H, diffusion effects, i.e., a 
supersaturation by H, and its influence on the overpotential, 
as discussed by Breiter et Ludwig et aL2, and Conway 
and Bai.23 Very reproducible current us. potential relation- 
ships, however, were established at a rotation rate of 3600 rpm 
and higher, indicating that at and above 3600 rpm the super- 
saturation effect by molecular H, is practically eliminated. 
Polarization curves at 3600 rpm for all three surfaces are com- 
pared in Fig. 4. This comparison clearly shows that the activ- 
ity for the HER on Pt(hkl) increases in the sequence 
(111) + (100) < (110). 

3.3 Hydrogen oxidation reaction (HOR) 

In the polarization curves for Pt(ll1) in Fig. 3(a), there is little 
or no rotation rate dependence to the current at low anodic 
overpotentials, implying entirely kinetic resistance of the HOR 
up to about +0.05 V. At higher overpotentials, however, the 
HOR is under mixed kinetic-diffusion control, and above 
+0.5 V well defined diffusion-limiting currents, i.e., i cc 
were observed, indicating the HOR is purely controlled by the 
mass transport of molecular H, at E > + 0.5 V. Interestingly, 
and significantly as we see later, the diffusion limiting currents 
were also observed while the potential was swept across the 
potential region where the electrode has a relatively high 
coverage by OH,, (Fig. 2). 

The anodic polarization curves for the (100) surface [Fig. 
3(b)] have both similar and contrasting character to the (1 11) 
surface. As in the case of Pt(l1 l), at low overpotentials there is 
little or no rotation dependence out to about +0.05 V, but 
true diffusion limiting currents are observed only in a very 

2500 
1600 
900 
400 

Pt (1 11) 

0.1 M KOH 

1 I I 1 1 I I 

-0.2 0 0.2 0.4 0.6 0.8 1.0 
E N  

Fig. 3 Polarization curves for the HER and HOR on Pt(hkl) in 0.1 M 
KOH at a sweep rate of 20 mV s-' 

narrow potential region, between ca. 0.55 and 0.6 V. Unlike 
( l l l ) ,  above 0.6 V the activity of the (100) surface declines 
precipitously as the potential is scanned through the region of 
OH,, formation (see Fig. 2), which implies that OH,, species 
have an inhibiting effect (site blocking) on the kinetics of the 
HOR on this surface. An analogous phenomenon was 
observed many years ago7 for polycrystalline Pt in acid elec- 
trolyte, and was rationalized then as the effect of the forma- 
tion of surface 'oxide' on the kinetics of the HOR. 

1 I I I I I 

1 I I 1 1 I 

-0.2 0 0.2 0.4 0.6 0.8 
E N  

Fig. 4 Polarization curves for the HER and HOR on Pt(hkl) in 0.1 M 
KOH at 3600 rpm 

t See ref. 1, pp. 550-551 for a complete historical account. 
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Our results for the HOR on Pt(ll0) [Fig. 3(c)] are quite 
similar to those reported in the literature, e.g., Bagotzky and 
Osterova," for a polycrystalline Pt electrode in either 0.1 M 

KOH or NaOH. Diffusional resistance appears at very low 
overpotential? e.g., tens of mV, indicating a much higher 
exchange current density for this surface than for the other 
two. Unlike the other two surfaces, this high activity occurs 
on a surface with a high coverage of Elupd, indicating that, for 
Pt(l00), Hupd is not a self-inhibiting intermediate. Above 0.7 V 
the increasingly higher coverage by OH,,, which in this 
potential region is mostly of the irreversible form, does appear 
to inhibit the reaction. 

3.4 Kinetic analysis 

In strong contrast to the behaviour in acid solution, the HOR 
on Pt(ll1) and (100) in alkaline solution is purely kinetically 
controlled over a relatively wide potential region, even at 
rotation rates as low as 400 rpm. It is under mixed control up 
to ca. 0.4 V of overpotential. On the (1 10) surface, the currents 
are under mixed control up to ca. 0.2 V of overpotential, pro- 
viding a relatively wide window of overpotential where kinetic 
analysis can be performed by using the Levich-Koutecky 
equation, 

1 1 1 1  1 - = - + - = - +  
i ik id i, c,  Bo-'.' 

where i, is the kinetically controlled current density, and id is 
the mass-transport limited current density 

(11) 
in which nF is the charge transferred per mole, D is the diffu- 
sion coefficient, c ,  is the solubility of H, and v is the kine- 
matic viscosity of the electrolyte. Fig. 5 displays i-' us. 0 - O . '  

plots for various potentials in the hydrogen region of the 
Pt(hk1); these plots for various potentials in the anodic hydro- 
gen overpotential region yields straight lines with the intercept 
corresponding to the kinetically controlled current (i, '), and 
the slope corresponding to the mass-transfer factor B - ' .  Note 
that at the same potential, i,(lll) M ik(100) < i,(110) which 
indicates the order of absolute kinetic activity of the three sur- 
faces. At sufficiently anodic potentials, different for each of the 
surfaces, the lines go through the origin, indicating that at 
these potentials the HOR is a purely diffusion limited reac- 
tion. Levich-Koutecky plots for the (100) surface in the OH,,, 
potential region are shown in Fig. 6; these plots reveal that 
the slope (the mass-transfer factor B) is essentially the same as 
that measured in the low overpotential region. 

Fig. 7 shows so-called 'Tafel plots', log i us. E, at low over- 
potentials from the polarization curves at 3600 rpm (Fig. 4), 
where measured current densities are essentially due entirely 
to kinetic resistance for the HER and HOR. For all three sur- 
faces, the Tafel slopes, d log i/dE, increased monotonically 
with the overpotential. Depending on the fitting method, i.e., 
the method of drawing the tangent through the points of what 
appears to be a continuous curve, one might extrapolate any 
Tafel slope between ca. 50 and 150 mV (decade)-'. In our 
case, for Pt(ll0) we fitted the curves with two slopes: a low 
Tafel slope ca. 55 mV (decade)-' and high Tafel slope with 
140 mV (decade)-'. Note that (110) is the only surface with a 
symmetrical log i us. E relationship, indicating that there is a 
single exchange current density for the hydrogen electrode 
reaction applicable to both anodic and cathodic processes (ca. 
7 i( lop4 A cmP2). On Pt(100) the HER appears to have two 
Tafel slopes; at low overpotentials ca. 65 mV (decade)-' and 
at high overpotentials ca. 140 mV (decade)-'. This surface 
also has the most asymmetrical curves, with significantly 
higher exchange current density for the HER (ca. 4 x l op4  A 
cmP2) than for the HOR (ca. 5 x lo-' A ern-,). The (111) 
surface does not have a transition in Tafel slope that can be 
defined in a consistent way. On this surface, the exchange 

(1) 

id = 0.62 nFD2I3v- li6c0 o1I2 = Bc, o1I2 

1 .o 

0.5 

0 

1 .o 
v 

I a 
E 

N 

0.5 
1 
7 

I 
.I 

0 

0.225 \i 
0.250 V 
0.275 V 

Pt (1 11) 

0 I 1 I I I 
OOC' I 0.02 0.04 0.06 

w 4-5/ rpm -0.5 

Fig. 5 Levich-Koutecky plots for the HOR on Pt(hkl) at various 
electrode potentials in the hydrogen underpotential region 

current density for the HOR (ca. 4 x lo-' A cm-2) is lower 
than for the HER (ca. 7 x lo-' A cm-'). Our results for the 
(110) surface are comparable to those reported for poly- 
crystalline Pt in the relatively few reports of work in alkaline 
solution. For the HER on polycrystalline platinum electrode 
in 0.5 M NaOH, Conway et and Bai et reported a 
Tafel slope of 75 mV (decade)-' in the low overpotential 
range, and a value of 125 mV (decade)-' at high over- 

I 1 I I I I I 
Pt (100) 0.825 W 

0.1 M KOH 
0.800 V 

0.775 V 

F 10 0.750 V - 
a 
E 

R' 

- 

/ M O  

//' , I I I 1 

0 0.01 0.02 0.03 0.04 0.05 
w4.5/rpm-o.5 

Fig. 6 Levich-Koutecky plots for the HOR on Pt(100) at various 
electrode potentials in the hydroxy adsorption region 
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-2 i 0.1 M KOH 
Pt (1 00) 
Pt(111) 
Pt (110) 

- 
--- 
.-.-.- 

E N  

Fig. 7 Tafel plots for the HER and HOR on Pt(hkl) in 0.1 M KOH at 
3600 rpm 

potentials. Bagotsky and Osterova reported an exchange 
current density of ca. 0.1 mA cm2 for polycrystalline Pt in 0.5 
M NaOH." 

4. Discussion 
Polarization curves for the HER and HOR on Pt single- 
crystal surfaces in alkaline solution clearly show that the 
kinetics of hydrogen reaction is strongly affected by the sym- 
metry of Pt surface atoms. Although it has long been recog- 
nized that some electrode reaction rates are a function of the 
crystallographic orientation of Pt(hkl) (two prominent exam- 
ples being the oxidation of small organic molecules25 and the 
reduction of 6), our results demonstrate, for the first 
time, that the kinetics of HER and HOR on Pt(hkl) in alkaline 
solution are also sensitive to the surface structure. Because the 
adsorption isotherm for hydrogen in the overpotential region, 
Hupd, is strongly dependent on crystal face, it is obvious that 
one would first seek a rationalization of the structure sensi- 
tivity of the HOR (at least) in terms of Hupd and its role in the 
rate determining step (rds). We present here an interpretation 
of the kinetics of HOR and HER on Pt(hkl) in alkaline solu- 
tion based on the proposition that differences arise mainly 
from the structure sensitivity of Hupd and OH,,, on Pt(hkl) 
and their roles in the mechanism of the reaction. 

4.1 

The HOR on platinum electrode is usually assumed to 
proceed by a mechanism which involves initial adsorption of 
molecular hydrogen with simultaneous dissociation of the 
molecule into atoms 

The mechanism of the HOR on Pt(hkf) 

H2 f------) 2Had 
rds 

followed by adsorbed atomic hydrogen ionization 

H, ,+OH-=H,  + e -  (3) 
i.e., historically referred to in some accounts as the Tafel- 
Volmer sequence.' It should be noted that the Ha, is not the 
same species as the Hupd, as we discuss below. 

As shown for the polycrystalline platinum electrode in alka- 
line solution," the rate of the second step is much larger than 
that of the first, the dissociative hydrogen adsorption [eqn. 
(2)] being thus the rate determining step of the total process. 
Although there may be some consensus about reactions (2) 
and (3), the question of whether underpotentially deposited 
hydrogen, Hupd, usually observed by cyclic voltammetry in 
the absence of molecular hydrogen, is identical to the hydro- 
gen states formed from step (2) (e.g., Had) is controversial. 
Also, it is important to know whether the sites for dissociation 
are the same as the sites for ionization (or is dissociation fol- 
lowed by rapid surface diffusion to a different site where ion- 
ization takes place?). Thus, there are many different rate 

expressions one could write even for the simple mechanism 
represented by reactions (2) and (3). By using a more empirical 
analysis, however, we are able to examine the relationship 
between Hupd and the reaction kinetics. 

4.1.1 Effects of Hupd. By using single crystals of Pt, we 
gain considerable insight into the relationship between Hupd 
coverage and the kinetics because the three different crystal 
faces have three very different isotherms for Hupd and very 
different reactivities for the HOR. A comparison of the anodic 
part of the polarization curves in Fig. 4 with the adsorption 
isotherms for Hupd in Fig. 2 clearly shows that on Pt(ll0) the 
HOR occurs even on a surface which is 'fully' covered by the 
Hupd (1 ML = 147 pC ern-,). On both Pt(100) and ( l l l ) ,  
however, the onset of comparable current density appears to 
be correlated with the desorption of a significant amount of 
Hupd, and thus the creation of a critical number of 'bare' Pt 
sites. The influence of Hupd on the kinetics of HOR is most 
pronounced for the Pt( 11 1) surface, as shown in Fig. 2 and 4. 
It is important to note that the (111) surface covered by 
Hupd > 0.5 ML is almost completely inactive for the HOR. 
Therefore, given that the increase in the rate of HOR on all 
three platinum single-crystal surfaces is mirrored by a 
decrease in coverage of Hupd, we can write a rate expression 
based on steps (2) and (3) using Hupd as the only state 
adsorbed on the surface. Since the dissociation of molecular 
hydrogen is a chemical reaction, the potential dependence of 
the rate comes entirely from step (2), and hence, entirely from 
the potential dependence of the surface coverage by Hupd. We 
do not claim that our analyses here is definitive. In fact, it is 
just a model relating the oxidation rate (in the absence of any 
mass transfer effects) for hydrogen molecules on Pt(hkl) to the 
availability of 'bare' platinum sites (1 - OHupd). Since we do 
not know the details of the site-blocking interaction between 
Hupd and the dissociation of H, , we will use an empirical rela- 
tion between the number of 'bare' Pt sites available for H, 
dissociation and Hupd given by 

Integral values of rn = 1 or 2 would correspond to ideal 
(Langmuirian) single- or dual-site blocking interactions by 
Hupd. Then, we can write the rate of the rds [step (2)] using a 
simple chemical rate expression 

log ik, ox = log i8 + rn log(1 - OHupd) (Ma) 
Hupd = O 

Note again that the potential dependence arises solely from 
the potential dependence of Hupd. Plotting the kinetically con- 
trolled currents as log &, ox us. log(i - OHUP,) produces a linear 
relationship for all three surfaces, as shown in Fig. 8. From 
the slope of the straight line, one can evaluate the exponent 
rnpt(hkl) and this gives m,,(,,,, = 2, rn,,(l,,~ = 1.5 and 
rn,,(,,,) = 0.5. From this analysis it appears that the HOR on 
Pt( 11 1) in alkaline solution follows the ideal dual-site form of 
the Tafel-Volmer sequence. The same functionality might also 
apply to Pt(100), although the m is not exactly equal to 2. It is 
possible that the decrease of the current density of HOR does 
not match perfectly with the number of pairs of (100) sites 
because some (unknown) fraction of Hupd on (100) may lie 
below the surface plane, as indicated by our X-ray scattering 
measurements1 7,t and therefore does not block H, disso- 

-f We should note that X-ray scattering measurements are not sensi- 
tive to the location of hydrogen atoms on or below the surface. The 
X-ray measurements, however, accurately measure the expansion of 
the surface platinum atoms as a function of electrode potential. The 
Pt(100) surfaces showed a large (>5%) expansion in the Hupd region 
and this could be consistent with the presence of subsurface hydrogen. 
In contrast, the Pt(l1 l), showed a considerably smaller expansion (0- 
1.5%) in the Hupd region. 

J .  Chem. SOC., Faraday Trans., 1996, Vo1.92 3723 

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
96

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
id

ad
 I

nd
us

tr
ia

l d
e 

Sa
nt

an
de

r 
on

 0
8/

01
/2

01
5 

23
:1

7:
29

. 
View Article Online

http://dx.doi.org/10.1039/ft9969203719


-2 

-3 
h 

X 

Y 
9 .- 

Y 

m 0 - 

4 

I I I 
- 

-/?I/ 
0.1 MKOH // P 

1 I I I I 
0.01 0.1 1 .o 

(l -eH,OH)/ ML 

Fig. 8 Plots of log us. log(1 - qH,OH). (0, A) are points inferred 
from Fig. 2 and 5 in the Hupd region; (0, A) are points inferred from 
Fig. 2 and 6 in the OH,, region; (a, A) are points inferred in Hupd 
region (Fig. 2 and 4) where HOR is a purely kinetically controlled 
process. 

ciation. On the other hand, the X-ray scattering measurements 
for Pt( 11 1) show much less subsurface hydrogen (if any at all). 

The (110) surface does not fit very well to our model, in the 
sense that m = 0.5 does not have a physical meaning. 
Together with the simple observation made above, that the 
surface is very active even when coverage by Hupd is complete, 
it is our conclusion that there are sites for H, dissociation on 
the (110) surface that are not occupied by Hupd, although a 
full monolayer of hydrogen is adsorbed. In our recent study of 
the ORR on Pt(l10), we noted that the (110) surface is very 
open and, therefore, that even if it is ‘fully’ covered by Hupd 
there might still be available bare platinum atoms that can 
serve as sites for 0-0 bond breaking.16 An analogous situ- 
ation could be applied to the adsorption of molecular H, on 
the (110) sites and the subsequent H-H bond breaking. Until 
recently, relatively little was known about the true nature of 
adsorbed Hupd on Pt(ll0) in solution. Also the real structure 
[i.e., (1 x 1) or reconstructed surface] of the Pt(ll0) surface 
prepared by flame annealing in hydrogen was also unknown. 
Our most recent X-ray scattering measurements for Pt(110) 
clearly show that the surface prepared by flame annealing, fol- 
lowed by cooling in hydrogen, exhibits a very stable (1 x 2) 
reconstruction that is present in alkaline solution over a wide 
potential range, and is only removed when the surface is 
roughened by irreversible oxidation. Furthermore, the 
results suggested that the most plausible adsorption sites for 
Hupd are the three-fold coordinated sites below the top-most 
(110) rows of Pt atoms, as shown in Fig. l(c). A pronounced 
relaxation of the top-most atomic rows (ca. 20%) outward 
from the underlying atoms was observed in the potential 
region of the Hupd, indicating that a significant fraction of the 
Hupd might be below the surface. If we assume that H2 
adsorption and dissociation can occur on the top sites of the 
Pt(ll0) (1 x 2) surface, see insert of Fig. l(c), then it is possible 
that even when the electrode is ‘fully’ covered with Hupd, the 
oxidation reaction can still proceed at a high rate. The model 
that appears to rationalize the results for the HOR at low 
anodic overpotentials on all Pt single-crystal surfaces is one 
where the underpotential deposited hydrogen, Hupd, is a 
strongly bound state (AadG < 0) but the active intermediate, 
Ha,, is a low binding energy state (AadG > 0). 

4.1.2 Effects of OH,,. At high overpotentials, i.e., in the 
potential region where platinum surface atoms are partially 
covered by OH,,, the activity of Pt(hkl) for the HOR 

decreases in the sequence (1 1 1) > (1 10) > (100). Interestingly, 
the rate of the HOR on Pt(ll1) is not measurably affected by 
the coverage of OH,, for the reversible state adsorbed in the 
anomalous potential region. The decrease in an activity above 
ca. 0.9 V coincides with the onset of the formation of the 
surface ‘oxide’ by the place-exchange mechanism.26 The lack 
of sensitivity of the HOR reaction on the (1 11) surface is very 
interesting, but it is difficult to attribute a unique physical 
meaning to it. The simplest physical model which might 
describe the effects of OH,, on the kinetics of HOR, inter- 
preted in terms of the Tafel-Volmer sequence, could be the 
same as in the case of ORR,16.t i.e., the lack of sensitivity of 
the HOR at high anodic overpotentials would imply that 
reversibly adsorbed OH,, on (111) does not block sites for 
dissociative adsorption of H, . 

On (100)’ the dissociative adsorption of H, molecules is 
inhibited even at low surface coverage by OH,,. The ‘bell- 
shape’ of the polarization curves for Pt(100) in Fig. 3, e.g., the 
curves in the OH,, region are almost a mirror image of the 
curves in the Hupd region, imply that the reversible adsorption 
of hydroxide ions suppresses activity in nearly the same way 
as Hupd does. Thus, it appears that on Pt(100) the effects of 
OH,, on the HOR could be analogous to that proposed 
above for Hupd. Using ik determined from the y-intercepts of 
the Levich-Koutecky plots in Fig. 6, and from the adsorption 
isotherm of the OH,, shown in Fig. 2, assuming complete dis- 
charge of the OH ion, we have plotted the functionality of log 

us. log(1 - OoH) in Fig. 8. The resulting relationship is 
linear and the slope of the straight line, rnpt(lOO),ox = 2. This 
implies that the current density of the HOR on Pt(100) in the 
OH,, region decreases to the second power, i.e., unoccupied 
Pt-pair sites are required for the dissociative chemisorption of 
H,. The occurrence of the ideal exponent, rn = 2, for Pt(100) 
in the OH,, region us. the non-ideal value of 1.5 in the Hupd 
region might be interpreted as indicating that OH,, at sub- 
monolayer coverage is adsorbed onto the (100) surface rather 
than in or below the surface, consistent with physical models 
of OH,, based on other data.26 

4.2 The mechanism of the HER on Pt(hkl) 

We will assume that the mechanism for the HER is the same 
as for the HOR, since we are analysing the HER only at low 
overpotentials. The adsorbed intermediate, designated as Hop, 
for the overpotential region, is formed cathodically from the 
reduction of H,O rather than from the dissociation of H, as 
in the HOR. The reduction of water 

H 2 0  4- e- =Hop, + OH- (4) 
is coupled with removal of Hop, by a recombination step 

2Hopd H2 
rds 

( 5 )  

Unfortunately, relatively little is known about the true nature 
of Hop, in electrolytic solutions. Conway and c o - ~ o r k e r s ~ ~  
proposed that Hop, is uniquely different from Hupd, and that 
its coverage in the hydrogen evolution potential region could 
be calculated from potential decay transients. From IR spec- 
troscopic measurements Nichols and B e ~ i c k , ~  observed that 
at potential below 0.08 V a new vibrational band shifted from 
that for Hupd on polycrystalline Pt and on Pt(111) in 1 M 
H,SO,. By correlating the potential dependence of the band 
intensity with the rate of hydrogen evolution they concluded 
that this adsorbed hydrogen is the reaction intermediate in the 
HER, in our notation Hop, . 

Our results clearly show that the HER on Pt(hkl) in 0.1 M 
KOH is a structurally sensitive process, with the order of 

f It appears that due to weak adsorption and high mobility of the 
OH,, species on the (1 11) surface, the adsorption of molecular 0, (the 
proposed rds) is not blocked by these species. 
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activity of Pt(hk1) increasing in the sequence (111) < 
(100) < (110). In the discussion which follows, we present an 
admittedly speculative rationalization for the differences in 
activity with crystal face in terms of differences in the nature 
of adsorbed hydrogen and the role of adsorbed hydrogen in 
the formation of ‘bare’ Pt sites, which are required for a rate 
determining chemical recombination step to take place. Fol- 
lowing our interpretation of the HOR, we propose that during 
the HER two different types of hydrogen can be distinguished 
on Pt(hk1); strongly adsorbed hydrogen, Hupd, (e.g., high 
bonding states, AadG < 0) is a spectator species (site blocking) 
in the HER, and weakly adsorbed hydrogen, Hopd, (e.g., low 
bonding states, AadG > 0) is the reaction intermediate in HER. 
For Pt(llO), at low cathodic overpotentials the Hupd is 
adsorbed in the ‘troughs’ of the (1 x 2) structure, thus leaving 
the top Pt-pair sites available for the reaction of recombi- 
nation of the adsorbed Hopd. We note that steps (4) and (5) 
occur even when the (110) surface is ‘fully’ covered by the 
Hupd, as was the case of the HOR at low positive over- 
potentials. Assuming that on either side of the equilibrium 
potential for the hydrogen reaction the (110) surface always 
provides the same number of active centres (pair of Pt sites), 
then the kinetics of the HER and HOR should be comparable, 
as confirmed from the symmetrical shape of the Tafel plots in 
Fig. 7, and by the fact that the same value for the exchange 
current densities for the HER and HOR are observed. On the 
Pt( 100) surface, we postulate that at low anodic overpotentials 
the top Pt sites are completely blocked by Hupd. The result is 
that unoccupied Pt-pair sites on Pt( loo), required for the 
recombination of Hopd, can only be created if some amount 
(unknown) of the Hupd moves to a subsurface state when the 
potential is made more negative. Therefore, the surprising 
anodic/cathodic asymmetry for the polarization curves (Tafel 
plots) for the (100) surface can be rationalized as arising from 
a transition in the nature of Hupd and its effect on kinetics in 
two different potential regions. The least active surface for the 
HER is the Pt(l11) surface. Our X-ray scattering results17 
have shown that this surface forms much less subsurface 
hydrogen than (100) in the same potential region, and, there- 
fore, the site for hydrogen recombination remains highly 
blocked by Hupd. Our fundamental rationale for all Pt sur- 
faces is that in order to have an appreciable rate of the HER 
some of the Hupd has to be in a subsurface state in order to 
allow the formation of a pair of ‘bare’ platinum sites which 
can be occupied by intermediate Hopd . 

5. Conclusions 
On the basis of results presented above, and in harmony with 
the discussion in ref. 9, it is reasonable to conclude that the 
adsorbed state of hydrogen that is the active intermediate in 
both the HER and HOR at low overpotentials on all Pt sur- 
faces is a low binding energy state (Aa,G > 0). In contrast, the 
more strongly bound state of the adsorbed hydrogen, Hupd, 
which is thermodynamically equivalent to an underpotential 
state (AadG < O), is not an active intermediate and has a site 
blocking effect. Consequently, at low overpotentials, the 
potential dependence of the rates of the HER and HOR arise 
primarily from the potential dependence of the isotherm for 
the low binding energy state, the chemical recombination step 

being rate determining. The (1 10) surface, possibly by virtue of 
its surface geometry, has the most favourable isotherm for the 
low energy state and the most facile kinetics of the low index 
faces of Pt. 
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