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In-situ infrared reflection absorption spectroscopy was applied to the investigation of cation effects on the C-N
stretching frequency of cyanide ions on Pt(111) electrode in electrolyte solutions. Only a single absorption peak was
observed at ca. 2100 cm™! in solutions containing H;O*, Li*, Na*, K*, or Cs*. In a KCIOy solution (pH =9.5), a change
in slope was observed in the peak frequency—potential curve at ca. —0.5 V vs. the saturated calomel electrode. It was
concluded that in the cathodic region in the KClO4 solution, H3O* dominates the outer Helmholtz plane as a result of
cation exchange. In alkaline solutions, the slope for the frequency shift is dependent on the cations in the order K* > Na*
> Li* & Cs*. In HCIOa, a change in slope was also observed in the peak frequency-potential curve. In a Mg(ClO4),
solution, three peaks were observed for CN on Pt(111), indicating that factors other than the simple electrochemical Stark
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effect must be considered for interpreting the influence of this strongly adsorbed cation.

Characterization of the electrochemical double layer at
solid electrodes has been an important issue in electro-
chemistry. While the vital role of the ionic double layer

at electrode-solution interfaces has prompted studies by -

electrochemists,” experimental difficulties have precluded
direct structural characterization of electrode surfaces until
recently. Now, for determining the adlayer structures at elec-
trode surfaces, many in-situ techniques are available: these
include infrared reflection adsorption spectroscopy (IRAS),?
scanning tunneling microscopy (STM),® atomic force mi-
croscopy (AFM),* and surface X-ray scattering.” Most no-
table is in-situ STM as well as AFM, which made it possible
to determine the real-space structures of various adlayers
on well-defined single crystal electrodes with atomic resolu-
tion such as those of I~,° Br™,!? and other inorganic ions
including CN~ ''? and sulfate/disulfate.”*~'” According to
the electrical double-layer theory for the electrode/electrolyte
interface,'® the structural study of the above-mentioned
species, which are directly bonded to the electrode surfaces,
unfolds detailed information on the inner Helmholtz plane
(IHP) composed of specifically adsorbed species and water
molecules.

The adsorption of cations on top of the adlayers of halides
and CN~ formed on Pt single crystal electrodes was in-
tensively investigated by Hubbard and coworkers'®—" us-
ing an ex-situ ultrahigh vacuum-electrochemical system. It
was reported that cations such as, Li*, Na*,K*, Cs*, Ca?",
Ba?*, and La’* are adsorbed on the well-defined CN ad-
layer on Pt(111).2? Clear low energy electron diffraction
patterns were reported for the adsorbed cations, indicating
that the cations formed ordered structures on the CN-mod-
ified Pt(111). However, the in-situ structures of the anions

and cations on electrode surfaces have been a long-standing
problem still waiting to be solved. In order to elucidate such
double-layer structures, we recently carried out an in-situ
STM investigation of CN-modified Pt(111) in both acidic
and alkaline solutions containing NaCN or KCN,'® and suc-
ceeded in direct observation of the structures of the alkali
metal cations located at the outer Helmholtz plane (OHP).
The cations in solution and the substrate potential exerted
strong influences on the STM images.'? It was found that
CN’s form a well-ordered (2v/3x2+/3)R30° structure on Pt-
(111), in which six CN’s are arranged so as to form a hexagon
ring in the ordered pattern. In the case of K* in solution, the
cation was observed to be adsorbed at the center of the CN-
ring at potentials more positive than ca. —0.4 V vs. the satu-
rated calomel electrode (SCE). At more negative potentials,
the adsorbed K* is desorbed and possibly replaced by H;O*.
On the other hand, Na* cations were less strongly adsorbed
on the CN layer and were fewer in number, and they did not
bring about any sudden structural change.

It is expected that the cations at OHP have influence on
the CN’s at IHP. It was predicted that the strength of the
electric field is dependent on the distance of the OHP from
the electrode surface:* the smaller the distance, the larger
the electric field, exerting the larger electrochemical Stark
effect. Large cations such as Cs* or highly hydrated cations
such as Li* are located at a large distance away from the sur-
face, and thus may give smaller influences on adsorbed CN.
In this paper, for a Pt(111) electrode with preadsorbed CN,
we carried out an IRAS study in electrolyte solutions con-
taining different cations. The C-N stretching frequency was
measured at various potentials. The K* cation exchange with
H;0% on the C-N bonding, which we previously found to
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occur by using in-situ STM,'? was examined by using IRAS.
Further investigations were carried out to determine the in-
fluence of Li*, Cs*, H;0*, and Mg?* at OHP on CN at THP.
In all experiments, the effects of cations were clearly ob-
served on the C-N stretching. To explain the peak frequency
shift of CO adsorbed on Pt surfaces, the backdonation of
metal electrons into CO 2x* orbitals from metal d-orbitals
has been proposed.”*¥ However, in this study for CN ad-
sorbed on Pt, an electrochemical Stark effect’® may explain
the experimental results.

Experimental

The Pt(111) crystal (6 mm in diameter) was annealed in a hy-
drogen-air flame, cooled in a hydrogen atmosphere, and quenched
in ultrapure water.”> The CN layer was formed by immersing the
quenched Pt(111) crystal in an aqueous solution of 2 mM NaCN
for 5 min (1 M=1 moldm3). After the CN-layer formation, this
crystal was rinsed for a few minutes in solutions used for both cyclic
voltammetry (CV) and IRAS measurements. This rinsing procedure
thoroughly exchanges Na* ions with the corresponding cations in
the solution with no influence on the CN layer structure.”® STM
examinations were performed in 0.1 M KC1O4 (pH=9.5). The CV
and IRAS measurements were carried out in solutions containing
ClO4™ or OH™ as anions. For cations, each solution contained
0.1 M of H30%, Li*, Na*, K*, Cs*, or Mg**. For pH adjustment,
corresponding metal hydroxides were used.

The CV’s were obtained in a three-compartment glassware with
solutions fully purged with pure nitrogen. The STM experiments
were carried out using a NanoScope III (Digital Instruments) with a
modified STM cell. The tip was a W wire electrochemically etched
ina 1 M KOH bath. The W tip was partially coated with transparent
nail polish to minimize the faradaic current.'® The Fourier trans-
form infrared spectrometer used was a Mattson PS/2 with an MCT
detector cooled with liquid nitrogen. The crystal, IRAS cell, and re-
flection mirrors were all installed in a sealed case, which was purged
with pure nitrogen during the measurements. The IRAS cell was
constructed with Teflon®. A CaF, prism was used for the infrared
transparent window attached to the cell.?® Spectra were obtained by
using the single potential alteration (or staircase) method. With the
electrode held at each specific potential, 128 interferograms were
collected, co-added, and then transformed into a single-beam spec-
trum. The reference spectrum free of adsorbed C—N stretching for
each measurement was obtained at an anodic potential where the
oxidative desorption of CN and the oxidation of platinum surface
occurred.?” The spectral resolution was 8 cm ™.

All chemicals were of reagent grade. Water was purified by a
Milli-Q system (18.3 Qcm). The reference electrode used was
either a saturated calomel electrode (SCE) or a reversible hydrogen
electrode, but all potentials are quoted against SCE.

Results and Discussion

STM Observations in KClO4.  Figures 1(a) and 1(b)
show the CV’s for Pt(111) and Pt(111)-CN in 0.1 M NaClO,4
and KCIOy, respectively, at pH=9.5. The dashéd lines are
the CV’s for bare Pt(111), while the solid lines are those
for Pt(111) with adsorbed CN. In both solutions, bare Pt-
(111) yielded steady, broad peaks between —0.8 and —0.4
V. The peaks around —0.1 V are reported to be due to the
adsorption and desorption of anions on Pt(111).2>*® Once the
surfaces are coated with CN, the CV’s clearly changed. In
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Fig. 1. Cyclic voltammograms for Pt(111) electrode in 0.1

M NaClOy4 (a) and KCIO4 (b). Solid lines: CN-coated Pt-
(111). Dashed lines: bare Pt(111). Scan rate=0.05 Vs~ !.
pH=9.5.

both solutions, the adsorption—desorption peaks observed for
bare Pt(111) disappeared, the double layer region extended
over the potential range between ca. —0.8 and 0.2 V. These
CV’s for the CN-coated Pt(111) were very steadily obtained
in this potential region in many cycles.

The STM measurements were carried out on the CN-
coated Pt(111) surface in 0.1 M KCIO4 (pH=9.5). Fig-
ure 2(a) shows the STM image with atomic resolution ob-
tained at a cathodic potential of —0.6 V. Well-arranged
hexagonal rings are aligned in the direction rotated by 30°
from the close packed directions of Pt(111), and the distance
of 0.95 nm between the nearest neighbor hexagonal rings is
24/3 times the lattice spacing of Pt (0.278 nm). This ordered
atomic feature can be characterized as the (2\/3T X 2\/§)R30°—
6CN structure with cyanide bound to the near-top site'?
(Fig. 3(a)). The inner space of the ring may seem to be va-
cant, but STM images obtained under different experimental
conditions clearly resolved an additional center spot. The
center spot became unclear when the tunneling current was
increased. We proposed previously that either a coordinated
proton (H*) or an oxonium cation (H30%) is likely located
in the center of the hexagon ring.'” After the potential was
changed in the anodic direction to —0.3 V, different STM
images were obtained. As shown in Fig. 2(b), bright spots
appeared in the entire area with regular arrays with the spac-
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(a)

(b)
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Fig. 2. STM images of Pt(111)~CN in 0.1 M KCIO4. pH=9.5. Scanning area=5 nmx5 nm. (a): —0.6 V vs. SCE. (b): —0.3V
vs. SCE. .
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Fig. 3. Model structures of Pt(111)-CN in 0.1 M KClOy in
the cathodic region (a) and in the anodic region (b).

ing of 0.95 nm. These bright spots have been attributed to
K* cations located at the center of the CN-rings'® (Fig. 3(b)).
When the potential was scanned back in the cathodic direc-
tion to —0.6 V, these K* cations disappeared from the STM
image. This cation exchange of K* with H;0" was reex-
amined by using IRAS. The result will be described in the
following section.

IRAS Measurements in NaClO4 and KC104. IRAS
measurement of CN on platinum was started by Kitamura et
al.?® in KCI solutions using polycrystalline electrodes, but
the adsorption structure of CN was not clear on the disor-
dered surfaces. Our typical set of potential dependent IRAS
data for CN on Pt(111), obtained in 0.1 M NaClO,4 (pH=9.5),
is presented in Fig. 4(a). In the potential range between —0.8
and 0.2 V, only a single peak around 2100 cm™! was ob-
served; this shifted almost linearly to higher wavenumbers
with changing the potential in the anodic direction. This
single peak was previously reported by Stuhlmann et al.'?
and Kim and Korzeniewski?” for CN on Pt(111) in alka-
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Fig. 4. Potential dependence of IR spectra of CN on Pt(111).
(a): 0.1 M NaClO4. (b) and (c): 0.1 M KC10s. pH=9.5.
Background potential=0.9 V vs. SCE.

line NaClQ, solutions. Since no other peak was observed,
a uniform CN-surface binding via the carbon atom was as-
sumed, possibly in an on-top geometry.'*” In 0.1 M KClO4
(pH =9.5), the potential dependent single peak around 2100
cm~! was similarly observed (Fig. 4(b)). Figure 4(c) also
shows the spectra in KClOy4, but they were obtained in the
narrow potential range between —0.6 and —0.5 V. In this
region, the spectrum backgrounds were always tilted at a
specific angle. Plots depicting the potential dependence of
the C-N stretching frequencies near 2100 cm~! in NaClO,
and KClOy solutions (pH=9.5) are shown in Fig. 5. For CN
vibration in NaClQy, the peak position at 0.2 V was observed
at 2125 cm™!. As the potential was scanned in the cathodic
direction, the peak almost linearly shifted toward lower fre-
quencies down to 2086 cm~! at —0.8 V. In KCIO,, at an
anodic potential of 0.2 V, the peak position coincided with
that in NaClO, (2125 cm™!). The peak frequency in KClO4
was also lowered almost linearly in the cathodic scan until
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Fig. 5. Change in peak position of the stretching vibration
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and KClOq (filled circle). pH=9.5. Background potential=
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—0.5'V, where the slope for the frequency shift changed. The
slope became much steeper than that in the anodic region.
The slope for the change in peak position with potential was
32 ecm™! V! in the anodic region between 0.2 and —0.5 V,
while it was 53 cm~! V~! in the cathodic region between
—0.5 and —0.8 V. As reported in the previous paper,'?
K* observed by STM at —0.35 V disappeared at —0.45 V.
The change in the slope at —0.5 V observed by IRAS may
correspond to this cation exchange. It is reported that the
difference of cations in solution is reflected by the poten-
tial dependence of the infrared absorption bands of pseudo-
halide species such as CN—. This phenomenon has been
attributed principally to an electrochemical Stark effect®'?
arising from the large electric field that exists in the double
layer region. Therefore, the exchange of cations at OHP may
well be expected to have influence on the potential depen-
dence of the C-N stretching on Pt(111). The subtle potential
difference of ca. 0.05 V observed between STM and IRAS
results may be understood in terms of the difference in data
acquisition time. As was mentioned in our previous paper,
the cation exchange is a slow process.'® At —0.45 V, the pop-
ulation of K* decreased to ca. 50% of the original quantity
in 1 min after the potential was stepped from —0.35 V, and
the coverage of K* decreased to less than 10% after 16 min
in our STM data.'® Since each IRAS was obtained in only
30 s, it may be reasonable that K* replacement is observed
at a potentijal slightly different from that observed by STM.
As in Fig. 4(c), the spectrum backgrounds were always tilted
between —0.5 and —0.6 V. This potential region may corre-
spond to that for the cation exchange. During the exchange
of cations in this narrow potential range, the double-layer
composition may have influenced the frequency dependence
of the reflectivity of infrared light.

We have previously reported STM results showing that
the well-ordered (2v/3x2+v/3)R30° structure underwent re-
construction to (2x2) when the potential was made more
negative than —0.75 V. This potential is far more negative
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than that for the change in slope of the potential dependent
curve for the C—N stretching peak; thus, the reconstruction
is irrelevant to the origin of this bending.

IRAS Measurements in LiOH, NaOH, KOH, and
CsOH. IRAS measurements were carried out in alka-
line solutions of 0.1 M LiOH, NaOH, KOH, and CsOH.
In these solutions, the concentration of H;O% is extremely
small, and the cation exchange with H;O* may be prohib-
ited, as stated in the previous paper.!”? Figure 6(a) shows
CV’s obtained in NaOH as an example. The dashed line is a
CV recorded with bare Pt(111) in NaOH, showing hydrogen
adsorption—desorption peaks between —0.95 and —0.6 V and
OH™ adsorption—desorption peaks between —0.4 and —0.1
V. On the CN-coated Pt(111) (solid line in Fig. 6(a)), only
very small peaks for hydrogen adsorption—desorption were
observed at the onset of the hydrogen evolution.

In IRAS, single peaks at ca. 2100 cm~! were observed in
all four solutions (0.1 M LiOH, NaOH, KOH, and CsOH) as
in the former cases with NaClO,4 and KC104 (pH=9.5). Fig-
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Fig. 6. (a): Cyclic voltammograms for Pt(111) electrode in

0.1 M NaOH. Solid line: CN-coated Pt(111). Dashed
line: bare Pt(111). Scan rate=0.05 Vs~'. (b): Change in
peak position of the C-N stretching vibration frequency of
CN on Pt(111) in 0.1 M LiOH (+), NaOH (O), KOH (x),
and CsOH (OJ). Background potentials were 0.6, 0.6, 0.8,
and 0.7 V vs. SCE, for LiOH, NaOH, KOH, and CsOH,
respectively.
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ure 6(b) shows the potential dependence of the peak position
of C-N vibrational stretching on Pt(111) in the alkaline solu-
tions. In all solutions with extremely low concentrations of
H30", no bending was observed in the peak-position curve.
This result appears to suggest that there is no exchange of
cation with H;O*. At cathodic potentials, the band frequency
varies in the order Cs*aLi* > Na* > K* as can be seen in
Fig. 6(b). On the other hand, at potentials more positive
than —0.3 'V, the peaks are located at almost the same fre-
quency, indicating little influence of the nature of cations on
the C-N vibration. The slope for the frequency shift is the
highest in KOH solution (37 cm™! V™). Na* gives the sec-
ond highest slope (34 cm™! V1) (Fig. 4), followed by Li*
23cm~ 'V~ and Cs* (19 cm~! V1),

Rosasco et al.?” examined the strength of interaction be-
tween cations and CN on Pt(111) by ex-situ measurements.
The order of the interaction strength of some of the cations
was reported to be Mg?*>>K* > Na* =Cs* > H;0* > Li*.
They concluded that on the CN layer highly charged cations
are retained most strongly, followed by cations of relatively
small size and those least strongly hydrated. Ashley et al.*®
carried out IRAS measurements of the C—N stretching band
of SCN adsorbed on a polycrystalline Pt electrode in 0.1 M
LiClO4, NaClO4, KCIO4, and CsClO4. They found that,
at a cathodic potential below ca. —0.3 V vs. SCE, the band
frequency for C-N stretching follows the order: Li* > Cs* >
K* > Na*. The cation effect was most pronounced at very
negative potentials. It was reported that the magnitude of the
electric field is dependent on the distance of the OHP from the
electrode,?® and the smaller distance gives the larger electro-
chemical Stark effect. In our experiments for CN adsorbed
on Pt(111) in alkaline solutions, the influence of cations on
CN is profound at cathodic potentials, where the OHP’s for
the cations are closer to the electrode surface, probably in the
order K* > Na* > Li*~Cs* (Fig. 6(b)). At anodic potentials,
the cations are located away from the electrode surface, thus
giving only small differences between them.

IRAS Measurements in HCIOQ; and in Mg(ClOy),.
The cation effects of H3O' and Mg?* on CN at Pt(111)
were subsequently investigated by using IRAS. Figure 7(a)
shows the CV’s on bare (dashed line) and CN-modified Pt-
(111) (solid line) in 0.1 M HCIO,4. In spite of the fact that
the electrode surface was covered with CN, a broad pair of
peaks appeared in the potential range more negative than 0.2
V. After subtracting the double layer charging current, a
charge density of 73 uCcm™2 was obtained for the reduc-
tion peak between —0.3 and 0.2 V, suggesting that hydrogen
adsorption was not entirely blocked by the adsorption of CN
in the acidic solution. The IRAS measurements were car-
ried out in. a HCIO4 solution, and as in the previous cases
a single peak appeared at ca. 2100 cm™! at potentials be-
tween —0.25 and 0.45 V. Figure 7(b) shows the potential
dependency of the peak position of CN on Pt(111) in 0.1
M HCIO4. In the curve, a change in slope was observed
at 0.15 V. At potentials more negative than 0.15 V, the
slope for the frequency change was 82 cm™! V=1, On the
other hand, the slope was extremely small, 11 cm™! V™1,
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Fig. 7. (a): Cyclic voltammograms for Pt(111) electrode in
0.1 M HC1O4 (pH=1). Solid line: CN-coated Pt(111).
Dashed line: bare Pt(111). Scan rate=0.05 Vs~!. (b):
Change in peak position of the C-N stretching vibration
frequency of CN on Pt(111) in 0.1 M HCIO4. Background
potential =1.15 V vs. SCE.

at potentials more anodic than 0.15 V. Ashley et al. argued
that the differences induced in the potential field at the in-
terface by variances in the electrode-OHP distance are not
as sensitive at very positive potentials,’® where the concen-
tration of counter cation at the interface is also expected to
be smaller. We believe that this mechanism applies simi-
larly to H3O" in this acidic solution. Notably, in-situ STM
measurements have revealed a structural change also at 0.15
V.2 As the potential is scanned more cathodic than 0.15
V, the (24/3%21/3)R30° is transformed to (v/7xv/7)R19.1°
with the change in coverage for CN from 0.58 to 0.57 (too
subtle to be detectable by IRAS). Therefore, the change in
CN structure on Pt(111) and the hydrogen adsorption—de-
sorption (Fig. 7(a)) simultaneously take place at 0.15 V with
the change in slope in the peak frequency—potential curv
induced by the cation—OHP distance. :
Finally, as an example of cations with multiple charges,
we present IRAS in 0.1 M Mg(ClO4), (pH=7). As Hubbard
and coworkers have shown,?® cations with multiple charges
are adsorbed very strongly on the CN layer. Figure 8 shows
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the potential dependent spectra of CN on Pt(111) in Mg-
(ClO4),. The spectra were completely different from those
for any cation so far described. Although the peak near
2100 cm~! was observed with other cations, two additional
peaks were observed at ca. 2130 and 2150 cm™!. Those
newly-found peaks are also of surface species because their
frequencies change with potential. The peak at ca. 2130
cm™! disappeared as the potential was raised from —0.7
V to —0.3 V. The peak at ca. 2150 cm™! shifted toward
higher frequencies, but the rate was as small as 14cm™! V~1,
These peculiar behaviors cannot be explained by the simple
electrochemical Stark effect. The existence of three types
of peaks may indicate a multiple configuration of Mg?* in
OHP. This strong influence of Mg?* could not be understood
solely by IRAS. Other techniques such as STM and AFM
may provide explanation for this effect.

Conclusions

To understand the effect of cations in OHP on CN in
IHP, in-situ IRAS measurements were carried out in various
electrolyte solutions for the C—N stretching mode using a CN-
modified Pt(111) electrode surface. In solutions containing
H;0%, Li*, Na*, K*, and Cs™ as electrolyte cations, only a
single peak at ca. 2100 cm~! was observed, and the peak
frequency became lower as the potential was scanned in
the cathodic direction. In a KClO, solution (pH=9.5), a
change in slope was observed at —0.5 V in the frequency-
potential curve as the potential was scanned in the cathodic
direction, implying that H;O* dominates in OHP at cathodic
potentials even in the solution of KCIO,. In highly alkaline
solutions, the slope for the frequency shift is dependent on
the cations, and the order was calculated as K* > Nat >Li* >
Cs*. In HCIOy, a change in slope was also observed in the
frequency—potential curve. In a Mg(ClO,), solution, three
peaks are observed for the CN on Pt(111), possibly due to a
multiple configuration of Mg?* in OHP.
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