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Foram aplicadas rotinas combinadas de potencial, envolvendo varreduras voltamétricas e para-
das de potencial, na regidio dos ad-atomos de hidrogénio sobre eletrodos de Pt, em diferentes solu-
¢oes dcidas, para produzir um aumento da corrente de pico da eletro-desor¢do do “terceiro” 4tomo
de hidrogénio que aparece cerca de 0.22 V vs. RHE. Este pico pode ser observado para eletrodos de
Pt de diferentes topografias. Aparentemente, a contribui¢io catddica correspondente aparece numa
regido de potenciais ligeiramente mais positivos que o potencial limiar da reagfio de desprendimen-
to de hidrogénio. A diferenga entre os potenciais de pico referentes as reacdes redox conjugadas €
consistente com uma aprecidvel irreversibilidade do processo. A pequena carga envolvida neste par
de picos é esperada para estados sub-superficiais e intersticiais dos ad-dtomos de hidrogénio sobre
Pt. Esse tipo de estrutura tem sido predita por calculos da quimica quéntica.

Combined potential routines involving voltammetric sweeps and potential holdings covering
the H-adatom potential range were applied to Pt electrodes in different aqueous acid solutions to
produce an enhancement of the “third” H-atom electrodesorption current peak at ca. 0.22 V vs.
RHE. This peak can be observed for Pt electrodes of different topographies. Seemingly, the corres-
ponding cathodic current contribution appears in a potential range slightly more positive than the
hydrogen evolution reaction threshold potential. The peak potential difference related to the conju-
gated redox reactions is consistent with an appreciable irreversibility of the process. The small char-
ge involved in this pair of peaks is expected from a subsurface and an interstitial H-adatom state on
Pt. This type of structure has been predicted from quantum chemistry calculations.

Keywords: platinum electrodes, hydrogen evolution, H-adatoms, third H-adatom current
peak
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The hydrogen evolution reaction (HER), one of the most
important processes in electrocatalysis, has been used as a
prototype for several electrode reactions'””. Depending on the
nature of the metal/solution interface, the kinetics of the HER
has been explained through different reaction pathways invol-
ving the participation of H-adatoms as reaction intermediates.
Accordingly, depending on the type of adsorption isotherm
which H-adatoms obey, kinetic equations derived from diffe-
rent reaction pathways account for specific potential and time

However, in conventional mechanistic approaches to
the HER under steady-state conditions, little attention has
been paid to the influence of the characteristics of adsorpti-
on sites on the kinetics of the reaction. In fact, as far as we
know, there is only one example in which the possibility of
the surface diffusion of H-adatoms occupying different ad-
sorption sites of Pt has been considered®. Since most of the
work done at the metal/aqueous solution interface has fo-
cused on the evaluation of the isotherm for H-adatoms and
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chemisorption energy>*’!°, non-equilibrium effects due

to surface diffusion processes have been disregarded.

Valuable information about the mechanism of the HER
has been obtained from the underpotential deposition of
H-adatoms at noble and semi-noble metals, but little has
been gained from those species which might act as actual
precursors to H> molecule formation at overpotential con-
ditions'!"!* This drawback is caused by the fact that the ste-
ady Hoevolution current greatly exceeds those transient
current contributions associated with H-adatom reactions.
In fact, AC impedance spectroscopy data have made the
analysis of H intermediates possible in a potential range
close to the HER threshold potential'>®.

On the other hand, the application of different potential
routines to noble metal electrodes produces changes in the
surface morphology, including crystallographic orientati-
on'7"" These changes involve modifications in the adsor-
bate characteristics of the metal electrode, as has been well
established for H-adatoms on Pt'°. In this case, the
H-adatom electrosorption voltammogram acts as a sort of
fingerprint of the adsorption energy characteristics of the
electrode surface, thus offering the possibility of determi-
ning the influence of a specific metal topography on a parti-
cular reaction, as in the case of the H-adatom
electrosorption reaction on Pt substrates.

This paper provides experimental data on the possible
existence of a H-adatom state acting as a precursor in the
HER, yielding species which appear to be closely related to
the so-called “third” anodic voltammetric peak for Pt in
acid solutions. In situ infrared data?® and visible-infrared
sum frequency generation vibrational spectroscopy?!**? in-
dicated the presence of these species, which was supported
by quantum chemistry calculations>.

Experimental

Electrochemical runs were made in different conventi-
onal electrochemical cells made of either glass or Teflon,
with a Pt working electrode, a large Pt gauze counterelec-
trode, and a reversible hydrogen reference electrode. The
following aqueous solutions were employed: x M H2SO4
(0.05£x£1.0),0.5 MHCIO4,0.3 M HF, and 1 M HF. Solu-
tions were prepared from a.r. chemicals and Millipo-
re-MilliQ* water. All runs were performed under
continuous oxygen-free nitrogen saturation at 25 °C. Po-
tentials in the text are given in the reversible hydrogen elec-
trode (RHE) scale.

Three types of Pt working electrodes were used.

i) Smooth polycrystalline (pc) Pt electrodes, which
were first immersed in a hot HoSO4-HNO3 1:1 mixture,
subsequently rinsed with Millipore-MilliQ* water, and fi-
nally placed in the working solution.

ii) Smooth pc Pt electrodes, which were subjected to re-
petitive triangular potential cycling (routine I) at 0.1 V s™!
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between E=0.05V and Eg; = 1.45 V until a stable voltam-
mogram (blank) was achieved. They were then subjected to
preset repetitive symmetric square wave potential cycling
(routine II) to develop a certain preferred crystallographic
orientation (pco). This potential routine was characterized
by an upper (E,) and a lower switching potential (E;) and a
frequency (f). Details of these techniques have been given
elsewhere!”!?. Two types of pco Pt electrodes (pco I and
pco II) were employed. The preparation conditions under
routine [l were -0.2 VEE£0.05V,E,=15V ,4kHz £f£
7kHz for 120 s £t £ 3600 s for pco I Pt, and 0.60 £E;£0.70
V,E.=1.5V ,4kHzE£{f£7kHzfor 120 s £ t £ 3600 s for
pco 11 Pt. The cyclicvoltammogram of pco [ Pt runin 1 M
H»SO04 at 0.1 V 57! was similar to that of a Pt(100) surface
after it has been cycled a few times through the O-adatom
potential region?*°. However, in contrast to previous re-
sults'®, the electroreduction sweep for pco I Pt exhibited a
current hump very near the HER threshold potential where
the Pt surface was almost completely covered by
H-adatoms. On the other hand, the cyclicvoltammograms
of pco 11 Pt closely resembled the characteristics described
in the literature for Pt(111) after it has been potential cycled
in the O-adatom potential range®’.

iii) Columnar structured (cs) Pt electrodes involving
roughness factors in the range of 10 to 150. The preparation
technique of this type of electrode has been described el-
sewhere®®. Voltammograms obtained for cs Pt electrodes
in 1 M H,SO4 showed the same pair of conjugated current
peaks for the strongly and weakly bound H-adatoms.

A combined cyclic voltammetry technique was emplo-
yed to follow the various H-adatom electrosorption proces-
ses. The first step consisted of the application of a repetitive
triangular potential sweep covering the range Esc =0.02 V
t00.05 V £E, £0.25 V (routine I1I), and the second step in-
volved the application of triangular potential sweeps, in-
cluding a potential holding at E;, (0.02 V £ E, £ 0.25 V) in
the potential sweep run in the negative potential direction,
fortime t, (10 s £ ty, £ 20 min) (routine I'V). Both routines I1I
and IV were followed by cyclicvoltammetry run in the ran-
ge from E¢. =0.05 V to either E¢, =0.50 V or 1.45 V. Chan-
ges in the successive voltammograms allowed us to infer
possible rearrangements of the H-adatom configuration on
Pt promoted by the application of the potential routines. Fi-
nally, the potential cycling was continued until the stable
cyclicvoltammogram was attained. The same routine was
applied to all working solutions.

The real surface area of pc-Pt, pco-Pt, and cs-Pt electro-
des was measured through the change of the H-adatom
electrosorption read from the voltammogram run at
0.1 Vs, covering the range from Esc = 0.05 V to Eg, = 0.50
V in aqueous 0.5 M H>SOy. For this purpose, the H-adatom
monolayer charge density for each Pt surface was taken
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from the literature as 210 nC c¢cm™2, 242 nC cm?, and
210 nC cm for Pt (100), Pt (111), and pc-Pt, respecti-
vely?.

Results

General features

Cyclic voltammograms run at 0.1 V s™! for pco I-Pt and
pco II-Pt in aqueous 0.5 M H>SO4 and 1 aqueous M HF
(Fig. 1), as well as those run in aqueous 0.5 M HC1Oy in the
range of Es = 0.05 to Esa = 1.45 V, exhibit qualitatively
comparable features. Thus, the H-adatom electrosorption
potential range extends from 0.05 V to 0.45 V, and the
O-atom electrosorption and oxide formation potential ran-
ge covers from ca. 0.70 V to 1.50 V. The char-
ging-discharging double layer region is located in between.
These results confirm the influence of the Pt surface morp-
hology on the H- and O-adatom electrosorption voltammo-
grams in those electrolytes.

Voltammograms show that the H-Pt bond is somewhat
stronger in aqueous 1 M HF, and that the H-adatom electro-
desorption covers a potential range wider than in aqueous
0.5 M H,SOq. Likewise, it appears that in aqueous 1 M HF
the O-Pt bond is stronger, and the O, evolution threshold
potential is lower than in aqueous 0.5 M H,SOs. Then, the
behavior of the H- and O-atom electrodesorption in aque-
ous 1 M HF is rather similar to that found earlier in aqueous
HBF; solution®’, and can be explained by the low anion ad-
sorbability on Pt in those solutions.

Results obtained using pco Pt electrodes

H-adatom electrosorption reactions on pc Pt display a
multiplicity of current peaks, which are associated with
different H-adatom states, and the relative contribution of
these peaks changes according to the electrode surface
characteristics. Thus, for pco [ Ptin aqueous 1 M HF, there
is a relatively large contribution of those reactions invol-
ving strongly bound H-adatoms, the corresponding pair of
peaks lying at 0.30 V, a potential which is positively shif-
ted with respect to that observed for the same reactions in
aqueous 0.5 M H,SOq. It should be noted that by setting
Esc @D V, the voltammogram exhibits a new current con-
tribution at ca. 0.05 V, a potential slightly more positive
than the HER threshold potential. This peak decreases
progressively with further cycling in the H-adatom poten-
tial range, but the conjugated pair of peaks at ca. 0.3 V be-
comes sharper and higher (Fig. 2). The H-adatom
electroadsorption charge derived from the first and se-
cond voltammogram is greater than that derived from the
H-adatom electrodesorption voltammogram, but the ano-
dic to cathodic charge ratio after the third cyclicvoltam-
mogram remains the same. Conversely, when the
potential routine Il is applied in the range of E;=0.05 V to
E,=1.50V with f =5 kHz, the subsequent voltammogram
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Figure 1. Cyclic voltammograms run at 0.1 V's™' for pco Tand pco TI Pt
electrodes in aqueous (a) 0.5 M H2SO4 and aqueous (b) 1 M HF. 25 °C.

0.4

0.2F

a =+

b

0.0

0.2

04 0.0
E(V)

0.2

0.4

Figure 2. Cyclic voltammograms run at 0.05 V s™ for pco I Pt electro-
des in aqueous 0.5 M H2SOy after applying routine III. 25 °C. Arrows
indicate the direction of the change in the voltammetric peaks on the
potential cycling. The small arrows show the small cathodic voltam-
metric contribution related to the “third” anodic current peak.
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shows that the cathodic hump at 0.05 V disappears, and
then the anodic to cathodic charge ratio remains close to 1,
irrespective of the number of cycles.

Cyclic voltammograms of pco Il Ptin aqueous 1 M HF
and aqueous 1 M H,SO4 show a relatively large contribu-
tion of weakly bound H-adatoms as a pair of reversible pe-
aksat(0.12 Vand0.10 V, respectively (Fig. 3). In this case,
both H- and O-adatom electroadsorption are delayed as
the electrolyte concentration is increased, due to the appe-
arance of the specific influence of anion adsorption®'.
Otherwise, by setting E;in the range 0.40 £EE, £0.50 V, the
voltammogram shows a cathodic hump at ca. 0.05 V,
which continues to be observed in the second scan, but di-
sappears later on. This change is accompanied by a sharp-
ness of the pair of peaks found at 0.12 V. Afterwards, the
stable voltammogram run in the H-adatom potential regi-
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Figure 3. Cyclic voltammograms run at 0.1 V s™ for pco 11 Pt electro-
des in (a) aqueous 1 M H2SOy4 and (b) aqueous 1 M HF. 25 °C.
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on shows again that the anodic to cathodic charge ratio
becomes equal to one.

The voltammetric resolution of the “third” anodic peak
also depends on the potential sweep rate. For scan rates
above 0.5 V s\, no contribution of this peak can be obser-
ved. However, holding the potential at E, = 0.064 V (routi-
ne IV) it results in a clear definition of the “third” anodic
peak, although it largely overlaps the strongly bound
H-adatom electro oxidation current peak. These results
confirm that the kinetics of those reactions involved in the
“third” anodic peak is rather slow, as has been previously
concluded by other authors®’-2,

Voltammetric runs were also made with pco II Pt in
aqueous 1 M HSO4 applying routine IV in the potential
range of 0.052 V £E, £0.123 V. The voltammetric features
resulting from these electrodes are similar to those already
described for c¢s Pt. The optimal enhancement of the “third”
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Figure 4. Cyclic voltammograms run at 0.1 V s for pco 1 Pt electro-
des in aqueous 1 M H>SOj after applying routine III. (a) t, = 3 min; (b)
tp = 25 min. 25 °C.
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anodic peak appears at E, =0.049 V. (Fig. 4). However, for
potential holdings exceeding 30 min, a strong inhibition of
both the weakly bound H-adatom electrosorption peak and
the “third” anodic peak, as well as a significant increase in
the strongly bound H-adatom desorption peak followed by
the typical hump already described for pco IT Pt at 0.35 V'®
can be seen. These results can be explained by the likely
surface diffusion of H-adatoms on different crystallograp-
hic sites®.

Following the H-adatom voltammetric fingerprints on
Pt single crystals>*2°, it appears that for short potential hol-
ding times, the H-adatom species diffuses fromthe (111) to
(110) sites, i.e., the “third” anodic peak enhancement is fa-
vored (Fig. 4a). However it appears that longer potential
holding times at E;, = 0.05 V in aqueous 0.5 M H>SO4
would favor the H-adatom surface diffusion to (100) sites
(Fig. 4b), resulting in the appearance of the cathodic shoul-
der near the HER.

The above results, together with those obtained ap-
plying routine Il between Eq. =0V and E;; =0.05 V, give a
further insight into the nature of the cathodic contribution
related to the “third” anodic peak, although the time requi-
red for achieving the same effect for routine III is much
shorter than that for routine IV (Fig. 5).

Results obtained using cs Pt electrodes

The application of routine Il to a cs Ptin aqueous 0.5 M
H,SO4 within the H-adatom potential range, followed by a
sequence of triangular potential sweeps of increasing Eq,,
produces clear and specific voltammetric features related
to both the strongly and weakly bound H-adatoms, as well
as to the “third” anodic peak and its conjugated contributi-
on. Thus, a potential cycling between Eic = 0 V and
Eq, =0.055V at 0.05 V 57! both enhances the “third” anodic
peak and decreases the desorption peak of weakly bound
H-adatoms, as can be seen during the first subsequent elec-
trooxidation potential sweep (Fig. 6a, b). Whenever the po-
tential cycling is followed by a gradual increase in Eg,
within the double layer potential range, keeping Ey. cons-
tant (Fig. 6¢), a well-defined strongly bound H-adatom re-
versible pair of peaks with a constant peak height can be
observed. Otherwise, for Esa > 0.8 V, i.e., when the incipi-
ent O-atom electroadsorption potential range is covered,
the contribution of the pair of reversible peaks increases,
whereas that of the “third” anodic peak turns out to be very
small (Fig. 6d). Furthermore, when Esa > 1.0 V, a decrease
in the height of the strongly bound H-adatom pair of peaks,
and an increase in height of the “third” anodic peak can be
seen (Fig. 6e), as has already been observed for Pt (110)
subsequent to a potential excursion in the oxygen atom
electroadsorption-electrodesorption range™. Likewise, for
Esa> 1.2V, the height of the weakly bound H-adatom ano-
dic contribution becomes almost constant. Furthermore, a
progressive increase in the current contribution on the cat-
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Figure 5. Cyclic voltammograms run at 0.1 V 5! for pco 1 Pt electro-
des in aqueous 0.5 M HCI1O; after applying routine IV for (a) t, = 300
s, and routine III (b) for tn = 140 s. En = 0.03 V. 25 °C.

hodic branch of the weakly bound electroreduction peak, as
well as that in the “third” anodic peak, can be observed. The
best definition of the “third” anodic peak is observed under
routine III for lower potential sweep rates.

Qualitatively similar results were obtained for aqueous
1 M HF and aqueous 0.5 M HCIQy, although in these cases
a weaker voltammetric response of the “third” anodic peak
was found. These effects are no longer observed when rou-
tine I1l is applied at Eg; > 0.15 V. However, the influence of
the nature and the concentration of anions on the develop-
ment of the “third” anodic peak deserves further study.

On the other hand, routine IV produces different vol-
tammetric contributions, depending on the potential hol-
ding and time spent. Thus, longer times and lower potential
holding values enhance the contribution of the “third” ano-
dic peak. However, a limiting time to attain the effect found
at each potential holding that depends on the acid solution
composition.

The comparison of data derived from the application of
either routine I or IV to c¢s Pt in the acid aqueous solutions
shows that in the former case, the greatest enhancement
and definition of the “third” anodic peak was achieved. It
should be noted, however, that the “third” peak for cs Pt is
more poorly defined in aqueous HF and HCIO4 than in
aqueous H>SOy solution.

Discussion

Description of possible H-adatom states

It is well known that H-atom electrosorption on Pt re-
sults mainly in the formation of two different adsorbates,
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which correspond to the weakly and strongly bound adsor- vely charged H-adatoms result. This excess of charge re-
bed H-atom. For Pt(111) single crystal, the weak H-Pt bon- sults in a change in the shape of the potential energy curves,
ding, in contrast to the strong H-Pt bonding for Pt(100), which in turn implies a variation in both the H-Pt site inte-
should involve the contribution of a water molecule in the raction for each possible H-adatom coordination, and the

formation of the adsorbed ensemble®**7, which can be for- polarization of molecules at the interface. IR spectroscopy
mally represented as a [Ptn.H.OH;] ensemble, where N re- data show that the bond energy of weakly bound
presents the number of Pt atoms involved. In fact, H-adatoms on Pt(111) depends on the applied electric po-

depending on whether the electron energy level is lower or tential, i.e., on the charge density on the metal'***. Other-
higher than the Pt Fermi level, either negatively or positi- wise, strongly bound H-adatoms on Pt (100) imply an
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Figure 6. Cyclic voltammograms run at 0.05 V s on cs Ptelectrodes in aqueous 1 M H»SO; after applying routine III for t, = 3 min and followed
by cyclicvoltammetry with Eqc = 0.02 V and a gradual increase of Eg, . (a) Esa = 0.23 V; (b) Esa =0.33 V; (¢) Esa = 0.60 V; (d) Esa = 1.0 V; (e)
Eqa=1.25V.25°C.
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adsorbed ensemble in which the H-atom density is deloca-
lized on the Pt surface®>.

Recent results?® have shown that the formation of
H-adsorbates at surface Pt sites and subsurface Pt sites in
the simulated aqueous electrochemical environment is pos-
sible on both Pt(111) and Pt(100) clusters. These results
predict that a transition from a surface to a subsurface ad-
sorbate configuration was feasible by adequately changing
the applied electric potential, thus providing a new insight
into the nature of H-adatom species on Pt in both vacuum
and aqueous environments. This type of configurational
transition has been reported for Pd(111)3, and the presence
of subsurface H-adatom states at Pt, Pd, and Ni single
crystal electrodes as well?%4,

It has been proven that H-adatom subsurface states on
Pt result from H-adatom stabilization by an excess of nega-
tive surface charge which favors a transition from a
H-adatom bridge coordination to a H-adatom hollow sub-
surface coordination on Pt(100), and from a H-adatom
(3-1) hollow coordination to a H-adatom hollow subsurfa-
ce coordination on Pt(111). Accordingly, H-adatoms
bound to a surface Pt and a subsurface Pt atom are electro-
nically different as a result of the excess of negative charge
at the H-adatom bound to a subsurface Pt atom. The possi-
ble existence of H-adatoms at the subsurface level would
then increase the number of electrochemical reactions in
which H-atom states on Pt are involved.

Interpretation of experimental data

The fact that the enhancement of the “third” H-atom
electrodesorption peak at ca. 0.22 V occurs when the po-
tential routine involving either routine (III) or routine (IV)
is applied in the range 0.02 VEE £0.15 V suggests that the
“third” anodic peak must result from species produced in
the cathodic process which takes place in the potential ran-
ge between the weakly bound H-atom electrosorption peak
and the HER threshold potential. This means that the
H-adatom subsurface state is produced in the potential ran-
ge where the cathodic current hump appears, i.e., at ca. 0.05
V.

In addition, the results show two kinetically relevant
facts, namely, the potential difference between the “third”
anodic peak and that of its conjugated cathodic contributi-
on, and the potential shift of the “third” anodic peak in the
positive direction for increasing potential sweep rates. In
principle, these facts are consistent with the irreversibility
of the overall process involving subsurface H-adatom, pro-
bably because the species involved in the cathodic and ano-
dic reactions are not exactly the same, a situation which
might arise from a change in the configuration of the surfa-
ce species produced cathodically. Hence, the behavior of
the conjugated processes related to the “third” anodic peak
contrasts with the reversibility exhibited by both the

Hydrogen Adsorbates on Platinum in Acid Solutions 369

strongly and weakly bound H-adatom conjugated pair of
peaks, whose peak potentials are independent of the poten-
tial sweep rate used in conventional voltammetry in the ab-
sence of ohmic polarization.

The H-Pt subsurface state is enhanced by either routine
IIT or routine IV, as demonstrated above by an anodic po-
tential sweep following these routines. Consequently, the
contribution of the subsurface state and the “third” enhan-
ced anodic peak depends strongly on the potential holding
value and its duration, and it gradually disappears when the
potential cycling is performed from Es. = 0.02 V to Eg, =
0.50 V. Then, the intermediate H-adatom state is largely
consumed by reaction (1) (Fig. 7), and practically no sub-
surface H-adatom state can be observed in the anodic vol-
tammetric sweep.

If one considers that the cathodically formed adsorbed
species which are responsible for the “third” anodic peak
appear fora H/Ptratio equal to 1 (qA 1), it is still possible to
incorporate additional H-atoms at interstitial positions lea-
ding to intermediate adsorbed species, as shown in Fig. 7.
This species, acting as a precursor to the HER, has a low
stability, and therefore, the corresponding value of g results
in only a small fraction of the H-adatom monolayer. The
latter situation has been confirmed by the analysis of the
corresponding voltammetric charges. The intermediate ad-
sorbed species could probably be related to the origin of the
Pt-H vibration frequency recorded near 0.05 V by electro-
chemically modulated infrared spectroscopy?’ and visi-
ble-infrared sum frequency generation vibrational
spectroscopy>'>2.

The decomposition of the new intermediate would re-
sultin the formation of a H» molecule and a Pt surface cove-
red by a H-adatom monolayer, as indicated by reaction 1
(Fig. 7). On the other hand, under adequate potential per-
turbation conditions, the new intermediate state may reor-
ganize itself, leading to a more stable configuration

H,0 @ H,0

Q + H»
@ ® ®
H,O @ o H,0
/ H,O
H /e'
| © G)
® G \HZO H,0
H20 @ O
PRECURSOR ® ®
H,0

() Ptatom (upper layer)
(O Ptaom (sublayer)

Figure 7. Reaction scheme for the formation of both interstitial
H-adatom and subsurface H-adatom states on a Pt(111) face.
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involving a stronger interaction between the H atom at the
interstitial position and Pt atoms at the subsurface level.
The H-adatom at the subsurface level appears to be electro-
oxidized at a higher potential, and would be responsible for
the existence of the “third” anodic peak.

Finally, the weaker response of the “third” anodic peak
on cs Pt derives from the typical response of colum-
nar-structured electrodes that, in this case, makes the HER
proceed mainly at the tips of columns®, leaving a rather
restricted fraction for the formation of the HER precursor.
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