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Iodine adsorption on a polycrystalline gold electrode was studied by in situ electrochemical Rutherford
backscattering (ECRBS) using an ultrahigh vacuum (UHV)-electrochemical cell comprising of a thin-film
silicon nitride window. The depth resolution of RBS allowed for measurement of nuclide concentration
of the diffuse double-layer, electrode surface and near-surface regions. ECRBS measurements on the gold
electrode, initially exposed to −500 mV vs. a platinum pseudo-reference electrode, in a potassium iodide
solution, showed an increase in the 2.07 MeV iodine peak indicative of iodine adsorption. The surface

2

olycrystalline gold electrode
odine adsorption
n situ RBS
on scattering
old
tching

concentration of the iodine adlayer was directly measured by ECRBS to be 1.3 ± 0.3 nmol/cm . ECRBS
measurements on a gold electrode exposed to 1.5 V vs. a platinum pseudo-reference electrode, in a potas-
sium iodide solution display a decrease in the 2.16 MeV gold peak and a shift to lower energies. Scanning
electron microscopy images of electrodes studied by ECRBS displayed roughened surfaces consistent with
gold dissolution. This work demonstrates the potential for in situ ECRBS using thin-film silicon nitride win-
dows to become a powerful tool for the investigation of a wide range of electrochemical processes in areas
such as corrosion, electrodeposition and electrocatalysis.
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. Introduction

The results of in situ electrochemical Rutherford backscatter-
ng (ECRBS) measurements of iodine adlayers on polycrystalline
old electrodes are reported in this work. Historically, it has been
xtremely challenging to design in situ spectroscopy experiments
hat directly measure the electrode composition under potentiody-
amic control due to the liquid nature of the electrode environment.
uch measurements are essential for correlating electrode perfor-
ance to dynamic nanostructures at the electrode surface and the

omposition of the electrical double-layer. The advent of numerous
n situ electrochemical diffraction and spectroscopy techniques has
reatly expanded our understanding of the electrode–electrolyte
nterface (EEI). However, until recently the direct measurement of

lemental surface composition could only be accomplished with
echniques functioning in ultrahigh vacuum (UHV) environments
1–3]. This has limited direct elemental measurements of the EEI
o a variety of ex situ experiments.
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In contrast to other in situ electrochemical diffraction or
pectroscopy techniques, ECRBS provides quantitative elemental
nalysis of the EEI. The in situ electrochemical techniques of Fourier
ransform infrared spectroscopy (ECFTIR) [4–6], scanning tunneling

icroscopy (ECSTM) [7–9], and surface X-ray diffraction (ECSXS)
10,11] provide information on bonding, topography, and crystalline
hases at the EEI, respectively. As a complement to the aforemen-
ioned techniques, ECRBS is a rapid, non-destructive technique that

easures the energy and intensity of backscattered ions whose
nergies are principally determined by the depth and the atomic
umber of the scattering center. Quantitative compositional analy-
is with an accuracy of up to 1% is enabled with RBS measurements
y the fact that the number of scattered ions directly correlates
o the number of scattering centers in the target [12]. When this
echnique is applied to a thin-film electrode deposited on a sili-
on nitride window separating the liquid and UHV environment, a
ompositional depth profile of the electrode and electrolyte can be
btained. ECRBS can probe large areas of the EEI under dynamic

otential control. Currently, the analysis area for a given ECRBS
easurement is ∼0.25 mm2 and is primarily dictated by the area

f the UHV window. The probe depth of the RBS ion beam allows
bservation of the EEI through a thin-film electrode window assem-
ly (∼150 nm in thickness). The depth resolution of RBS (1–10 nm)

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:hightower@oxy.edu
dx.doi.org/10.1016/j.electacta.2008.10.027
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Fig. 1a displays a sealed, UHV-electrochemical cell with a 1.5-mL
liquid-filled-well that was fabricated from a vacuum-grade epoxy
resin (Torr Seal®) and a 0.25-mm2, 150-nm thick Si3N4 window.
This UHV-electrochemical cell was placed directly inside the RBS

Fig. 1. (a) Schematic drawing of the UHV-electrochemical cell used in the ECRBS
study of Au dissolution and I adsorption on a polycrystalline Au electrode. The cell
778 A. Hightower et al. / Electroc

13] allows for measurement of nuclide concentration of the diffuse
ouble-layer, surface and near-surface layers.

Ion beam techniques have been applied previously to investi-
ate liquid–solid interfaces with reasonable success [14,15]. These
n situ studies avoided the problem of sample corruption associ-
ted with transferring between liquid and vacuum environments.
orita et al. [16] studied lead desorption from SiO2 with RBS using
liquid cell equipped with a 3-mm diameter, 5 �m thick Si window.

n this case, a 9-MeV 4He2+, 0.6-mm diameter beam at an ion flux of
.9 × 1013/cm2 s was able to resolve Xe gas at atmospheric pressure
s well as a 4-monolayer Pd thin film in separate experiments. This
ork was complicated by the use of a 5-�m thick Si window that

ignificantly reduced the intensity and energy of the Pd peak. Pene-
rating this window necessitated the use of high-energy ion beams
nd leads to spectra complicated by increased inelastic scattering.
ore recently, Bouquillon et al. [17] used a liquid cell to perform

IXE analysis on lead-containing aqueous solutions. Pb at concen-
rations less than 10 ppm were resolved using a 3-MeV proton beam
t ∼1 nA through a 100 nm Si3N4 window. This work also identified
ubble formation at regions of beam impact attributed to water
adiolysis. It was determined that these bubbles could be elimi-
ated with sufficient circulation of the solution. Lastly, RBS studies
f the near surface region of aqueous sulfuric acid solutions and
Cl-doped ice were carried out using analysis chambers employing
ifferential pumping apertures [18].

ECRBS measurements were first demonstrated by Kötz et al.
o study copper deposition on iridium and oxide formation on
itanium [19]. This pioneering work utilized 3 MeV and 2.5 MeV
He+ beams through a 1.2-�m thick Si window along with irid-
um and titanium working electrodes, platinum counter electrodes
nd palladium pseudo electrodes. A number of challenges in ECRBS
easurements were identified including the overlap of signals from

ow atomic number scattering centers situated closer to the beam
ource with signals from higher atomic number scattering centers
ituated further from the beam source. The loss of depth resolution
ue to peak broadening as scattered ions traversed the electrode
nd cell window was another challenge. It is important to note that
he thickness of the window separating the electrochemical and
acuum environments plays a critical role on the impact of sig-
al overlap and loss of depth resolution. Subsequent ECRBS studies
ave employed windows ranging in thickness from ∼1 �m to study
u, Ag and Pd deposition on Si [20] to 3.5 �m to study deuterium

ngress into Zr–2.5 wt.% Nb [21]. The current study utilizes a much
hinner 150-nm thick Si3N4 window in the hopes of minimizing the
nfluences of signal overlap and the loss of depth resolution.

Adsorption of aqueous iodine on a polycrystalline gold elec-
rode served as a benchmark in testing the current ECRBS system.
he adsorption of ordered-monolayer phases of iodine on gold
lectrodes has been studied extensively by cyclic voltammetry
22–24], surface X-ray scattering (SXS) [25,26], STM [8,27–31], and
lectrochemical quartz crystal microbalance (ECQCM) [32,33] tech-
iques. Iodine adlayers on single crystal gold surfaces demonstrate
otential-dependent phase transitions [31,34] and are known to
ave a strong impact on the underpotential deposition of metal

ons [30,35]. Iodide solutions are known to be an effective alterna-
ive to cyanide in both the chemical [36] and electrochemical [37]
tching of gold. In these processes, electrons are removed from the
etallic gold and the subsequent gold ions form strong complexes
ith iodide in solution.
u+
(aq) + 2I−(aq) ↔ AuI−2(aq) (1)

Iodine and gold atoms provide scattering centers with large
uclear masses and thus, larger RBS signals as predicted by the
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ormula for differential scattering cross-sections:

∂�

∂˝
=

[
Z1Z2e2

4E

]2

· 4

sin4 �
·

[√
1 − (A sin �)2 − cos �

]2

√
1 − (A sin �)2

(2)

he differential scattering cross-section represents the probability
f a scattering event with solid angle, ˝, to occur as a function of
he atomic numbers of the incident and target ions, Z1 and Z2; the
nergy of the incident ion, E; the angle of incidence, �; and the mass
atio of the incident ions to the target atoms, A. This work utilizes
.3 MeV He+ ions (Z1 = 4) to investigate the adsorption of iodine
Z2 = 53) and etching of gold (Z2 = 79).

We seek to demonstrate the capabilities of ECRBS using a
50-nm thick Si3N4 window for elemental characterization of
lectrochemical interfaces by measuring iodine adsorption on a
olycrystalline gold electrode as well as etching of a gold electrode.

. Experimental
ncorporates a 0.25-mm2 UDAC mask; a 0.25-mm2, 150-nm thick Si3N4 window;
10-nm thick Au working electrode (WE), a 125-�m diameter Pt wire to act as a
seudo-reference electrode (RE), a UDAC counter electrode (CE), and a sealed 1.5-
L liquid well. (b) Schematic drawing of the UHV-liquid cell used to test window

tability. The cell incorporates a 0.25-mm2 UDAC mask with a 0.25-mm2, 500-nm
hick Si3N4 window.
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acuum chamber (base pressure of 2 × 10−8 Torr). A second UHV-
iquid cell (Fig. 1b) used a 500-nm thick Si3N4 window and a 2.75”
onflat® flange with a Pyrex®–stainless steel seal to interface the
BS UHV chamber with an external electrochemical cell at ambient
ressure and temperature. The first UHV-electrochemical cell was
tilized to study iodine on gold electrodes, while the UHV-liquid
ell was used to test the stability of the Si3N4 window separating
he UHV environment from a two molar potassium iodide solution
nd xenon gas.

A working electrode was formed by sputtering a 10-nm gold film

nto a Si3N4 window (SPI Supplies). The Si3N4 window, mounted
n a 200-�m thick Si frame, was rated to withstand a pres-
ure differential of 1 atm. A 125-�m diameter Pt wire was used
s a pseudo-reference electrode and an ultradense amorphous

ig. 2. (a) RUMP simulation of the RBS spectra from a 2.3-MeV He+ beam incident on
0.2-nm iodine film, 900-nm Si3N4 window, followed by a 50-�m 2 M KI aqueous

olution. The iodine monolayer peak at 2.05 MeV can be distinguished from the
odine in the solution that follows the Si3N4 window. The thick Si3N4 window results
n the oxygen, potassium, and iodine solution signals are shifted to lower energy.
b) RUMP simulation of the RBS spectra from a 2.3-MeV He+ beam incident on a
hin Si3N4 window, followed by an 8-nm Au film, followed by a single adlayer of KI,
ollowed by a 7 mM KI aqueous solution. The iodine adlayer peak at 2 MeV can be
istinguished from the iodine in the solution. The gold peak is much larger than the

odine peak primarily because the Au film is relatively thick.
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arbon (UDAC) substrate served as the counter electrode. The three-
lectrode UHV-electrochemical cell was interfaced to an ACM Gill
C potentiostat via coaxial UHV feedthroughs. Prior to ECRBS runs,
lectrochemical measurements were performed on the polycrys-
alline gold electrodes in UHV-electrochemical cells placed directly
nto the RBS UHV chamber. Cyclic voltammograms with scan rates
f 100 mV/min in 0.5 H2SO4 + 0.1 mM KI solutions were used to
haracterize the quality of the electrochemical environment when
he UHV-electrochemical cell was placed into the UHV chamber at
ressures of 8 × 10−8 Torr. In order to simplify the RBS spectra, an
lectrolyte of 7 mM KI prepared from 18 M� cm water (B&J Brand)
nd analytical grade reagents (Alpha Aesar, 99.99% KI) was used for
he ECRBS studies. A low concentration potassium iodide solution
as chosen in the hopes of measuring iodide concentration in an

xtended diffuse layer as a function of distance from the electrode.
A 2.3-MeV He+ ion beam at a current of 40 nA and a spot size

f 0.4 mm2 was aligned through a 0.2-mm2 UDAC aperture before
triking the 0.25 mm2 Si3N4 window. The UDAC aperture served
o mask the Si frame housing the Si3N4 window, thereby reducing
ts contribution to the RBS spectra. The RBS spectra were acquired
sing an Ortec Ion-Implanted-Silicon Charged-Particle detector set
t � = 164◦ relative to the incident ion beam. Spectra were obtained
ver 1024 channels with a resolution of <20 keV. RBS spectra were
ormalized to the total number of detected ions. The accelerator
nd beam lines were protected from possible window failure by a
AT Series 75, fast-closing valve system.

Measured spectra were compared to simulations produced by
he Rutherford Universal Manipulation Program (RUMP) code [38].
lectrodes were held at a given, constant potential while a RBS
easurement was performed. The average measurement time used

o obtain a RBS spectrum was about 10 min. Finally, a Cambridge
60 Scanning Electron Microscope (SEM) was used to characterize
he sputtered gold electrodes before and after ECRBS gold etching
tudies.

. Results
.1. Simulations

Several RUMP simulations were performed in order to deter-
ine the viability of the ECRBS technique. A variety of Si3N4
indow and gold electrode thicknesses were simulated to deter-

ig. 3. RBS spectra of xenon, helium, and air through a 500-nm Si3N4 window. The
.85 MeV xenon edge is observed with significant modification from a normal RBS
lateau shape due to the low density of the gas and hence deep penetration of the

ons. The UDAC mask blocks deeply scattered ions from reaching the detector. The
idths of the Si and N peaks are consistent with a nominal 500-nm thick Si3N4

indow. The Xe and O features are shifted to lower energies due to slowing of the
ncident ions by the 500-nm Si3N4 window.
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Fig. 4. RBS spectra of a 2-M KI aqueous solution through a 500-nm Si3N4 window.
The iodine plateau at 1.85 MeV can be observed along with a potassium plateau at
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Fig. 5. A cyclic voltammogram of a polycrystalline Au electrode in an UHV-
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ions by the 500-nm Si3N4 window. The carbon feature is primarily
a result of backscattering from the UDAC mask and experiences no
such shift.

Fig. 6. ECRBS spectra of a polycrystalline Au electrode in 7 mM KI held at the open
.25 MeV. The widths of the Si and N peaks are consistent with a nominal 500-nm
hick Si3N4 window. The I, K and O plateaus are shifted to lower energies due to
lowing of the incident He+ ions by the 500-nm Si3N4 window.

ine their impact on ECRBS spectra. Simulations yielded the
xpected phenomenon of a decrease in onset energy from scatter-
ng centers that followed the Si3N4 window in the ion beam path.
his decrease in energy (slowing) of the ions is a result of the stop-
ing power associated with traversing the window. This stopping
ower results primarily from electronic excitation of the window
aterial and is a function of the energy and mass of the incident

articles and the composition of the window. Ions can also lose
nergy as they traverse the gold electrode and the electrolyte as
ell as after their back scattering collision during their path to the
etector.

Evidence of this decrease in onset energy is observed in Fig. 2a
hich displays a RUMP simulation of an RBS spectra from a 2.3-MeV
e+ beam incident on an 0.2-nm iodine film, followed by a 900-
m Si3N4 window, followed by a 50-�m 2 M KI aqueous solution.
he iodine onset at 1.7 MeV from the 2 M KI solution is shifted to
ower energy relative to the 2.04 MeV peak of the unobstructed
.2-nm iodine film. In addition, the oxygen plateau at 0.58 MeV of
he solution is shifted to energies below the nitrogen plateau at
.73 MeV despite oxygen’s higher atomic number.

Conclusions were drawn from comparisons of ECRBS data to
imulated spectra from estimated concentrations and distributions
f key elements: Si, N, Au, and I. A RUMP simulation of a 2.3-MeV
e+ beam incident on a 150-nm Si3N4 window, followed by an 8-nm

hick gold thin film, followed by a 0.2-nm KI adlayer, followed by a
0-�m 7 mM KI aqueous solution is shown in Fig. 2b. The potassium

odide adlayer peak at 2 MeV can be distinguished from the aque-
us iodine background as well as the gold film. The proximity of the
odine and gold peaks suggest that roughness in the gold electrode
ould cause overlap between the peaks. The 2 MeV iodine peak of
he KI film is shifted to lower energies relative to the 2.04 MeV peak
f the unobstructed iodine film displayed in Fig. 2a.

.2. Liquid and gas studies

The viability of the Si3N4 window to successfully isolate the UHV
nd liquid environments was tested with the UHV-liquid cell, which
llows for easy changing of various gases and liquids such as satu-
ated potassium iodide solutions and xenon gas. In particular, the

urability of the epoxy seals at the interfaces of glass, silicon, and
lectrode leads were tested. The seals were found to last reliably for
he length of the experiments (∼4 h) provided that the epoxy was
llowed to cure for the recommended time.

c
i
2
w
w

lectrochemical cell using 0.5 M H2SO4 + 1 mM KI, scanned at 100 mV/min vs. a Pt
seudo-reference electrode that was performed with the UHV-electrochemical cell

n the RBS chamber at a pressure of 8 × 10−8 Torr.

RBS spectra of xenon, helium, and air through a 500-nm Si3N4
indow are shown in Fig. 3. The xenon edge at 1.85 MeV can be

bserved with a significant change from the usual plateau shape
ound in condensed matter samples. The change in shape is due to
he UDAC mask blocking deeply scattered ions from reaching the
etector. The low density of gas compared to condensed matter
esults in scattering events occurring deep in the sample, millime-
ers below the mask. For example, 2 MeV He ions travel a millimeter
efore loosing 0.3 MeV of energy. From this depth, the UDAC mask
locks the line of sight path to the detector. The silicon edge at
.40 MeV in Fig. 3 is made up of backscattered ions from the 500-
m Si3N4 window as well as the 200-�m Si frame. The width of the
ilicon plateau is defined by and consistent with a nominal 500-nm
hick Si3N4 window. The silicon signal from the 200-�m Si frame
xtends to lower energies than the plateau and contributes to the
ackground of lower energy signals. The xenon and oxygen features
re shifted to lower energies due to the slowing of the incident He+
ircuit voltage of 318 mV and −500 mV vs. a Pt pseudo-reference electrode. The
nitial application of a negative potential results in an increase in the iodine peak,
.07 MeV, indicative of iodine adsorption, as shown more clearly in the inset. The
idths of the Si and N peaks are consistent with a nominal 150-nm thick Si3N4

indow.
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gen, nitrogen and carbon onset regions (0.62 MeV) in greater detail.
The unwanted Si background (0–1.4 MeV) arises from the 200-�m
thick Si-window frame. Since the backscattered yield depends on
Z2, where Z is the atomic number, light elements are easily obscured
ig. 7. RBS spectra of the oxidation of an Au electrode held at a potential of 1.5 V
s. a Pt pseudo-reference electrode. The top panel (a) shows decrease of the gold
eak, 2.12 MeV, indicative of roughening and gold dissolution. The bottom panel (b)
hows an increase and sharpening of the oxygen peak at 0.87 MeV.

Fig. 4 displays RBS spectra from a 2-M KI aqueous solution
btained through a 500-nm Si3N4 window. The iodine plateau
t 1.85 MeV can be observed along with a potassium plateau at
.25 MeV. The silicon plateau at 1.40 MeV is consistent with a nom-
nal 500-nm thick Si3N4 window supported by a 200-�m Si frame
nd is comparable to the silicon in Fig. 3. The intensity of the iodine
eature indicates no significant iodine adsorption on the Si3N4 win-
ow. The height of the iodine feature relative to the silicon feature is
omparable to the heights simulated in Fig. 2a. These intensities are
omplicated by the contribution of the Si frame to the silicon edge.
he iodine, potassium, and oxygen features are shifted to lower
nergies due to slowing of the incident He+ ions by the 500-nm
i3N4 window. Again the carbon feature is primarily a result of
ackscattering from the UDAC mask and experiences no such shift.

.3. Electrochemical performance and ion beam measurements

The capability of the UHV-electrochemical cell inside the RBS
HV chamber at a pressure of 8 × 10−8 Torr was tested prior to
CRBS tests. Fig. 5 displays a cyclic voltammogram of a poly-
rystalline gold electrode on a 500-nm thick Si3N4 window
btained in a solution of 0.5 H SO + 1 mM KI, and scanned at
2 4
00 mV/min vs. a Pt pseudo-reference electrode. The voltammo-
ram demonstrates that potentiodynamic control was possible
sing UHV-electrochemical cell, but only with limited analytical
apability. The poor resolution of the CV scan indicates a non-ideal
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lectrochemical environment that is likely associated with a fouled
lectrode surface.

Fig. 6 displays ECRBS spectra of a 10-nm thick polycrystalline
old electrode in 7 mM KI solution obtained at open circuit and held
t a small negative potential of −0.5 V. The spectra show distinct
eaks for gold and adsorbed iodine with onset edges at 2.16 and
.07 MeV, respectively. Plateaus that are approximately 0.1 MeV
ide can be observed at 1.40 and 0.75 MeV for the silicon and
itrogen components respectively, due to the Si3N4 window. The
nset energy of these silicon and nitrogen plateaus correspond to
hose observed in Figs. 3 and 4, while the width (0.1 MeV) corre-
ponds to the nominal 150-nm thickness of the Si3N4 window. Ions
ackscattered from the 200-�m thick Si-window substrate and the
DAC mask produce signals below 1.40 and 0.6 MeV, respectively.
he undesirable silicon background signal (0–1.40 MeV) indicates
slight misalignment of the UDAC mask, He+ ion beam, and silicon

rame. Minor peaks from potassium and oxygen can be observed at
.63 and 0.91 MeV, respectively.

In order to observe dissolution of the gold electrode, the cell
as driven to anodic potentials of 1.5 V. Several RBS spectra of

he gold electrode, obtained sequentially at about 10 min/spectra.
ig. 7a shows an initial reduction in area and broadening of the
.16 MeV gold peak to lower energies. Fig. 7b shows the silicon, oxy-
ig. 8. SEM images of the10-nm thick sputtered Au film before (a) and after ECRBS
u dissolution experiment (b). The Au film is initially fairly homogeneous, but after
he dissolution experiments, shows altered Au regions with a diameter of ∼300 nm
hat arise from radiolysis and/or Au dissolution.
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y the presence of the Si background. More accurate mask align-
ent should reduce this significantly, making it easier to detect and

uantify the concentration of light elements, such as oxygen.

.4. Electrode morphology

Fig. 8 displays SEM images of the initial 10 nm-thick sput-
ered gold electrode and the electrode after the ECRBS study. The
lectrode was initially fairly homogeneous (Fig. 8a), but the elec-
rode surface appeared roughened and contained altered regions of
300 nm in size after the ECRBS experiments (Fig. 8b). Subsequent
nergy dispersive X-ray (EDX) spectroscopy measurements could
ot detect iodine at the electrode surface.

. Discussion

RUMP simulations suggested that ECRBS would have the capa-
ility to directly measure adsorbed iodine species as a function
f gold electrode potential. Additionally, RUMP simulations pre-
icted ECRBS would have the capability of measuring gold etching
ate as a function of gold electrode potential. A dilute salt solution
as employed in the hopes of measuring iodide concentration in

n extended diffuse layer as a function of distance from the elec-
rode. Initial ECRBS experiments reported in this paper display the
forementioned capability but with limited resolution.

An increase in iodine concentration at the electrode surface, as
ndicated by the increase in area under the iodine peak in the RBS
pectra, was observed when a negative potential of −500 mV vs. a
t pseudo-reference electrode was applied. There was a relatively
mall amount of adsorbed iodine initially despite electrode expo-
ure to the solution for 15 min prior to the ECRBS measurement.
odine monolayers are known to form spontaneously on clean gold
lectrodes within minutes of exposure. The slow adsorption kinet-
cs of iodide on the studied gold electrode can be attributed to the
resence of contaminants on the electrode surface. Once a potential
as applied to the electrode, an iodine monolayer formed within

he time required for one ECRBS measurement (∼10 min). It is not
bvious that the application of a negative potential should attract
odide to the electrode surface. However, an increase in active
urface sites as a result of the reduction of contaminant surface
xides could explain the formation of an iodine monolayer with
he applied negative potential.

The determination of the amount of surface iodine is compli-
ated by the UHV-electrochemical cell construction. The size of
he mask opening, and therefore the amount of the incident beam
hat actually hits the electrode, is not precisely known. However,
y comparing the measured areas of the iodine and gold peaks to
UMP simulations and assuming an initially smooth, 10-nm thick
old electrode, we can make an estimate of the amount of iodine in
he adlayer. An iodine surface concentration of 1.3 ± 0.3 nmol/cm2

as measured for the iodine adlayer, which is close to the mono-
ayer value of 1.04 nmol/cm2 reported by Rodriguez et al. [39].
his constitutes reasonable agreement considering the large uncer-
ainty in the thickness and roughness of the polycrystalline gold
lectrode used in the ECRBS experiment.

The use of a Pt wire as a pseudo-reference electrode com-
licated the determination of the onset potentials for gold
issolution from the polycrystalline electrode. The application
f 1.5 V was accompanied by a large initial dissolution of gold,

s indicated by the decrease in area of the 2.16 MeV Au peak.
urther measurement showed a redistribution of the Au peak
o lower energies with only minor changes in peak area. The
nitial rapid dissolution of gold is attributed to electrochemical
tching that removed 28% of the gold thin film within 10 min.

s
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a
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r
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his corresponds to an etching rate of 0.28 nm/min. This value
s low compared to typical chemical gold etching processes
∼10 �m/min). Although a potential of 1.5 V was applied to the sys-
em, the etching solution was limited by a dilute salt concentration
7 mM KI) and the absence of a proper electrolyte or buffer. It is
lso likely that the application of 1.5 V resulted in the formation of
old oxide at the EEI. The presence of gold oxide would significantly
ecrease the kinetics of gold dissolution, reduce the value for the
tching rate, and explain why subsequent measurements at 1.5 V
id not result in significant dissolution of gold. The presence of gold
xide may contribute to the slight increase and sharpening of the
.87 MeV oxygen peak, though it is difficult to draw definitive con-
lusions from the lower energy edges. The increased overlap among
he 2.07 MeV iodine and 2.16 MeV gold peaks is likely because of the
oughening of the oxidized electrode and formation of gold–iodide
omplexes. These observations are consistent with the results of
revious chronocoulometry studies of iodine adsorption on gold
lectrodes [22] and ECSTM studies at 1.3 V on the oxidation of gold
lectrodes [40].

The ECRBS studies were carried out over the course of 1 h with
.5 mL of stagnant electrolyte. The system as configured here is
usceptible to radiolysis and the formation of bubbles near the elec-
rode surface would complicate interpretation of the RBS spectra.
evertheless, we can clearly observe the concomitant formation of
n iodine layer and dissolution of the gold electrode. Improvements
n the technique in later experiments should include addition of

standard reference electrode, incorporation of a mechanism for
lectrolyte circulation, and better electrochemical characterization.

The depth resolution of ECRBS (1–10 nm) as reported here is
elevant for measuring aspects of diffusion in the EEI and phase
ransitions in electrode materials as a function of potential, but
rovides limited information regarding adsorbed monolayers at
he electrode surface and concentrations of adspecies in the Stern
ayer. Channeling and blocking experiments in ECRBS utilizing
ingle-crystal electrode/window assemblies may be one approach
o increasing this capability. Medium energy ion scattering (MEIS)
mploys lower energy ion beams (∼100 keV) and can have much
etter depth resolution (0.5–1 nm) than RBS techniques. However,
he use of MEIS in such an electrochemical approach (ECMEIS)

ay require even thinner windows than employed in this work.
he challenge will be to design an electrochemical cell with
uch windows that can isolate the corresponding UHV and liquid
nvironments. Thus, while ECRBS is useful for the elemental char-
cterization of bulk electrodes, ECMEIS may be a better approach
or quantitative elemental analysis of electrode surface species.
o our knowledge, no such ECMEIS experiment has been made
reviously.

. Conclusions

The demonstrated in situ ECRBS system using a 150-nm
ilicon nitride window provides a new in situ elemental analy-
is technique for investigating electrochemical processes at the
lectrode–electrolyte interface (EEI) under potential control. Iodine
ccumulation of 1.3 ± 0.3 nmol/cm2 at a polycrystalline gold elec-
rode under a negative potential was directly measured by ECRBS.
he formation of an iodide layer and dissolution of the gold elec-
rode was also directly observed by ECRBS. We have suggested
hanges that will improve the technique, and we point out that a

imilar approach utilizing channeling and blocking in RBS or appli-
ation of MEIS should enable characterization of electrode adlayers
nd concentration in the Stern layer with submonolayer resolution.
e believe that ECRBS can further the understanding of a wide

ange of electrochemical processes, in particular corrosion, elec-
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