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Surface-enhanced infrared absorption spectroscopy (SEIRAS) in the attenuated-total-reflection configuration
(ATR-SEIRAS) has been applied for the first time to Ni electrodes. SEIRA-active Ni electrodes were obtained
through initial chemical deposition of a 60-nm-thick Au underlayer on the reflecting plane of an ATR Si
prism followed by potentiostatic electrodeposition of a 40-nm-thick Ni overlayer in a modified Watt's
electrolyte. The Ni nanoparticle film thus obtained exhibited exceptionally enhanced IR absorption for the
surface probe molecule CO while maintaining unipolar and normally directed bands. With the advantages of
ATR-SEIRAS, free HO molecules coadsorbed with CO at the Ni electrode were revealed, and their role in
the electrooxidation of the CO adlayer at the Ni electrode is discussed. In addition, the conversion of bridge
to linearly bonded CO at Ni electrode in a neutral solution was clearly identified upon electrooxidation of the
CO adlayer. ATR-SEIRAS was also used to characterize the adsorption configuration of a pyridine adlayer
at the Ni electrode. Both fand B modes of adsorbed pyridine were detected with comparably large intensities,
essentially maintaining the spectral feature of pyridine molecules rather than thatpfritlyl species”,

which strongly suggests an “edge-tilted pyridine” configuration present at the Ni electrode, a configuration
intermediate between the “end-on pyridine” and “edgexepyridyl” adsorption modes reported in the literature.

Introduction evaporation or sputtering and electrodepositié#?Appropriate
) o . L . ) fabrication of a conductive metallic nanofilm on an ATR IR

Owing to its high signal sensitivity, simple surface selection inqow is essential for in situ ATR-SEIRAS. The most widely
rule, and negligible interference from bulk solution signals, ,seq ATR IR window is an undoped Si prism, which exhibits
surface-enhanced infrared absorption spectroscopy with thepigh stability in acidic and neutral electrolytes. The metallic
attenuated-total-reflection configuration (ATR-SEIRAS) is re-  fjjmg should be sufficiently conductive and have electrochemical
garded as an important spectroscopic method for in situ feaiyres comparable to those of their bulk counterparts for use
characterization of surface adsorption and reaction, providing i glectrochemistry. Moreover, they should be SEIRA-active
insight into the chemistry and physics of metalectrolyte and  yithout severely distorted or inverted bands to facilitate data
metal-ambient interface:8 So far, for in situ electrochemical analysis and explanation.
app_l|cat|ons, ATR-SEIRAS has been I|m_|ted to coinage _and Very recently, SEIRA-active Pt-group metal nanofilms were
platinum-group metal electrodes. Extension of this technique obtained in our laboratory with a two-step wet process that
to other transition metal electrodes is highly desirable for it to incorporates an initial chemical deposition of a Au nanofilm
become a general tool in surface electrochemistry. As an eIementon the basal plane of a Si prism with the subsequent elec-

of th? ron group, n_|ckel IS a meta_l of both fundam_ental and trodeposition of the desired Pt-group metal overlajefg his
praC“C?" interests in electrochemistry, surface SCIence, anOItechnique is somewhat similar to the sample preparation method
catalysis. To our best knowledge, ATR-SEIRAS at Ni electrodes used for surface-enhanced Raman spectroscopy (SERS) on
has not bee.n .explored. ) ) _ transition metals. In the latter, the underlying Au layer functions
SEIRA originates from the interactions of IR photons with 55 an amplifier of the Raman scattering of adsorbates on the
the metal atoms and adsorbed molecules; thin metal films yansition metal, whereas it functions as a stable template for
consisting of nanoparticles particularly facilitate the SEIRA preparing SEIRA-active Pt-group metals in our case. The
effectz>dhThe SEIRA activity depends greatly on the morphol-  strategy circumvented several disadvantages associated with
ogy of the metal nanoparticle film (simplified as nanofim  conyentional dry processes (vacuum evaporation or sputtering),
hereafter). Severely dlstortec_i _blpolar or even |_nverted IR bandsgch as high-cost facilities, time-consuming procedures, poor
are often observed for transition metal nanofilms prepared by ennancement reproducibility, bipolar band distortion, and sample
contamination by organic species. We believe that this strategy
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layer. Unlike SERS, in which a virtually pinhole-free metal layer CHART 1. Related Adsorption Configurations for Py
with a thickness of a few atomic layers is required, the longer on Metal Surface$
wavelengths of IR radiation allow for the deposition of a much

thicker Ni overlayer carrying SEIRA activity. Second, elec-

trodeposition of very thick Ni multilayers on Au from a modified

Watt’s solution is a quite mature technique, ensuring sufficiently "
|

“pinhole-free” Ni overlayers® Third, Ni is easily passivated = h N

in neutral and alkaline electrolytes at high potentials without [ ]
continuous active dissolution. This passivated layer can be  FlatPy End-on Py Edge-tilted Py  Edge-on a-Pyridyl
electrochemically reduced back to nominal Ni. Thus, it can be (1) an am) av)

expected that a very thick Ni overlayer (few tens of nanometers) 2 (j) Flat-lying Py mode [e.g., Py at a Au(111) electrode at potentials
on a Au underlayer should resemble bulk Ni in electrochemical sufficiently negative of the p#223, (Il) end-on Py mode [e.g., Py at
behavior. a Au(111) electrode at potentials positive of the $28§, (1Il) edge-

tilted Py mode [e.g., Py at a Pt(111) surface in UHV at low
In t.he present work, CO was used as th_e probe molecule tOtempera);urél and EDygat a Kli nanofilm(elegtrode (see text vide infra)],
examine the surface enhancement of Ni electrodes for the ang (v edge-om-pyridyl mode [e.g., Py at Ni(LOG¥2 Ni(111)24%
following reasons. External infrared reflectioabsorption Pt(111)2* and W(0113° surfaces in UHV around room temperature].
spectroscopy (IRAS) measurements of CO on Ni at solid
gas' 3 and solid-electrolyté4a1517.18abinterfaces have been  reportedfa2126one of which is also shown as configuratith
reported. In particular, Cuesta and Gutéz systematically  in Chart 1. The orientations and configurations depend on the
investigated pH effects on the CO adsorption sites and oxidationelectronic structure of the metal, the temperature, the coverage,
mechanisnt® As a result, these electrochemical and spectro- the medium, and specifically the potential in the electrochemical
scopic data can be used as references for the current studysystenf.21.29
Nevertheless, the reported CO bands in the literature are rather Although HREELS, XPS, and ARUPS measurements pro-
weak (around 10*—10 3 relative reflectance unit$AR/R]), and vided evidence ofi-pyridyl species formed on Ni surfaces in
the signal-to-noise (S/N) ratio is poor, which, to some extent, UHV at room temperature or high&3 SERS and density
prevented a detailed study of the dynamic oxidation process of functional theory calculation results for Py adsorbed at a Ni
CO at Ni electrodes such as the identification of coadsorbed electrode appeared to support the end-on adsorption gecthetry.
water molecule?21517 Recently, Wang et df2P reported Because the SERS selection rule is rather complicated, however,
interesting abnormal IR effects (denoted as AIREs, i.e., inverted the configuration of Py at a Ni electrode is still open for
absorption and broadened bandwidth) in the external reflection discussion according to our latest ATR-SEIRAS measurements.
configuration for Ni nanofilms electrodeposited on glassy carbon
substrates via cycling potential control. The maximum absolute Experimental Section
intensity of around 8x 103 (AR/R) was obtained for their
inverted major C@ band. However, the controversy over the
origin of AIREs can complicate spectral analy%id8¢19The

Ni Nanofilm Preparation and Characterization. The prism
used was an undoped Si hemicylinder (PASTEC, Osaka, Japan).
The reflecting plane of the prism was polished with alumina

gormqlly direc’:je@ C@é)an(rj] WSS SI.S(: de'.[eCted lir(‘gfr Aclglrtam slurries with decreasing particle sizes down to Q:6% followed
eposition conditions, but the band intensity was ( by sonication in acetone and then water. Then, the Si hemicyl-

R), only twice that of the polished bulk Ni electrode. By contrast, j;qer was cleaned with the RCA meth&dAfterward. the
current ATR-SEIRAS studies on Ni electrodes yield normally reflecting surface was covered with 40% DfHfor 90'5 to
directed and enhanced CO bands, with intensities as high asgrminate the Si surface with hydrogen and was placed in the

3.4 x 10°2 (ARR). The excellent S/N ratio for the surface  ,jating solution and 2% HF (2:1 by volume) for 3 min. Chemical
signals of ATR-SEIRAS has two advantages: First, it enables deposition of Au was performed at 6C. The composition of

simultaneous spectroscopic and electrochemical monitoring of o plating solution was 0.03 M AugHCI-H,O (adjusted to
the irreversible oxidation of CO adlayer at Ni electrode with a pH 8 with NaOH)+ 0.3 M NaSOs + 0.1 M N&S,03:5H,0
much better time resolution as compared to the previous linear 5 1 NH,CI.2:8d The Au-coated Si prism was rinsed with
potential scan (LPS) FT-IR methd#d.Second, new spectral Milli-Q water (>18 MQ cm) and assembled into a custom-
features can be revealed such as bands for coadsorbed free watgf4qe spectroelectrochemical cell by sandwiching an O-ring. Pt
molecules at the Ni electrode, providing insight into the ga,7e and a saturated calomel electrode (SCE) were used as
oxidation mechanism. the counter and reference electrodes, respectively. The Au
Significant enhancement of surface IR signals for the as- surface was then cleaned in 0.1 M HGIGY repeating potential
deposited Ni electrodes also allows for clarification of the scans between 0.0 and 1.45 V.
adsorption configuration of pyridine (Py) at the Ni electrode. Deposition of a Ni overlayer on the as-deposited clean Au
The orientations of Py at various metal surfaces in UHV and underlayer was conducted by electrolysis-dt0 V for 1800 s
electrochemical environments have been extensively investigatedn a modified Watt's electrolyte (i.e., T8 M NiSO4 + 1072 M
by a variety of techniques, such as IRASZ22 STMga23 H3BOs + 1074 M HCI).2° Then, the spectroelectrochemical cell
HREELS?* ARUPS?4 SERS?>2¢ SFG?7 and isotope label-  was thoroughly rinsed with copious amounts of Milli-Q water
ing,2%28 in addition to electrochemical measuremeit¥.?? and immediately thereafter injected with 0.1 MHPO, + 0.1
Three extreme modes of Py coordination to metal surfaces haveM KH PO, (phosphate buffer solution, pH 6.9). The potential
been proposed (Chart 1): (1) “flat-lying Py” adsorption wia was held at-1.20 V for 10 min to reduce the native oxides on
electrons of the aromatic rind,(Chart 1), (2) N-coordinated  the Ni surfaces. The geometrical surface area of the Ni working
vertical “end-on Py” adsorptiorl(, Chart 1), and (3) “edge-on  electrode was 1.33 cri All electrolyte solutions were deaerated
o-pyridyl” adsorption with nearly vertical orientation through  with high-purity Ar prior to measurements.
the N and C(2) atomd\{, Chart 1). In addition, intermediate The double-layer capacitance of the Ni nanofilm electrode
configurations of the above critical modes have also been was obtained by measuring its differential capacitance curve in
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a freshly prepared phosphate buffer solution by ac voltammetry
in which a 100-Hz sinusoidal signal with an amplitude of 5
mV was superposed on a linear-scan dc potential at 10 MV s
from —1.0to 0.2 V and the ac current component was extracted
and analyzed with a lock-in amplifier built in a CHI 660 B
electrochemistry workstation (CH Instruments, Inc., Austin, TX).

The CHI 660B electrochemistry workstation was employed
for all potential control in the electrodeposition of Ni nanofilms
and subsequent (spectro)electrochemical measurements.

Inductively coupled plasma (ICP) atomic emission spectros-
copy (AES) was used to determine the concentrations of
dissolved Ni and Au ions from the metal films on Si in hot
aqua regia of known volume. With known amounts of Au and
Ni species, the thicknesses of the Au and Ni nanofilms were
estimated to be around 60 and 40 nm, respectively, by assuming
the same density as the bulk metals and using the geometric
area for the calculations.

Atomic force microscopy (AFM) images of a Au nanofilm
chemically deposited on Si before and after electrodeposition
of a Ni overlayer were acquired in tapping mode under ambient
conditions with a Pico-SPM (Molecular Imaging, Tempe, AZ).

Si cantilevers having spring constants of between 1.2 and 5.5
N m~1 were used at resonance frequencies between 60 and 90
kHz.

XPS spectra of Ni-coated Au/Si samples were recorded on a
Perkin-Elmer PHI-5000C ESCA system equipped with a dual
X-ray source, using the Al & radiation fw = 1486.6 eV) anode
and a hemispherical energy analyzer. The background pressure
during data acquisition was maintained at 1®a. Measure-
ments were performed at a pass energy of 93.90 eV. A survey
XPS spectrum (61200 eV) and narrow spectra of all elements
at high resolution were both recorded. Data were analyzed using
the PHI-MATLAB software provided by PHI Corporation.

In Situ ATR-SEIRA Spectroscopy. The three-electrode
system used for in situ ATR-SEIRAS is the same as that
reported for the electrochemical measurements (vide supra). The (b)
detailed structure of the spectroelectrochemical cell and the figyre 1. AFM images of (a) a Au underlayer (ca. 60 nm thick)
ATR-SEIRAS measurements have been described elsewlfere. chemically deposited on a Si wafer and (b) a Ni overlayer (ca. 40 nm
Briefly, unpolarized infrared radiation from a ceramic source thick) subsequently added by potentiostatic electrodeposition in a
was focused at the interface by being passed through themodified Watt's solution. Preparation conditions are detailed in the
hemicylindrical Si prism at an incident angle of°7@nd the  text
totally reflected radiation was detected. Spectra were acquired
under either potentiostatic (multistep) or potentiodynamic
(kinetics) mode. Infrared spectra were recorded on a Magna-
I(ﬁi;?;) i?q/sztiSpmeg %?th':glIJi:qlﬁirdt-ﬁtr]rzfgoémécr)]gIz:jelc\j/lCS;‘FI)'edC ;:ggg:far thickngsses of the A_u underlayer and Ni overlayer of the double-
The sample compartment of the FT-IR spectrometer was purgedl‘fleer film were estimated to be about 60 and 40 nm, respec-
with 20 L min~! of CO,- and HO-free nitrogen. The spec- tlvely,. on average, based on the amount of each element
trometer was operated at a resolution of 4 éiffor multistep) contamed n the film determlned by ICP-AES after the fllm
or 8 cnt! (for kinetics). Two hundred fifty-six interferograms was d'SSOIng in h.Ot aquaregia. It can be seen that much finer
were co-added to each single-beam spectrum in the muItistepN' nanoparticles with a diameter of around 15 nm closely pack

mode, whereas in kinetics mode, only four interferograms were above the locus c.)f the ynderlayer of Iarger Au nanoparticles.
collected for each spectrum. All spectra are shown in absorbance>Y contrast, the N|.nanofllm e!ectrodepqgted ona glassy carbon
units defined a# = —log(R/Ry), whereR andR; represent the eIectrodeS;)g/ c_yclmg poten_tlal deposition exhibited a layer
intensities of the infrared radiation reflected from the electrode s_truct_urel. '_Th's difference in morphology be“"’eer_‘ Ni nano-

at the sample and the reference potential, respectively. Referencé"mS in the Iltergtyre and those in the current work is probaply
spectra were measured at sufficiently positive potentials whereOf structural origin based on the requirements for producing

,3a,18
CO was electrooxidized or most of the Py was desorbed from AI?ES a?d SEiRIA eﬁecté‘?_t_a ° f th ‘ | f a Ni
nominally reduced Ni surfaces. e elemental composition of the surface layer of a Ni

overlayer electrodeposited on a Au nanofilm chemically de-
posited on a Si substrate can be observed from a survey XPS
spectrum, as shown in Figure 2. With the exception of the C
AFM and XPS Characterization. The morphology of a Ni- (1s) peak, all of the other peaks could be assigned to photo-
coated Au film prepared on a Si wafer plane by exactly the emission and Auger transitions of Ni and O as indicated. The
same preparation process as for the electrodes used in theNi (2ps;,) peaks at binding energies (BEs) of 852.4 and 854.5

750

spectroelectrochemical measurements was characterized with
atomic force microscopy (AFM, Figure 1). For comparison, the
AFM image of a bare Au underlayer is also shown. The

Results and Discussion
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The surface roughness factor of the Ni nanofilm electrodes
was estimated by taking the ratio of the measured double-layer
capacitance to 20F cm2, a commonly used reference value
of the double-layer capacitance for a smooth metal electrode.
Shown in Figure 4 presents a typical differential capacitance
curve for a Ni nanofilm electrode as measured using ac
voltammetry. The peak at0.34 V can be attributed to partial
electrodissolution of the Ni surface, leading to surface passi-
vation at potentials higher than0.20 V. At potentials negative
of —0.70 V, electrosorption and even the evolution of hydrogen
can occur, contributing to the increased capacitance (i.e.,
pseudocapacitance). The practical double-layer region for a Ni

. . : electrode is rather narrow, roughly fror0.70 to—0.40 V as
400 600 800 judged from Figure 4, which yields a double-layer capacitance
Binding energy / eV of ca. 87uF cn12, corresponding to a surface roughness factor
Figure 2. Survey XPS spectrum of an electrodeposited Ni overlayer of ca. 4.3.

(40 nm) on a Au nanofilm (60 nm) chemically deposited on a Si SEIRAS of CO at Ni Electrodes. Potential-dependent
substrate and the narrow spectra of Au 4f and Ni 2p (insets). SEIRA spectra of a CO-predosed Ni electrode obtained in
multistep mode are shown in Figure 5. The bands at 2000

22050 cnt! can be assigned to linearly bonded CO (¢&nd
those at 18651905 cnt?! correspond to bridge-bonded CO
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eV in the right inset indicate that two types of Ni chemical
species, one reduced and one oxidized, were detected. The pe

at lower binding energy can be attributed to the metallic state, )
d gy S(COE,).l“a’lf’blt can also be seen that the CBands are slightly

h high indi h f Ni i
and that at higher energy indicates the presence of Ni specie sharper than the Gbands. The appearance of both £and

in the form of Nt ions3? However, no Au peaks were CO bands f Ni el de i el I -
observed, as shown in the left inset. Because XPS detects the O bands for a Ni electrode in a neutral electrolyte is in

i i 5b
elemental composition of surface layers with a skin depth of 2greement with previous IRAS measuremefts®®A small

around 3-5 nm, the presence of AtNi alloys in the surface band at 2112 cm' at relatively positive potentials can be
layers of our electrodeposited Ni nanofilm can be excluded attributed to CO chemisorbed on nickel oxide or on metallic

which ensures that all of the following (spectro)electrochemical i Sites perturbed by the oxidation of the neighboring Ni atoms

results correspond to Ni electrodes.
Electrochemical Characterization. The as-deposited Ni

nanofilm electrode was subjected to cathodic polarization at

—1.20 V for 10 min to remove the native nickel oxides. The

cyclic voltammogram of the Ni electrode in a pH 6.9 phosphate
buffer solution (solid trace in Figure 3a) shows an anodic pea

at —0.34 V with a charge of 3.0 mC crin the first forward

(this band is hereafter denoted as g2 This band cannot
be ascribed to linearly adsorbed CO on few (if any) exposed
sites of the underlayer Au for the following reasons: First, the
interaction of CO with Au is weak, and CO will nearly
completely desorb when it is purged from solutfSrSecond,

kthe linear CO band is located below 2090 ©@nin neutral

solution3#aThird, this band was not observed at lower potentials.

potential scan. The anodic peak leads to the passivation of Ni  The potential-dependent spectra obtained by multistep FT-
at higher potentials. After a cyclic potential excursion, the IR spectroscopy show that the Stark tuning rates are 61.5 and
electrode was set at1.20 V while CO was bubbled for 30  53.0 cnt* V! for linear CO (CQ) and bridge CO (Cg),
min to attain a saturated adsorption of CO. Subsequent cyclic respectively. The former is in good agreement with the value
voltammograms (dashed and dotted traces in Figure 3a) showmeasured for polycrystalline bulk Ni electrodé%and the latter
that both hydrogen evolution and Ni electrooxidation were is close to that obtained for Ni films electrodeposited on glassy
inhibited. In the presence of CO in solution, the anodic peaks carbon'® Cuesta et & detected a C@band with an intensity
were shifted positively to 0.027 V (dashed trace) ar@l017 of 8 x 104 (AR/R) for a bulk Ni electrode in pH 6.9 solution
V (dotted trace). The charge in the first positive scan was 5.9 with IRAS. With AIREs, Wang et a®® obtained a strong but
mC cnt2, which was somewhat higher than that in the absence abnormally inverted C@band with an intensity up to & 10°3
of CO, suggesting the mixed simultaneous electrooxidation of for a Ni nanofilm electrodeposited on glassy carbon at pH 5.6.
the Ni surface, chemisorbed CO, and dissolved CO. Using the formulation proposed by Griffiths et &l.they
Figure 3b shows the voltammetric responses in phosphatecalculated the maximum surface enhancement factor to be 15.5.
buffer solution following a saturated dosage of chemisorbed CO, The CQ band intensity herein observed is 0.015 absorbance
obtained by bubbling in gaseous CO followed by Ar sparging. unit or 0.034AR/R, that is, 42.5 times stronger than that reported
(Note that the same CO predosing procedure for the Ni for bulk Ni electrodes and 5.7 times stronger than that for
electrodes was used in the subsequent SEIRAS measurementsélectrodeposited Ni films measured by AIREs. Precise calcula-
The voltammogram in the first cycle (solid trace in Figure 3b) tion of the surface enhancement fact@) for the current Ni
is similar to that in the CO-saturated solution (dashed trace in nanofilms is not easy. Nevertheless@Gfis defined here as the
Figure 3a), which suggests that the adsorption of CO is strong.ratio of band intensities between a molecule adsorbed on a Ni
The voltammogram in the second cycle (dotted trace in Figure nanofiilm and a molecule adsorbed on a smooth bulk Ni
3b) is also similar to that of the Ni electrode in Ar-saturated surface?® after rational calibration of the surface coverage,
phosphate buffer solution (solid trace in Figure 3a), and the surface roughness factor, incidence angle, a nd polarized state
CO peak is no longer present, indicating that the chemisorbedof IR radiation,G can be estimated to be larger than 29 (see
CO had been electrooxidized in the first potential cycle. Supporting Information). In addition, the CO bands obtained
All of the above voltammetric features are close to those with ATR-SEIRAS are unipolar and normally directed in
reported for bulk polycrystalline Ni electrodes in the same elec- accordance with the definition of absorbance (i.e., normal
trolyte, which is essential for extending ATR-SEIRAS to the absorption), facilitating the spectral analysis and interpretation.
study of surface phenomena and processes at Ni elect6dé® The asymmetry in CO bands with an extended “tail” toward
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Figure 3. (a) Cyclic voltammograms of a Ni nanofilm electrode in 0.1 M phosphate buffer solution (pH 6.9) in high-purity Ar atmosphere (solid
curve) and in CO-saturated solution (dashed and dotted curves for the first and second cycles, respectively). (b) Cyclic voltammograms of the
CO-predosed Ni nanofilm electrode in a phosphate buffer solution after purging CO with Ar: first cycle (solid curve), second cycle (dotted curve).
Scan rate= 50 mV st

250 free water molecules embedded in the CO adlayer on a Ni
electrode surface (i.e., the hydrogen bonds between water
molecules were broken) are readily identified in the current
ATR-SEIRAS study. The sharp bands at 358637 cnT! can
be assigned t@(OH), and those at 16191626 cnt? can be
150 assigned ta(HOH) of free water molecule¥:8¢3536Specifi-

- cally, the frequency ob(OH) increases and that @f(HOH)
100 1 decreases with the potential. These water bands decrease in
intensity with decreasing CO bands and become nearly invisible
as the adsorbed CO adlayers are completely oxidized (vide
infra). The decrease of coadsorbed free water bands ac-
companied by the oxidation of CO species has also been
0 L . L L L L L observed at PtRu and Ru electrodes by Watanabe’s gréup;
12 10 08 '%3 V‘°‘4 Sgé 00 02 04 at Pt electrodes by Okada’s gro#fpand at Pd, Pt, Ru, and Rh

(vs.SCE) electrodes by our gro@ped using in situ ATR-SEIRAS.

Figure 4. Differential capacitance curve for a Ni nanofilm electrode Time-resolved measurements (kinetics mode) are more ac
in 0.1 M phosphate buffer solution obtained with ac voltammetry. ime- v u (kineti ) i

200

C/yFem?

50

Experimental details can be found in the text. curate for tracing an irreversible process, as compared to the
above-mentioned multistep measurements. The ATR-SEIRA-
7F co CO active Ni nanofilms are highly beneficial for real-time monitor-
Jootvon) ?L ® 8(HOH) ing and analysis of the electrooxidative removal of a CO adlayer
A osov ! at a Ni electrode. Figure 6 shows a series of 0.27-s-resolved
| 080V __/\j\\ spectra of a Ni-coated Au electrode predosed with CO in 0.1
- M phosphate buffer solution, which were collected sequentially
G ——040V ——J\j\z\ during a linear potential sweep (LPS) froal.20 to 0.60 V at
< -0.30V ___/\f\\ a scan rate 50 mV$ (i.e., each successive spectrum was
T _}\f\/\ acquired for a period of 0.27 s over a potential interval of 13.5
L~ 025V mV.). The reference spectrum was taken at 0.60 V. The spectra
| ~__02V __/\/\\ at potentials positive of 0.05 V are not shown because of a large
co.. background undulation, which might be caused by passivation
015V ~ of the Ni surface. Figure 7 displays the plots of the normalized
—T— 7/ T . T integrated intensities of the GOCOs, CO\i, v(OH), ando-
4000 3500 3000 2000 1500 (HOH) bands against the potential and the corresponding

Wavenumbers/ cm’

Figure 5. Potential-dependent multistep SEIRA spectra for a CO- __ _ S : - o
predosed Ni nanofilm electrode in 0.1 M phosphate buffer solution. 1.2010—0.90 Vin Figure 6 is not very distinct because it is

The reference potential is 0.60 V vs SCE, and the sample potentials PUred in the relatively broad(OH) band of adjacent 3D

are as indicated. The Ni electrode was predosed in CO-saturated 0.11aY€rs, so its intensity in this region is not plotted. We tentatively
M phosphate buffer solution at1.20 V SCE for 30 min, and then the  attribute this result to the effect of hydrogen evolution at these

voltammogram as well. The(OH) band of free HO from

dissolved CO was purged with Ar bubbling for 30 min. negative potentials, which might change the hydrogen-bonding
lower wavenumbers can be partly ascribed to nanoparticle State of coadsorbed-® molecules to some extett.
polydispersity34b.34c The high surface sensitivity of ATR-SEIRAS provides insight

Previous IRAS measurements, including AIREs studies, of into the adsorption and oxidation of CO adlayers at Ni
CO adsorption on Ni electrodes have not been able to detectelectrodes. First, because the optical absorption coefficient of
coadsorbed free water bands because of their lower surfaceCOg is a factor of about 2.5 lower than that of C8°the higher
sensitivity and the interference of bulk water bands. By contrast, COg band intensity indicates that G@pecies are dominant at
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Figure 6. Series of time-resolved SEIRA spectra of a CO-predosed
Ni nanofilm electrode in 0.1 M phosphate buffer solution collected

sequentially during a potential sweep cycling frem.20 to 0.05V at
50 mV s¥. The time resolution used was 0.27 s. The Ni nanofilm

4000 3500

electrode was predosed in CO-saturated phosphate buffer solution at

—1.20 V for 30 min, and then the dissolved CO was purged with Ar
bubbling for 30 min.

Integrated Area

-20
08

-()l.4 01.0 Of4
E/V (vs. SCE)

Figure 7. Cyclic voltammogram of a Ni-coated Au nanofilm electrode
recorded at 50 mV3 during in situ time-resolved ATR-SEIRA spectra

measurements, along with the potential-dependent integrated intensitie

of the IR bands of C@ CQ_, CO\°, and coadsorbed water.
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Figure 8. Cyclic voltammograms of a Ni nanofilm electrode in 0.1
M KCIO, solution in the absence (solid curve) and presence (dotted
curve) of 10 mM Py recorded at 50 mVis
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Figure 9. ATR-SEIRA spectra of adsorbed Py at the—dplution
interface. The reference potential is 0.20 V vs SCE, and the sample
potentials are as indicated. The solution contained 0.1 M KGIQ0

mM Py. Spectra are an average of 256 interferometer scans at each
potential.

V, with nearly unchanged band position. It is also noted that
the emergence of this 2112 ciband positively shifts by about
0.10 V as compared to that in the multistep measurements (see
Figure 5), reflecting the advantage of time-resolved ATR-
SEIRAS. Finally, it can be judged from Figures 5 and 6 that

Jhed(HOH) andv(OH) bands for coadsorbed free®decrease

simultaneously in response to the sharp decrease of the CO
band, suggesting that adsorbed CO molecules are oxidized by

relatively low potentials. Second, it can be seen that, at potentialsconsuming the coadsorbed,® on the Ni electrode. In this

above —0.40 V, the intensity of the Cg band decreases
monotonically and significantly as the oxidation of the CO
adlayer proceeds, whereas that of the. @@nd first increases
with decreasing C® and then starts to decrease as the
concentration of C@ becomes negligibly small. These trends

regard, the active involvement of the coadsorbe®hh the
oxidative removal of CO adlayers makes no difference for Ni-
and Pt-group metal electrodes. In other words, activated free
water molecules at these electrodes are likely oxygen donors
for the electrooxidation of CO adlayet:3¢

strongly suggest that, in the oxidation process, the conversion SEIRAS of Pyridine (Py) at Ni Electrodes. Significant

of some CQ@ to CQO occurs with decreasing CO surface
coverage. In other words, GOs more resistive than GO

enhancement of the surface IR signals for the as-deposited Ni
electrodes also allows the examination of the adsorbed structure

against electrooxidation at the Ni electrode. The transition of of Py at the Ni electrode. As mentioned in the Introduction, the
CGOg to CQ_ at the Ni electrode with decreasing surface coverage formation ofo-pyridyl species on Ni surfaces upon Py adsorp-
is in accordance with the behavior measured for Ni(100) in UHV tion has been well characterized in UHV systems by a variety

by FT-IRASI This feature is quite different from that found
during oxidation of a CO adlayer at a Pd electrode, wherg CO
is also dominanf¢ In the latter, CQ is first oxidized, and part
of the CQ is converted to CO adsorbed on hollow sites (GO
but interconversion between of C@nd CQ does not occur.
Third, a new and rather weak band at 2112-émttributable

to CQO\i° appears at-0.07 V and reaches a maximum-a0.03

of spectroscopic techniques. However, spectroscopic charac-
terization of the configuration of Py adsorbed at Ni electrodes
has been limited to only SERS. Tian’s group succeeded for the
first time in obtaining high-quality SER spectra of Py at a Ni
electrode surfac®,and they proposed an end-on configuration
for the Py adlayer. One key piece of supporting evidence is the
band at 262 cmt, which was assigned to the metd vibration.
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TABLE 1. Wavenumbers and Assignments for Py at a Ni Electrode

Py/Ni Py/Au electrode, Py/Pt(111), UHV, a-pyridyl/Pt(111), assignments
liquid Py° electrodé >pzd low T® UHV, roomTe Wilson number symmetry
1592's 1607 s 1599 vs 1595 s 1568 vs f 8a Ap
1583 m 1575 vw not detected not detected 1568 vs f 8b B1
1482 s 1490 m 1479 m 1470 m 1427 s 19a 1 A
1439 vs 1448 vs 1448 w 1440 vs 1408 m 19b 1 B

2 Relative intensity: vs, very strong; s, strong; m, medium; w, weak; vw, very wedlam ref 28.° Current result? From ref 8a.¢ From ref
21.fWhena-pyridyl forms, it is difficult to assign the 1568 crhband exactly to 8a or to 8b; cf. refs 21 and 29.

The other piece of evidence is that the bands are predominantlypositive of the point of zero charge (pzc), the mode was
assigned to the in-plane;Anode. Nevertheless, even though predominant, and the;Bnode was extremely weak, suggesting
the 262 cm! band can be ascribed to metd stretching, it that a Py adlayer on the Au(111) electrode surface retains a
does not necessarily indicate that Bgaxis of Py is vertical mirror plane perpendicular to the molecular plane, i.e., the mirror
with respect to the surface. In addition, the 262 érhand is plane containing th€, axis of Py and the surface normal are
also close to the calculated frequency (265 &mfor the vertical with respect to the Py plane.
a-pyridyl—metap symmetric stretching mod€ As a result, the As mentioned before, HREELS, ARUPS, and XPS charac-
262 cm! band in the SERS spectra cannot be exclusively terizations of Py adsorption at Ni(111) and Ni(100) in UHV
assigned to the end-on configuration of adsorbed Py. On theindicate that exposures at elevated or room temperature produce
other hand, the strict dipole selection rule based on counteractionan approximately vertically oriented species that can be at-
of s-polarized light at metal surfaces in the “image-charge” tributed to the chemisorbea-pyridyl species. The question is
theory, which applies to IR radiation (SEIRAS), does not exactly whether theo-pyridyl species is formed at Ni electrodes from
apply to SERS owing to the much lower electric conductivity the end-on configuration. To address this issue, a straightforward
of metals in the visible regiof4° Moreover, in SERS, one  approach is to compare the spectral features of Py at a Ni
must consider the polarizability tensey rather than the dipole electrode with those af-pyridyl species and edge-on Py species
momentu. Even simply based on an electromagnetic enhance- on metal surfaces. Fortunately, IRAS data for Py adsorption at
ment mechanism, Amodes have three Raman tensor compo- Pt(1115* and W(110%° are available, which might lend some
nents, oy, 0y, andozz In other words, the surface selection yseful information for our judgment. For both edge-tilted Py
rule for SERS is not as straightforward as that for its counterpart and edge-om-pyridyl species, the original Aand B modes
SEIRAS. On the basis of the current ATR-SEIRAS measure- are dipole-active. Yet, significant differences are found between
ments, we aim to clarify the adsorption geometry of Py at a Ni the two surface species, as summarized in Table 1 (columns 4
electrode. and 5). First, the annealing of the substrate to room temperature
Shown in Figure 8 are cyclic voltammograms for a Ni-coated results in the significant red shifts of the major bands associated
Au electrode in 0.1 M KCIQ without (solid trace) and with  with the conformation change from edge-tilted depyridyl
(dotted trace) 107 M Py recorded at a scan rate of 50 m*s  species. Second, the conformation change also gives a significant
It can be seen that the adsorption of Py significantly hinders change in relative intensities. The 19b mode) (@ 1440 cnt!
the anodic dissolution and passivation of the Ni electrode but js the strongest for edge-tilted Py, whereas the 1568 drand
slightly promotes hydrogen evolution. Because of the high (which corresponds to the original 8a and/or 8b modes for
chemsorption energy for Py on Ni surfaéésgven at rather  pyridine) is the strongest far-pyridyl. Similar spectral features
negative potentials, Py does not desorb from the Ni surface, ascan be found for Py on the W(110) surfe€eOur spectral
will be revealed by SEIRA spectra. At the reference potential pattern matches reasonably well with that of Py adsorption on
of 0.2 V, however, a fraction of Py molecules might still weakly pt(111) at low temperature (see Table 1), suggesting that Py is
adsorb at the nickel hydroxide surface. adsorbed on the Ni electrode surface through the edge-tilted
Figure 9 shows the potential-dependent ATR-SEIRA spectra Py configuration withoui-C—H bond cleavage. This edge-
of Py adsorbed at a Ni electrode in 0.1 M KGl@nd 0.01 M tilted Py is likely a transitional configuration between the end-
Py. Four bands at 1607, 1575, 1490, and 1448'aorrespond  on Py and the edge-an-pyridyl species. For clarity, these three
to vgdA1), van(B1), viedA1), and vieyB1), respectively, of  adsorption configurations can be found in Chart 1, in which
adsorbed Py® The relatively weak negative bands can be the differentiation between plane-tilted and vertical orientations
ascribed to Py adsorbed at the nickel hydroxide surface. Here,js not intended. Again, we demonstrate that the simple surface
the A; and B, modes are in-plane vibrations yielding dipole selection rule and high surface sensitivity of ATR-SEIRAS are
changes along and perpendicular to tle axis of Py, very useful for characterization and analysis of molecular
respectively. These bands and their assignments are listed irconfigurations at Ni electrodes, complementary to the widely
Table 1. For comparison, IR bands for liquid®®and SEIRA used SERS technique.
bands for adsorbed Py at a Au(111) electfddare also
tabulated. Both Aand B, modes appear for Py at a Ni electrode. g cjusion
In particular, the band at 1448 c a B, mode, is the most
intense. According to the surface selection rule of SEIRAS, only  ATR-SEIRAS has been successfully extended for the first
those vibrations that cause dipole changes perpendicular to theime to Ni electrodes. A two-step wet process was employed to
metal surface are SEIRA-acti¥ed"The simultaneous appear- fabricate SEIRA-active Ni electrodes, which incorporates an
ance of A and B, modes suggests an edge-tilted Py adsorption initial chemical deposition of a 60-nm-thick Au underlayer on
geometry at the Ni electrode surface, with tilting of tBeaxis the reflecting plane of an ATR Si prism and the subsequent
edgewise apart from the normal to the Ni surface. The potentiostatic electrodeposition of a 40-nm-thick Ni overlayer
orientation and coordination of the adsorbed Py are nearly in a modified Watt's electrolyte. Significant enhancement was
unchanged in the potential range froal.20 to—0.20 V. In achieved without the emergence of bipolar or abnormally
contrast, for Py adsorption on Au(111) electrodes at potentials inverted absorption bands. The surface enhancement factor for
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the Ni nanofilms thus obtained was evaluated to be more than

29 by comparing the band intensities of g£€pecies on a Ni

nanofilm electrode and a mechanically polished Ni electrode
with rational calibration. Real-time spectroscopic data indicate

the active participation of coadsorbed freeCHmolecules in

the electrooxidation of a CO adlayer at a Ni electrode, as well
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