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Optical second harmonic generation (SHG), originating at the interface of a highly polished nickel electrode
in acidified chloride (0.1 M NaCl, 0.01 M HCl) solution, has been observed. Striking changes in the SHG
intensity were observed accompanying the onset of passive film formation, with incident light at wavelengths
(o) of 1064 and 532 nm. Analyses of the SHG and cyclic voltammetry measurements lead to the following
conclusions: (1) The existence of two peaks in the cyclic voltammogram (CV) at the Ni® — Ni?* oxidation
potential strongly suggests that passive film formation on polycrystalline nickel in this electrolyte is a two-step
process. (2) Actual film formation is concurrent with the second (more anodic) peak in the CV, as is evidenced
by the dramatic change in SHG (), = 1064 nm) observed at this potential. (3) The first peak appears to
be due to dissolution. This is supported by the observation that the SHG (), = 532 nm) gradually drops
in intensity at the potential when the first peak appears. These findings are consistent with the disso-
lution—precipitation mechanism of passive film formation initially proposed by Reddy, Rao, and Bockris.
(4) SHG (A, = 532 nm) is strongly influenced by surface roughening.

Introduction

Nickel is known to form a passive film that protects the
metal from extensive corrosion. In an ongoing effort to
better understand this film, nickel has been the subject
of numerous experimental studies. The vast majority of
the studies performed to date have investigated electro-
chemically induced film formation in basic solutions,**®
since such electrolytes are used in the nickel battery in-
dustry. Since the pertinent reaction in the nickel battery
involves Ni2* = Ni3* oxidation-reduction, previous studies
have usually concentrated on the film that forms at po-
tentials between those required for Ni?* and Ni®* forma-
tion, the so-called passive region, characterized by non-
dissolution of nickel. We have chosen, on the other hand,
to study film formation in the much less studied chlo-
ride-containing acidic medium. Although films still form
on nickel in such environments, they are not as protective
against pitting—corrosion; it is well-known that chloride
and other halide ions hinder passivation.>!! Previous
work!-312-16 gtil] leaves unanswered many questions re-
garding the nature of the passivating film on nickel in
acidic media. Controversy arises, in part, because of
technique limitations. Illustrative examples are the ex situ
nature of surface analytical techniques and the influence
of surface roughening on ellipsometric data.!®

To supplement existing techniques, we have employed
optical second harmonic generation (SHG), a very sensitive
probe of interfacial processes, to study film growth “in situ”
in an electrochemical cell. In the electric dipole approx-
imation, for centrosymmetric media, second harmonic light
is generated only at the interface, where the symmetry is
broken.!”!® Intense light incident on the surface induces,
in the medium, a polarization, P, which includes nonlinear
as well as linear terms:

P = xU:E + xX®:EE + x®:EEE + ... (1)

E refers to the electric field vector of the incident radiation.
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x®™ is the nth order term in the nonlinear expansion of the
dielectric constant of the medium and is usually a complex
number. The imaginary part of x¥ is proportional to the
absorption coefficient of the medium, and the first term
on the right gives rise to linear absorption spectroscopy.
SHG results from the next two terms. Specifically, if the
incident radiation is at a single frequency w, the polari-
zation induced in the medium at twice the incident fre-
quency gives rise to frequency-doubled light. If the fre-
quency of the incident or second harmonic light corre-
sponds to a transition frequency in the material at the
interface, a large enhancement in SHG can occur due to
resonance effects.’%2 If, in addition, the surface is exposed
to a large dc electric field, such as exists at the elec-
trode—solution interface in an electrochemical cell, the
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polarization at twice the incident frequency will include
a term due to charging of the Helmholtz bilayer:?1-23

P(20) = xX?:E(w) E(w) + xX®:E(w) Ew) E;,  (2)

where x@ is the lowest order nonlinear susceptibility
tensor, x® is the next higher order nonlinear term, or
hyperpolarizability tensor, and Ey, refers to the charge on
the surface. Although x® is usually much smaller than
x@, large electric fields can give rise to SHG due to surface
charging effects, of intensity comparable to that due to x2.

In the experiments described herein, SHG, in conjunc-
tion with cyclic voltammetry, has been used to gain a better
understanding of the mechanism of film formation on
nickel in an acid chloride electrolyte.

Experimental Section

Details of the experimental apparatus have been described
elsewhere.32¢ Briefly, the working electrode consisted of a 2.0-
mm-diameter polycrystalline nickel rod (99.9975% pure), sealed
to a quartz sleeve with heat-shrinkable Teflon. The exposed end
surface was ground with silicon carbide paper (600 and 1200 grit)
and then polished with 1-um diamond paste and 0.05-um alumina
(Buehler Products). The counterelectrode, also composed of
high-purity nickel, was lightly sanded before each measurement
with emery paper; all voltages cited herein are with respect to
the saturated calomel electrode (SCE). Nanopure water was used
in the acid chloride solution (0.01 M HC1/0.1 M NaCl), which
was not deaerated.

In all cases, after the cell was assembled, the potential was
slowly swept from the open-circuit voltage (typically 0.2 Vgcg)
to —0.7 Vgcg, the starting voltage of our cyclic voltammogram (CV),
in order to reduce the air-formed oxide. During the CV, the anodic
switching potential was low enough (+0.25 Vgcg) to avoid excessive
pitting of the electrode. If a second cycle was desired after the
first cycle, the potential was slowly swept to ~-1 Vgcg, to ensure
reduction of the electrochemically formed oxide. In all cases, the
scans began at a potential no lower than —-0.7 Vgcg to avoid
hydrogen evolution, as the bubbles tend to scatter the incident
beam.

Incident radiation was provided by a mode-locked Nd:YAG
laser, Q-switched at 1 kHz. Typically, the pulse length was 100
ps, which enabled us to employ photon-counting techniques. This
is a necessity if one wishes to observe SHG from metals with very
small nonlinear susceptibilities, such as nickel and iron, without
damaging the surface. Either the fundamental (1064 nm) or
frequency-doubled (532 nm) output of the laser was directed first
through a phase retarder for polarization selection (p in these
experiments) and then through a filter to remove any SHG or-
iginating from reflections from mirror surfaces. Finally, the laser
beam was focused onto the polished electrode surface, to a ~1-mm?
spot size, corresponding to a peak power density of ~1 MW /mm?
The second harmonic in the reflected beam was isolated from the
fundamental frequency by a filter and monochromator. Photons
at the second harmonic frequency were detected by a photo-
multiplier tube and counted for 1 or 10 s for 1064- or 532-nm
incident light, respectively. A PDP-11 computer controlled the
potentiostat (PAR Model 273) and accumulated current mea-
surements and SHG signal.

Results and Discussion
Following insertion of a freshly polished electrode into
the electrolyte and subsequent reduction of the air-formed
oxide, second harmonic intensity and current were mea-
sured as a function of applied potential.
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Figure 1. Cyclic voltammogram (CV, broken line) and second
harmonic intensity (solid line) from polycrystalline nickel. In-
cident wavelength is 1064 nm. Sweep rate is 2 mV/s. Data
accumulation rate (SHG) = 1 s/data point.

Electrochemistry. A typical first-cycle CV is displayed
in Figure 1 (broken line). Note the presence of two par-
tially resolved peaks in the region of Ni® — Ni%* oxidation
(-0.01 to +0.05 Vgcp) in the anodic half of the CV, followed
by a broad feature indicating the onset of pitting—corrosion
near the switching potential (+0.25 Vgcg). Only one peak
appears in the cathodic half of the CV (-0.04Vgcp), vet the
sign and position of this current wave indicate oxidation
of bare nickel metal.

The presence of two partially resolved current waves in
the anodic half of the CV demonstrates that passivation
in this electrolyte is a two-step process. An anodic current
wave in the cathodic half of the CV indicates oxidation
of fully reduced nickel metal. This suggests that the
passive film, which forms in the anodic half, is very easily
destroyed and is probably very thin. If, after the first cycle,
the potential was swept to ~~1 Vgcg to ensure removal of
residual oxide, a very small, broad cathodic wave was ob-
served at ~—0.95 Vgcg.

Since there is still considerable controversy as to the
origin of the two peaks in the Ni® — Ni?* oxidation region,
we will attempt to summarize here some of the previous
observations and outline the precautions against contam-
ination that were used in our experiments. Several re-
searchers have observed two peaks in the CV in this po-
tential region;'22627 they concluded that the first peak is
due to film formation. At slightly higher voltages, a second
type of film forms, resulting in a second peak in the CV.
It was later speculated that the presence of the two peaks
indicates contamination by an impurity,?® although the
evidence provided did not seem conclusive. In an attempt
to address this concern, a number of precautions were
undertaken. Extreme care was taken to avoid contami-
nation of the cell and solutions: the quartz cell was reg-
ularly soaked in hot nitric acid (50%) and degreased with
boiling isopropyl alcohol. In addition, nanopure water was
used for ringing all equipment and as solvent for the
electrolyte; the measured resistivity of this water was
typically 17.9 MQ-cm. The sodium chloride and hydro-
chloric acid, both Fisher products, were certified ACS
grade and reagent grade, respectively.

Since many earlier studies have been performed at sig-
nificantly higher scan rtes, an attempt was made to mea-
sure the effect of scan rate on the resolution of the two
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Figure 2. Cyclic voltammograms of polycrystalline nickel at
various potential scan rates. Only the half-cycle when the applied
potential is increasing is shown. The maximum current is 396,
505, 659, or 741 uA for 2, 10, 20, or 30 mV /s, respectively; in all
scans, base-line current is virtually zero.

peaks. Figure 2 shows four CVs run at different scan rates.
In each case, the surface was freshly polished and fresh
electrolyte was used. Note that an increase in scan rate
to only 20 mV /s results in complete blending of the two
peaks. All CVs described herein were therefore scanned
at 2 mV/s.

Finally, it must be emphasized that the electrochemistry
is extremetly dependent on electrolyte composition;
therefore, it is difficult to make comparisons with earlier
studies in different electrolytes. One notes, for example,
in comparing the CV of Figure 1 and that of Figure 2 (2
mV/s), that the two peaks are shifted roughly 30 mV
higher in the latter figure. Day-to-day variations in solu-
tion composition and especially variations in the quality
of the polished surface can lead to small potential shifts.
In any case, what has not varied is the behavior of the
second harmonic intensity concurrent with the observed
peaks in the CV, described below.

Summarizing then, we are confident that the two peaks
observed in the present work are not due to contaminants
or other spurious effects.

SHG: )\, = 1064 nm. The solid line in Figure 1 shows
the potential dependence of the observed second harmonic
intensity for an incident wavelength of 1064 nm. Note the
dramatic increase in intensity that occurs when the second
peak of the pair appears in the anodic scan (+0.05 Vgcg)
and the subsequent drop on the cathodic swing simulta-
neous with the occurrence of the single peak (—0.04 Vgcg)
in the CV. The sharp rise in SHG intensity concurrent
with the second peak in the anodic half of the cycle ap-
pears to support a dissolution—precipitation-type mecha-
nism: presumably dissolution of the nickel (the first peak
in the CV) would not change the electrical properties of
the metal (although it would obviously cause some
roughening of the surface). Precipitation (the second peak
in the CV), on the other hand, could yield a surface film
with an electron structure very different from that of the
substrate, and the dramatic change in intensity at this
wavelength is suggestive of this. The fact that the SHG
does not change until the second peak in the CV indicates
that actual film formation does not occur until then. The
sharp increase in SHG concurrent with film formation
suggests that there is an electronic transition in the passive

film resonant with either the incident or second harmonic
light.1:20

Chem. Mater., Vol. 2, No. 3, 1990 247

280 T T T T kY T T T T 90
’g_\ ; i 7]
L i - 70
2 T
7} : i 'y -
c Voo ;
2 [ 1 50
S Lol ! . -
L2 2 ! ; 1 é
8 [ Lo ] £
£ v vl b o
& H HEE) -3 5
T [ 1 o
9 Vi _
c VY
<] v
] \ 4 10
2] L "." B

0 L 1 1 1 —_ 1 L e 1 10

-0.70  -0.32 +0.086 +0.06 -0.32 -0.70
Potential vs. SCE
Figure 3. Cyclic voltammogram (CV, broken line) and second
harmonic intensity (solid line) from polycrystalline nickel. In-

cident wavelength is 532 nm. Sweep rate is 2 mV/s. Data ac-
cumulation rate (SHG) = 10 s/data point.

As can be seen, the second harmonic intensity remains
constant through the pitting—corrosion potential until
reactivation of the electrode occurs on the cathodic half
of the CV. Pitting—corrosion occurs in such a way that very
small holes are created in the film, and hence current due
to metal dissolution increases. On the other hand, since
the incident laser samples a large region (relative to the
pit size), the second harmonic intensity is unchanged.

At passivating potentials, there is an equilibrium be-
tween film dissolution into the electrolyte and film for-
mation. During the cathodic half of the CV, i.e., the second
half of the cycle when the applied potential is decreasing,
the potential eventually becomes two low to drive the
latter, the film dissolves completely and the second har-
monic intensity drops. The metal surface simultaneously
is reactivated, and an anodic peak occurs. At even lower
potentials there is no longer a sufficient driving force for
dissolution or film formation; consequently, both current
and second harmonic intensity are low.

SHG: A\, = 532 nm. The broken line trace in Figure
3 shows a typical CV whereas the solid line shows the
second harmonic intensity generated with incident light
of 532-nm wavelength. Note that the peak second har-
monic intensity is much less than that observed in Figure
1, even when one takes into consideration the difference
in incident laser power. In addition, the overall depen-
dence on potential is quite different: second harmonic
intensity slowly increases as the potential increases and
then drops with the onset of nickel dissolution (-0.01 Vgcp).
There is a small increase in intensity shortly thereafter (at
the pitting—corrosion potential) and again in the cathodic
half of the cycle, which appears to occur simultaneously
with the single current peak (-0.04 Vgcg). The intensity
never returns to its initial value at the beginning of the
scan, although the anodic switching potential was main-
tained low enough to avoid serious degradation of surface
quality.

The potential dependence of the second harmonic in-
tensity in the case of 532-nm incident light is remarkably
different from that observed with incident light of 1064-nm
wavelength. The second harmonic intensity at the former
wavelength appears to be strongly dependent on surface
roughening. The initial intensity slowly drops with the
onset of nickel dissolution in the anodic half of the CV.
On successive cycling of the electrode, the maximum SHG
intensity (observed at ~~1.10 Vgcg in the anodic half of
the CV) decreases by roughly a factor of 2 for each suc-
cessive scan. Such a large degradation in signal is not
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observed for incident light at the longer wavelength.
Scattering is inversely proportional to the fourth power
of the wavelength,?® therefore, scattering due to surface
roughening would be an order of magnitude greater at the
shorter wavelength. Apparently, at 1064-nm incident light,
enhancement of the SHG due to resonance effects more
than compensates for any losses due to scattering.

The small subsequent increases in second harmonic in-
tensity can perhaps also be explained by surface rough-
ening. Boyd and co-workers® measured SHG from a va-
riety of metals that had been evaporated onto a roughened
glass slide and compared this “surface-enhanced” second
harmonic intensity with that from the smooth metal. They
found that for nickel, a 20-fold increase in absolute second
harmonic intensity could be expected for an incident
wavelength of 1064 nm. Since local field enhancement
(which is the predominant mechanism for this effect) varies
linearly with wavelength,?® one would anticipate a 10-fold
enhancement in SHG for an incident wavelength of 532
nm. It should, however, be noted that the roughened
substrate they prepared for their measurements was op-
timal for surface enhancement; the degree of roughening
in this experiment is not controlled; hence, one would not
expect to observe such a large effect.

Summary and Conclusions

SHG, originating at the interface of a nickel electrode
in an acidic chloride solution, has been measured. With
incident light at a wavelength of 1064 or 532 nm, striking
changes in SHG intensity have been observed with the
onset of passive film formation. Analyses of the SHG and
electrochemical measurements lead us to a number of
conclusions.

Passive film formation on polycrystalline nickel in this
electrolyte (0.1 M NaCl, 0.01 m HC]) is a two-step process,

(29) Born, M,; Wolf, E. Principles of Optics; Pergamon Press: New
York, 1970.

as is apparent by the existence of two peaks in the CV.
Given the precautions taken to ensure cleanliness, we
conclude that the appearance of two peaks at the Ni- —
Ni?* oxidation potential is not due to impurities in the
solution.

The dramatic change in SHG (\; = 1064 nm) concurrent
with the second (more anodic) peak in the CV indicates
that actual film formation does not occur until the second
of the two peaks. This is consistent with a dissolution-
precipitation mechanism for film growth on nickel in this
electrolyte, as was originally proposed by Reddy and co-
workers.'® SHG intensity for an incident wavelength of
532 nm appears to be primarily influenced by surface
roughening.

Future work in this area will involve angularly resolved
SHG measurements: by rotating a single-crystal electrode
about the surface normal and measuring the variation in
second harmonic intensity as a function of the angle of
rotation, one should be able to determine the crystal
symmetry of the film at the interface giving rise to the
SHG.3-%7  Such information should be very useful in
further elucidating the structure of the passive film on
nickel.
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The kinetics of polymerization of racemic and optically active mandelic acid were determined under
a variety of conditions. The initial rate of monomer consumption in the reaction with racemic mandelic
acid was approximately twice that for the single enantiomer for acid-catalyzed reactions in benzene solution.
A significant increase in the rate of consumption of monomer was observed in the reaction of optically
active mandelic acid coincident with the formation of the cyclic dimer (mandelide). The structure of the
dimer formed from a single enantiomer of mandelic acid was determined by single-crystal X-ray analysis.
These observations are consistent with a scheme where the rate of chain extension of dimeric and higher
species is greater than that for the formation of dimers and where the cyclic dimer is derived from trimeric

and higher species and not from the noncyclic dimer.

Introduction
In 1957 Doty reported a fascinating observation on the
rates of formation of polypeptides from carbonic anhydride
monomers: the rate of polymerization observed for a single
enantiomer was approximately 10 times that for the
racemate.! With simple, second-order kinetics for the

combination of a monomer with a growing peptide, the rate
would be reduced by at most a factor of 2 under the
scenario where each polymer exhibited a high selectivity
for addition of a monomer of the same handedness (or the
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