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Abstract

The potential-dependent water adsorption on goldases in perchloric and
sulfuric acid solutions has been studied by surBadeanced infrared absorption
spectroscopy (SEIRAS). It is found that the surfsitecture of the gold electrodes has a
major impact on the SEIRAS spectra. When the gbitsfare composed of nanoparticles
of 47 £ 11 nm, the SEIRAS spectra are in agreement wigvipus reports. However,
when the size of the gold nanoparticles is dectees@7+ 8 nm, by depositing the gold
at 1 A /s instead of 0.1 A /s, it is found that ®EIRAS bands associated with water
molecules coordinated to co-adsorbed anions amenabBhe combination of both types
of gold electrodes allows a detailed study of thepprties of the adsorbed water
molecules. It is found that water molecules codasdrwith sulfate and perchlorate
anions appear to belong to the hydration shelhefanions, because i) the intensity of the
SEIRAS bands of these water molecules increase puaténtial in the same way as the
SEIRAS bands of the adsorbed anions, and ii) tleguiencies of the O-H stretch

resemble those of the water molecules in the higdrahell of the anions in solution.



1. Introduction

The interaction of water with metal surfaces playsentral role in many disciplines
such as catalysis, electrochemistry, and biocheyni8teing the most commonly used
solvent, water can have a major impact on the aaid selectivity of reactions. For
example, water has a promoting effect in the oxtadf CO and small alcohols on metal
surfaces:* Water has also an important impact on the catlybthe oxygen reduction
reaction (ORR): water accelerates the oxidatiothefmetal in the presence of dissolved
O,, and this has a detrimental effect on the ratthefORR, since the catalysis of the
ORR only takes place on the metallic surfiacés a result, gold is potentially a better
catalyst than platinum for the ORR, due to its kigloxidation potential. Indeed,
deposition of gold nanopatrticles on platinum haswshto improve the stability of the
catalyst for the ORR.In conclusion, understanding the properties oérfacial water
molecules and its interaction with coadsorbed imnsrucial to improve the catalytic
performance of metal surfaces.

One of the main difficulties in the study of inteefal water is the interference
from bulk water contributions. For this reason, tafsthe progress in the understanding
of the interaction of water with metal surfaces hasen from model experiments under
ultra-high-vacuum (UHV) conditions and theoretivairks’™* Surface-Enhanced Raman
Scattering (SERS) has also been successfully apfaiehe study of water adsorption on
metal electrodes under electrochemical conditlSi®.SERS is suitable to study, for
example, the effect of the composition of the megddctrode and the applied
electrochemical potential. However, SERS measur&require rough electrodes, and it
is believed that the signal originates from hottspuoith peculiar geometries. Therefore,
this technique is not adequate to characterizeetfest of the surface structure of the
electrode. Sum-Frequency Generation (SFG) has htsn used to study water
adsorption on metals under electrochemical conwifit?* but it should be noted that the
interpretation of SFG spectra is far from beingigtnt-forward. Finally, the potential-
dependent adsorption of water on metal electrodssatso been studied by the laser-
induced temperature jump metfio® and contact angle measureméfitsThese

technigues have been used to determine the reaticemtof water molecules on metals,



but they do not provide any chemical informatiorowbthe properties of interfacial
water.

One technique that is especially well suited todgtthe properties of water
molecules is infrared spectroscopy. The charatieiigrared adsorption bands of water
molecules provide a wealth of information about ieraction with the environment,
hydrogen-bonding strength, conformation, mobilégc?>2 In order to study the infrared
spectrum of interfacial water at electrochemic&ifaces, it is advantageous to perform
the measurements under conditions of attenuatedl reflection. In these experiments,
the electrode is a thin metal film deposited onghly-refractive, transparent prism. The
infrared beam passes through the prism and islyotaflected at the metal-prism
interface with an evanescent wave penetrating tiltometal-solution interface, thereby
probing the absorption of interfacial species. Unckrtain conditions, enhancement of
the absorption signal of interfacial species takpésce (SEIRAS: Surface-Enhanced
Infrared Absorption Spectroscopy). As a result, tieasured signal is dominated by the
response of interfacial species, and the contobstirom bulk species can be subtracted
by calculating the difference of the measured respoat different potentials. This
methodology has been successfully applied to tirysdf interfacial water on gold thin

films in several workg®44

In a recent papér, we showed that the SEIRAS spectra of water on gold
sulfuric acid solutions were markedly dependenthenpreparation method of the gold
electrode. When the gold thin film was deposited tba silicon substrate with a
deposition rate of 1 A/s, the water molecules codmd with sulfate anions became
effectively invisible in the SEIRAS spectra. AFM agres demonstrated that these gold
films were composed of small nanoparticles oft2¥ nm. In the present work, we extend
this study to perchloric acid solutions. The congmar with previous results obtained in
sulfuric acid solutions allows a unique understagadf the properties of interfacial water
molecules coadsorbed with different anions. Thectein of sulfate and perchlorate
anions for this comparison is due to the very d#ifie hydration properties of these
anions>>%°%® Sulfate anions form strong hydrogen bonds witlewanolecules, with a
local structure similar to the pure water hydrodgend network. Consequently, the

vibrational properties of water molecules in thedtagion shell of sulfate anions are



similar to bulk water (the O-H stretch frequencynmsarly the same). On the contrary,
water molecules bonding to perchlorate anions belgante differently from bulk water.
The strength of the hydrogen bonds formed betweatenumolecules and perchlorate
anions is much smaller than in the case of sudatens. The number of hydrogen bonds
per water molecule in the hydration shell of peschle anions is quite small, and
consequently, the O-H stretch adsorption bandgsifstantly narrower and blue shifted

with respect to bulk wate?>?

2. Experimental Methods

The SEIRAS experiments were carried out with akBruVertex80V vacuum
FTIR spectrometer, equipped with a liquid-nitrogeooled Hg-Cd-Te detector,
employing the Krestchmann ATR configuration. Thedpometer operates at a pressure
<1.8 hPa, so that interference due to the absorptiovater vapors or COn the optical
path is virtually eliminated. Leaking of the elexdytte solution towards the optical bench
is avoided with the use of Teflon O-rings. The s$geevere collected with p-polarized
light with a resolution of 6 cth The incident angle was 60° from the surface nbriréa
interferograms were averaged for each spectrunojtirgg in an acquisition time of 5
seconds per spectrum. During the experiments, dtenpal was scanned at 20 mV/s, and
thus, each spectrum represents the average IRn&spb a potential interval of 100 mV.
All spectra are presented as logfR), where R and R represent the intensities of the
reflected beam at the sample and reference padwntéspectively. Positive adsorption
bands correspond to species more strongly adsasbetie sample potential, while
negative adsorption bands are due to species ntanegl/ adsorbed at the reference
potential.

The gold thin layers were deposited on a silicasnprby using electron beam
evaporation in a UHV system (pressure<2%hibar). The evaporation rate and the final
gold thickness were controlled with a quartz crysteicrobalance. Prior to the
experiments, the thin gold deposit was cleaned agtone, isopropanol and thorough
rinsing with ultra-pure water. The cell and all ggevare were immersed overnight in a

concentrated solution of KMnQhat was slightly acidic. Later the solution wasmpbved



and the residual MnOwas treated with a diluted solution 0f® and sulfuric acid (3:1)
and finally thoroughly washed with ultra-pure water

The electrochemical measurements were performddamitAutolab PGSTAT12.
A gold wire was used as the counter electrode aiedexsible hydrogen electrode (RHE)
as the reference electrode. All potentials in tinsk are referred to the RHE scale. The
electrical contact with the thin gold deposit wakiaved with the help of a thin gold foil,
which was not in contact with the solutions. San$ were prepared from high purity
reagents (HCIQfrom Merck Suprapur) and ultra-pure water (MillipdMilliQ gradient
Al10 system, 18.2 K2 cm, <5 ppb total organic carbon). Ar (N66) was dude
deoxygenate all solutions. For the voltammogransgmeed here, the normalization of
current to current density has been performed lygute geometrical area of the gold
film in contact with the solutions (0.785&n

3. Resultsand discussion

3.1. Cyclic voltammograms

Figure 1 shows a typical cyclic voltammogram ofhantgold film in 0.1 M
HCIO,4. This characteristic voltammogram indicates tha gold film is clean and
exhibits domains with Au(111) orientati6h*® We measured essentially the same
voltammogram for all gold films with thicknessesigang from 20 to 30 nm, and with

gold deposition rates varying between 0.1-1 A/s.

3.1. SEIRAS measurements in perchloric acid satstio

Figures 2 and 3 show a series of typical SEIRAStspeneasured in an agueous
solution of 0.1 M HCIQ with gold films prepared at two different depogitioates,
namely, 0.1 and 1 A/s, respectively. For all filmith a thickness varying between 20
and 30 nm, essentially the same results were auataiwhile the SEIRAS spectra in
Figure 2 are in good agreement with a previousipatidn by Osawa and coworkéfs,
the results in Figure 3, obtained with a fasteradéon rate, are markedly different. In a
recent publicatiofl> we reported a similar effect of the depositiorerah the SEIRAS
spectra measured in an aqueous solution of 0.1,80H Here we demonstrate that this

effect is not specific to sulfuric acid solutions.



We will follow the work by Osawa and cowork&tgor the assignment of the
SEIRAS bands in Figure 2. It should be recalled #hlethe spectra reported are potential
difference spectra measured with respect to aeeber spectrum &~0.05 V. At such
a low reference potential, the amount of anion gutsm is negligible. Consequently, the
SEIRAS bands in Figure 2 can be assigned as follows
-The positive band at 1050-1150 ¢mwhose magnitude increases monotonically with
potential fromE>0.4 V, is associated with the CI-O stretching modgCl-O), of
adsorbed perchlorate.

-Interfering with thev(CI-O) perchlorate band, there is a small negaltisad at 1115
cm®, which is due to the Si-O stretching of silicoridex This band appears because the
gold deposits are formed by islands or grains,iarzktween these islands, some patches
of the silicon surface are exposed to the aquedlusien, producing the slow growth of a
silicon oxide layef?

-At E<0.4 V, there is a negative band near 3470 @ssociated with the O-H stretch
mode,v(O-H), of interfacial water, and a negative bandt5 cnt, associated with the
H-O-H bending mode,d(H-O-H). These signatures have been ascribed tcerwat
molecules adsorbed with their hydrogen atoms soratwalbser to the gold surface (see
Figure 4A)*® In this orientation, the oxygen lone-pair orbitateracts with the gold
surface, explaining the observed low frequencyhe®{H-O-H) mode (compared to bulk
water). In addition, formation of hydrogen bondghaother water molecules would be
hindered in this orientation, in agreement with dbserved high frequency of théO-H)
mode. On the other than, in this orientation, tf@ecular axis is inclined by about 109°
from the surface normal, which would suggest tiratprinciple, the magnitude of the
v(O-H) andd(H-O-H) bands would be small. However, there atepfactors that affect
the magnitude of infrared absorption bands, like sbrface coverage and the derivative
of the transition dipole moment with the reactiomoiinate. This orientation is in
agreement with theoretical studies on a negatigkrged Au(111) surfadé . However,
model DFT calculations suggest water adsorptio wite O-H bond pointing towards
the surfacé® or directed parallel to the surfate.

-At E<0.4 V, there is also a broad negative band nea t#, which has been ascribed

to the bending mode of the adsorbed hydronium cafibe actual species corresponding



to this band is probably not the;® cation, but other hydronium-water complexes like
HsO,", H;03" and HO," >
-At E=0.5 V, a broad positive(O-H) band near 3200 chstarts to grow. This signature
has been ascribed to water molecules adsorbedldringan ice-like structure (see Figure
4B). DFT model calculations have shown that thishis most favorable structure of a
water bilayer on Au(11%§ and Au nanoparticles.
-Additionally, atE>0.5 V, a few other positive bands appear: a naw@@+H) band at
3610 cn', av(O-H) band near 3400 ¢hand ad(H-O-H) band at 1650 cth However,
these bands overlap with the negative bands mesttiabove, which are still present in
the spectra. Indeed, thgO-H) band near 3400 chis partially hidden due to the
overlapping with the negative(O-H) band at 3470 ciy but further proof of the
presence of this band will be given below. These features have been ascribed to
water molecules that are asymmetrically hydrogemded, i.e., water molecules with a
non-hydrogen bonded O-H moiety (yielding the narxg®-H) band at 3610 ci) and a
hydrogen bonded O-H moiety (yielding th€0-H) band near 3400 ¢ These water
molecules are coordinating coadsorbed perchloraiens, and their two most likely
orientations are sketched in Figure 4C,D. Thesentations are in agreement with
theoretical studies on a positively charged Au(1&djface’ In these sketches, it is
assumed that water molecules coordinate the peatbBlanions through the edges of the
tetrahedron, as it is found in aqueous solutfdns.

Next, we discuss the assignment of the spectfagare 3. Comparison with the
spectra in Figure 2 shows that:
- Thev(CI-O) band of adsorbed perchlorate is affecteqy omhrginally by the change in
the gold deposition rate from 0.1 to 1 A/s. Theyadifference is that, aE>0.9 V, the
frequency of they(CI-O) band is somewhat higher with gold films maatel A/s (ca.
1150 cnt, vs. ca. 1120 cthwith gold films deposited at 0.1 A/s).
- The signatures characteristic of interfacial watethe spectra &<0.4 V remain also
unaffected by the change in the gold depositioe.rahus, it is concluded that the

adsorption of water molecules with their hydrogémnes closer to the gold (Figure 4A)



and the adsorption of the hydronium-water compleass not affected by the gold
deposition rate.

-The positivev(O-H) band near 3200 chis also present &=>0.5 V in the spectra in
Figure 3, evidencing that the adsorption of watean ice-like structure (Figure 4B) is
also unaffected by the gold deposition rate.

-Finally, atE=0.5 V, the following positive bands are absenthe spectra in Figure 3:
the narrow(O-H) band at 3610 crh) thev(O-H) band near 3400 c¢hand thed(H-O-H)
band at 1650 cth This means that the asymmetrically hydrogen bondater molecules
coordinating coadsorbed perchlorate anions (Figi@eD) become invisible when the
gold deposition rate is changed from 0.1 to 1 A/s.

Similar findings were obtained in our previousdstwf the effect of the gold
deposition rate on the SEIRAS spectra in sulfucid.& We found that water molecules
coordinating coadsorbed sulfate anions also becaawigible when the gold deposition
rate was increased from 0.1 to 1 A/s. AFM imagesashul that gold films deposited at
0.1 A/s are mainly composed of nanoparticles o£47 nm, while gold films made at 1
A/s are mainly formed by nanoparticles of 28 nm. Noteworthy, the nanoparticle size
affects the special range of the SEIRAS effect,suth a way that, with smaller
nanoparticles, only species located in very clasimity to the surface are detect®d.
This is because the enhancement of the electid &ethe interface associated to the
excitation of surface plasmons decays steeply wWhth distance from the surface.
SEIRAS signals of interfacial species will be prajmmal to @ + d)*°, wherea is the
local radius of curvature of the nanoparticle @hi$ the distance from the surfaté’®
Therefore, decreasing the nanoparticle size pradaceore steeply decay of the SEIRAS
intensity with the distance from the surface.

Consequently, it can be proposed that water mascabadsorbed with sulfate
and perchlorate anions are located at a certatardie from the surface. This would
explain the fact that they are not detected in 2EHRmeasurements with small
nanoparticles. Alternatively, it can also be prambghat these water molecules are
oriented flat on small gold nanoparticles. The sifethe Au(111) domains will be
smaller on smaller nanoparticles, and as a rabaltadsorption of sulfate and perchlorate

anions would be more disorder¥dThis could weaken the interaction with the



coadsorbed water molecules, leading to water atisorpear parallel to the surface, as
predicted by DFT model calculations of water monmsmen Au(111)*%? Finally, it
should be noted that the SEIRAS spectra presergeel dand in ref*> do not present
anomalous band shapes. This was demonstrated. {tt bsf showing that the adsorption
of a test molecule (carbon monoxide) leads to SEBRpectra with normal band-shape.

Further inspection of the spectra in Figure 3 a¢wvether interesting information.
Since in these spectra the positive bands due terwaolecules coadsorbed with
perchlorate anions are absent, it is possibleudysthe negative bands in more detail. As
above mentioned, these negative bands are duetey walecules adsorbed with their
hydrogen atoms closer to the gold surface, andyttramium-water complexes. It is
observed that the intensity of these bands monotinancreases with potential, which
suggests a monotonous decrease in the coveragess species. These results strongly
suggest that the adsorption of perchlorate ani@es dhot involve the coadsorption of
hydronium cations. Similar conclusions were preslgwbtained in relation to sulfate
anions:”

Finally, we will discuss how to separate the pesitind negative bands that are
overlapping in the spectra in Figure 2. To perf@uoh a separation, previous works used
a reference spectrum located at intermediate patefft>° However, this strategy does
not produce an accurate separation of the bands.ig lilustrated in Figure 5, where the
SEIRAS spectra in Figure 2 are plotted by usingsihectrum aE=0.6V as the reference.

It is observed that the cancellation of the negabands in the spectra is not complete.
These negative bands are due to species adsortibe aeference potential. For the
present system, any value of reference potentialdvead to the appearance of negative
adsorption bands.

Alternatively, the spectra in Figure 3 can be usedeparate the positive and
negative bands in the spectra in Figure 2. Thibased on the fact that the bands
associated to water molecules coordinating peratéaanions are absent in the spectra in
Figure 3. Thus, subtraction of the absorption bandfe spectra in Figure 3 from the
spectra in Figure 2 should show the signaturesat&émcoordinating perchlorate anions.

The results are shown in Figure 6. These spectibiexhe presence of a narrafO-H)

positive band at 3610 ¢l a broadewn(O-H) positive band centered at 3430"cand a
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3(H-O-H) positive band at 1650 ¢t is clearly observed that the subtraction & th
negative water signatures is accurate. Thus, thetispin Figure 6 show that the bands
associated with water coordinating perchlorate raistart to grow aE>0.4 V, in
harmony with the appearance of Wgl-O) band of adsorbed perchlorate in Figures 2
and 3. It is apparent that the intensity of theseds is correlated with the intensity of the
v(CI-O) band of adsorbed perchlorate, suggesting ttiese water molecules belong to
the hydration shell of adsorbed perchlorate anitmshe spectra in Figure 6, it is also
observed that the(CI-O) band becomes bipolar. The origin of thisdbgp band is not

clear, and it could be an artifact associated écstibtraction procedure used here.

3.3. SEIRAS measurements in sulfuric acid solutions

At this point, it is interesting to reconsider tBEIRAS measurements in sulfuric
acid solutions reported previousf/in view of the discussion of the results in peoctdl
acid solutions, we conclude that it is possibleséparate the vibrational signatures of
water coordinating to anions, from other contribng in the experimental SEIRAS
spectra, by calculating the difference in the gpesteasured with gold films prepared at
different gold deposition rates. Therefore, itngeresting to perform such a calculation
with the SEIRAS results in sulfuric acid solutioas well. The results are shown in
Figure 7. Several similarities with respect to toeresponding difference spectra in 0.1
M HCIO, in Figure 6 are observed:
-A positivev(O-H) band grows &E>0.4 V, similar to the behavior observed in perdclo
acid solutions. However, in sulfuric acid solutiptieere is a single band centered at 3490
cm?, and its intensity increases much more markediy wotential than in perchloric
acid solutions.
-Simultaneously, a positive(H-O-H) band appears &>0.4 V. This band is essentially
the same as that found in perchloric acid solutions
-Finally, a positive band associated with the St@tshing,v(S-O), of adsorbed sulfate
anions is also observed. The presence of this ettt difference spectra in Figure 7 is
due to the fact that the intensity of this bandeases if the gold films are made at an

slower deposition rat&.
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The bands due to water coordinating sulfate angnosv with increasing the
applied potential in a way that parallels the iasein the intensity of thgS-O) band of
adsorbed sulfate. Hence, these water bands likelgng to the hydration shell of
coadsorbed sulfate anions.

The frequency of thev(O-H) band of water coordinating to sulfate and
perchlorate anions supports this explanation. Watelecules bonding to coadsorbed
sulfate have a(O-H) frequency relatively close to bulk water, e@ewkling water
molecules in the hydration shell of sulfate aniansolution?>?® On the contrary, water
molecules bonding to coadsorbed perchlorate shioleashiftedv(O-H) band, similar to
the hydration shell of perchlorate anions in soluf"*°

Finally, it is also noteworthy that the comparisdrFigures 6 and 7 clearly shows
that the intensity of the(O-H) band of water molecules coordinating to delfanions is
clearly higher than that with perchlorate anionhisTis probably related to the larger
strength of the hydrogen bond formed between sulfations and water molecuf®s,
which can lead to a larger net orientation of thegew molecules and a larger infrared

absorption cross-section.

4. Conclusions

We have reported on the properties of water adisorpn gold from perchloric
acid and sulfuric acid solutions, as a functiontted applied potential, as studied by
SEIRAS. It is observed that the structure of th&d goms has a major impact on the
adsorption of water. Gold films deposited at 0.1s Adre mainly composed of
nanoparticles of 4% 11 nm, and the SEIRAS spectra measured with thilese are in
good agreement with previous wofks® When the gold films are made at 1 A/s, the
nanopatrticle size is decreased to£28 nm. The SEIRAS spectra measured with those
films show the characteristic bands due to watesodzed with their hydrogen atoms
closer to the metal at low potentials, and ice-liteuctured water at intermediate
potentials, as is the case for gold films compasieldrger nanoparticles. However, the

SEIRAS bands associated with water molecules coatitig to coadsorbed anions are
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absent, suggesting that the orientation of thederwaolecules is parallel with respect to
the surface.

Finally, the combination of both types of measuretsallows a more detailed
study of the properties of water bonding to coddsdr anions. This is done by
subtracting the spectra measured with gold fiimslenat 1 A /s from the corresponding
spectra measured at the same potential with giois fimade at 0.1 A /s. It is shown that
the intensity of the SEIRAS bands of these watelemues increases with potential in a
way that parallels the behavior of th€CI-O) and v(S-O) bands of coadsorbed
perchlorate and sulfate anions, respectively. Timcates that these water molecules
belong to the hydration shell of the coadsorbedrai This notion is further supported
by the observation that thei(O-H) frequencies resemble those of water moledulése

hydration shells of these anions in bulk solufidff.
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Figures Captions

Figure 1. Steady-state cyclic voltammogram of a guold film of 20 nm in 0.1 M
HCIO,. Scan rate= 50 mV/s.

Figure 2. SEIRAS spectra at different potentialasueed with a gold thin film of 20 nm,
deposited at 0.1 A/s, and put in contact with atsmh of 0.1M HCIQ. The reference
spectrum was taken Bt.=0.05 V.

Figure 3. As in Figure 2, but with the thin golthfideposited at 1 A/s.
Figure 4. Proposed model structures of water médscadsorbed on gold.

Figure 5. The same spectra as in Figure 2, bugubm spectrum measuredeai=0.6 V
as the reference spectrum.

Figure 6. Difference spectra obtained by subtrgdiire spectra of Figure 3 from those of
Figure 2.

Figure 7. SEIRAS spectra of a gold film in contatth a solution of 0.1 M BE5QO,.The
spectra shown are difference spectra and are @otéiy subtracting the spectra measured
for a gold film deposited at 1 A/s from the spectr@asured for a gold film deposited at
0.1 A/s.
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Figure 1. Steady-state cyclic voltammogram of a guold film of 20 nm in 0.1 M
HCIO,. Scan rate= 50 mV/s.
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Figure 2. SEIRAS spectra at different potentialasueed with a gold thin film of 20 nm,
deposited at 0.1 A/s, and put in contact with atsoh of 0.1M HCIQ. The reference
spectrum was taken Bt,=0.05 V.
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Figure 5. The same spectra as in Figure 2, bugubm spectrum measuredeai=0.6 V
as the reference spectrum.
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Figure 6. Difference spectra obtained by subtrgdiire spectra of Figure 3 from those of
Figure 2.
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