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ABSTRACT: The interaction between electrodeposition of Ni
and electrolyte breakdown, namely, the hydrogen evolution
reaction (HER) via H3O

+ and H2O reduction, was investigated
under well-defined mass transport conditions using ultra-
microelectrodes (UMEs) coupled with optical imaging, gen-
eration/collection scanning electrochemical microscopy, and
preliminary microscale pH measurements. For 5 mmol/L
NiCl2 + 0.1 mol/L NaCl, pH 3.0, electrolytes, the voltammetric
current at modest overpotentials, i.e., between −0.6 and −1.4 V
vs Ag/AgCl, was distributed between metal deposition and H3O

+

reduction, with both reactions reaching mass transport-limited
current values. At more negative potentials, an unusual sharp
current spike appeared upon the onset of H2O reduction that was
accompanied by a transient increase in H2 production. The peak potential of the current spike was a function of both
[Ni(H2O)6]

2+(aq) concentration and pH. The sharp rise in current was ascribed to the onset of autocatalytic H2O reduction,
where electrochemically generated OH− species induce heterogeneous nucleation of Ni(OH)2(ads) islands, the perimeter of
which is reportedly active for H2O reduction. As the layer coalesces, further metal deposition is quenched while H2O reduction
continues, albeit at a decreased rate as fewer of the most reactive sites, e.g., Ni/Ni(OH)2 island edges, are available. At potentials
below −1.5 V vs Ag/AgCl, H2O reduction is accelerated, leading to homogeneous precipitation of bulk Ni(OH)2·xH2O within
the nearly hemispherical diffusion layer of the UME.

■ INTRODUCTION
For many electrodeposition reactions, nucleation and growth is
accompanied by electrolyte breakdown that can affect proper-
ties such as microstructure, morphology, and chemical
composition of the deposit. A prototypical example is the
hydrogen evolution reaction (HER), arising from both H3O

+

and H2O reduction:

+ → ++ −2H O 2e H 2H O3 2 2 (1)

+ → +− −2H O 2e H 2OH2 2 (2)

The HER occurs during electroplating of iron group elements,
e.g., Fe, Co, and Ni, and their alloys. The respective
contributions of eqs 1 and 2 depend on the applied potential
range. H2 evolution decreases the overall current efficiency of
electrodeposition, and the adsorbed H intermediate can be
incorporated into the deposit. Under more demanding
conditions, i.e., at more negative potentials, the pH at the
electrode−electrolyte interface increases, leading to formation
of metal hydroxides that competes with metal deposition.1−11

Thus, to produce metallic films, buffers and complexing agents
such as boric acid are commonly added to the electrolyte to
mitigate the effects of pH changes.2,12−14

The above side reactions have been used to deposit precise
nanostructured features and to synthesize electrochemically
metal oxides, hydroxides, oxyhydroxides, and their composites.
An example of the former is fabrication of ultrathin films of Fe,
Co, and Ni on Au through self-terminated metal growth15

where metal deposition ceases upon the onset of H2O
reduction. This behavior was attributed to the reaction of
electrochemically generated OH− (eq 2) with divalent metal
cations to form a hydroxide layer that quenches further metal
deposition while supporting continued H2O reduction. A
similar scheme was used to create Ni nanoparticles and fully
coalesced thin films on TiN substrates.16,17 Alternatively, media
such as nitrate electrolytes that favor OH− production have
been used to make Ni(OH)2 under well-controlled con-
ditions.18−20 Ni(OH)2 produced in this manner has been a
popular constituent of batteries, electrocatalysts, and super-
capacitors19−23 and is currently receiving renewed interest as a
low-dimensional material.24−26 Of particular relevance to the
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present study is the reported catalytic activity of metal/
Ni(OH)2 interfaces toward H2O reduction.27−29

Here, we took advantage of the unique properties of
ultramicroelectrodes (UMEs) to investigate further the inter-
play between metal deposition, the HER, and hydroxide
formation with a focus on gaining further insight into the self-
terminated electrodeposition of iron group metals in NiCl2−
NaCl electrolytes.15 UMEs generate low currents, allowing for
measurements of high current density while minimizing ohmic
(iR) losses and electrochemical cell RC time constant delays
that can distort the current response at macroscale (area of ≈1
cm2) electrodes.30−33 High mass transport associated with the
nearly hemispherical diffusional field of UME disks enables
steady-state conditions to be attained readily30−33 without
distortions from forced hydrodynamics that can disturb
evolving surface chemistry such as local H2O structure or gel
formation.34,35 This diffusional field is also more uniform than
that associated with free convection at quiescent macroscale
electrodes. The dimensions of UMEs are amenable for studying
nucleation mechanisms and growth morphology,31−33,36−42

where the electrode size is commensurate with that of the
growing crystals, as well as optical microscopy, where the entire
UME area and its diffusion layer can be imaged,43−47 providing
spatial−temporal insight into electrochemical phase trans-
formations. Thus, we took advantage of the optical contrast
between Au and Ni to follow the electrodeposition of Ni.
In the following studies with Au UMEs, an unusual

voltammetric current spike that can be correlated to self-
termination of Ni deposition15 was observed near the onset of
H2O reduction in NiCl2−NaCl electrolytes. Changes in
electrolyte composition as well as generation/collection
scanning electrochemical microscopy (G/C-SECM)48−50 were
used to support the hypothesis that the current spike is due to
autocatalytic H2 evolution that is associated with the nucleation
and growth of a thin nickel hydroxide layer. At more negative
potentials and extended H2O electrolysis, homogeneous
precipitation of a Ni(OH)2·xH2O gel occurred within the
electrode diffusion layer, as shown by optical microscopy.
Preliminary microscale pH measurements indicated a small pH
shift associated with the current spike followed by a more
extensive change at more negative potentials.

■ EXPERIMENTAL METHODS
Chemicals were used as received. (Commercial materials and
equipment are identified in this paper to specify adequately the
experimental procedure. In no case does such identification
imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it necessarily
imply that the product is the best available for the purpose.)
Nickel chloride hexahydrate (NiCl2·6H2O, ReagentPlus grade),
agar (ash 2.5% to 4.5%), lithium chloride (LiCl, 99. 2% ACS
reagent), and sulfuric acid (H2SO4, 99.999%) were from Sigma-
Aldrich (St. Louis, MO). Alfa Aesar (Ward Hill, MA) was the
source of cobalt chloride hexahydrate (CoCl2·6H2O, 99.9%),
potassium nitrate (KNO3, 99.0% min), nickel sulfate
hexahydrate (NiSO4·6H2O, 99.99%), sodium sulfate (Na2SO4,
99.0% min), and sodium hexachloroiridate (III) hydrate
(Na3IrCl6·xH2O, 31.5% min. Ir). Hydroxymethylferrocene
(FcMeOH, 99%) was from Strem Chemicals (Newbury
Point, MA). Mallinckrodt (Paris, KY) supplied sodium chloride
(NaCl, ACS grade) and boric acid (H3BO3, ACS grade).
Goodfellow Corporation (Oakdale, PA) supplied tempered
microwires (99.99%) for fabricating UMEs. Water (18.3 Ω·cm)

from an EASYpure UV system (Barnstead-Thermolyne,
Dubuque, IA) was used to clean glassware and prepare
solutions. All glassware and electrochemical cells were soaked
overnight in 3 mol/L HNO3 and then rinsed with copious
amounts of water before use. The pH value of electrolyte
solutions was 3.0, unless otherwise noted, and was measured
using an Oakton Instruments (Vernon Hills, IL) model pH11
meter. Au UMEs with radius, a, of 6.25 μm were from CH
Instruments (Austin, TX), and those with a = 12.5 μm were
from CH Instruments or homemade.51 Homemade Au UMEs
were fabricated by sealing Au wire of diameter, ϕ, 25 μm in flint
glass (i.e., low melting) capillaries in an air/H2 flame. Pt UMEs
were made by sealing Pt wire with ϕ = 15 or 25 μm in soda-
lime capillaries using resistive heating in a pipet puller
(Narische Scientific, Tokyo, Japan). Back contact was made
with Ag epoxy or eutectic containing a mass fraction of ≈75/25
Ga/In. After the metal disk was exposed with sandpaper of
successively finer grit, UMEs were polished with 1.0, 0.3, and
then 0.05 μm alumina on polishing cloth. For G/C-SECM,
UMEs were sharpened using sandpaper and then polished with
alumina. UMEs were characterized in 1 mmol/L FcMeOH +
0.1 mol/L KNO3. In order to define the probe dimensions,
experimental approach curves, i.e., plots of tip probe current
versus tip−surface separation, at a glass slide were compared to
theory for negative feedback current52 in order to determine
the distance of shortest approach between the tip and substrate,
d0, and RG (= rg/a), where rg is the radius of the glass sheath. RG
ranged from 5 to 10, and d0 ranged from 1 to 2 μm.
Electrochemical measurements were performed at room

temperature using a model 920D CH Instruments scanning
electrochemical microscope system. At least three repetitions
were performed for all measurements. Intervals are reported at
the 95% confidence level. Except for optical microscopy
measurements, a grounded aluminum Faraday cage on a
marble table was used to minimize electronic and vibration
disturbances. A graphite rod (spectroscopic grade, Union
Carbide, New York, NY) or Ir wire auxiliary electrode was used
for all measurements except in SECM, where a Pt wire was
used. The reference was an Ag/AgCl/1 mol/L KCl electrode,
which was separated from working and auxiliary electrodes by a
salt bridge containing 30 g/L agar and 0.2 mol/L KNO3. No
effect from trace NO3

− in the main electrolyte was detected, as
results using paper frits were similar to those with salt bridges.
Unless noted otherwise, all potentials are reported as ±0.02 V
with respect to the Ag/AgCl reference electrode (+0.22 V vs
standard hydrogen electrode (SHE)).53 For cyclic voltammetry
and chronoamperometry, electrochemical cells were glass vials
of volume 20 mL with plastic lids. Electrodes were introduced
through holes cut into the lids. Solutions were deaerated using
N2 (zero grade, 99.998%, Roberts Oxygen, Rockville, MD) for
at least 20 min prior to each measurement with a blanket of gas
always over the solution. Before each measurement, Au UMEs
were polished with alumina and then cycled at a sweep rate of
200 mV/s in 0.1 mol/L H2SO4 between the oxygen (OER) and
hydrogen (HER) evolution reactions, viz., between +1.50 V and
−0.35 V, respectively. Deposited metal films were removed by
immersing the UMEs in 3 mol/L HNO3 for at least 10 min
before mechanical polishing.
A PTFE cell of volume 2 mL was used for G/C-SECM

measurements. An Au generator UME was used as the
moveable tip probe, and a Pt collector UME was used as the
stationary substrate electrode. To minimize the amount of
dissolved O2, the cell was wrapped with paraffin film containing
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a hole large enough to accommodate the tip probe. A Pasteur
pipet was used to deaerate the electrolyte for at least 30 min
and then blanket the solution with N2. To align the UME disks
before running each G/C-SECM measurement, positive
feedback current was maximized using the HER at Au and
the hydrogen oxidation reaction (HOR) at Pt in 0.1 mol/L
NaCl. Positioning error was ±1 μm. After measurements in 0.1
mol/L NaCl, the solution was replaced with 5.0 mmol/L NiCl2
+ 0.1 mol/L NaCl while maintaining a constant tip−substrate
surface separation, i.e., tip height, d.
An Epiphot 300 Metallurgy Inverted Microscope (Nikon,

Tokyo, Japan) was used to examine electrodeposited films. For
ex situ measurements, the potential was swept or stepped to the
desired value in 5 mmol/L NiCl2 + 0.1 mol/L NaCl and then
poised for a given time before the UME was removed from
solution and rinsed with water. Optical images were obtained
using a Polaroid (Minnetonka, MN) model i733 digital camera
or a VS8904G smartphone (LG Electronics, Seoul, South
Korea) digital camera operating Android 4.4.2 software
attached to the side viewing port. For in situ measurements,
UMEs were imaged under potential control using a three-
electrode cell arrangement. Electrodes were suspended in about
0.25 mL of 5 mmol/L NiCl2 + 0.1 mol/L NaCl on a fused silica
plate (ϕ = 76 mm, thickness of 0.5 mm, Valley Design East,
Shirley, MA) on top of the microscope stage. UMEs were
viewed through the bottom of the plate and solution. Images
were recorded using a Model OCS-5.0 OptixCam Summit
Series CMOS Camera (Microscope Store, LLC, Roanoke, VA)
with OCView (version 7.3.1.8) and then processed using
ImageJ (version 1.49).54

■ RESULTS AND DISCUSSION

Cyclic Voltammetry in 5 mmol/L Ni2+ Electrolytes. The
cyclic voltammetry (CV) of Au UMEs in 5.0 mmol/L NiCl2 +
0.1 mol/L NaCl was examined at three reversal potential limits
(Figure 1), where the dominant precursor species is [Ni-
(H2O)6]

2+(aq),55,56 although a fraction (<10%) of the
nickelous species in 0.1 mol/L NaCl, pH 3.0, may be
[Ni(H2O)5Cl]

−(aq).56 For simplicity, the discussion will refer
to all dissolved nickelous species as Ni2+. Upon sweeping
negative in the Ni2+-free electrolyte (Figure 1, dashed gray
line), H3O

+ reduction, reaching mass transport-limited current
near −1.0 V, was followed by the onset of H2O reduction near
−1.5 V, as given in eqs 1 and 2, respectively. The half-wave
potential of H3O

+ reduction was −0.83 V, far negative of the
formal potential of H3O

+/H2 at −0.40 V vs Ag/AgCl (−0.18 V
vs SHE)57 at pH 3.0, reflecting the poor kinetics of this reaction
at Au. In the Ni2+ electrolyte (Figure 1, solid gray curve), the
increase in the current density, jtotal, at −1.20 V is due to Ni2+

reduction, proceeding with concurrent H3O
+ reduction. Ni

deposition begins near −0.6 V, corresponding to a small
nucleation overpotential relative to the calculated potential of
the Ni2+/0 couple in 5 mmol/L Ni2+ at −0.55 V vs Ag/AgCl
(−0.33 V vs SHE).58 The diffusion coefficients, D, of H3O

+ and
Ni2+ were determined from the steady-state current density, j

π= − −j nFDc a4 1 1
(3)

derived from the steady-state current for a disk UME,57 where
the number of electron equivalents, n, is 1 for H3O

+ and 2 for
Ni2+; F is Faraday’s constant (96 485 C/mol), and c is
concentration. The value of jNi was calculated by subtracting jH
in the supporting electrolyte (Figure 1, dashed gray line) from

jtotal in the Ni2+ electrolyte (Figure 1, solid gray line) at −1.20
V. Values of DH and DNi were (9.5 ± 0.4) × 10−5 cm2/s and
(6.7 ± 0.3) × 10−6 cm2/s, respectively, corresponding well to
literature values of 9.3 × 10−5 and 6.6 × 10−6 cm2/s,59

demonstrating that H3O
+ and Ni2+ reduction are well-defined

in this potential region. In the reverse sweep, the anodic wave at
−0.15 V corresponds to stripping of the Ni film and any
incorporated H. The ratio of jNi/jtotal at −1.20 V yielded (41 ±
1)% for the current efficiency of Ni2+ reduction, whereas the
current efficiency was (18 ± 6)% when comparing the charge in
the anodic stripping peak to the background-subtracted charge
in the deposition wave. Indeed, the Ni2+/0 ion-transfer reaction
is irreversible,58 suggesting that only part of the Ni film was
removed in the reverse sweep.
When the negative voltammetric limit was extended to −1.45

V (Figure 1, red line), a sharp cathodic spike appeared at an
average value of −1.40 V, although in this case, the value was
−1.42 V (vide infra). The absence of a corresponding feature in
the reverse sweep suggests that this feature was due to an
(electro)chemically irreversible process. The rapid increase in
current density is suggestive of a two-dimensional heteroge-
neous nucleation and growth process in which growing
deposited islands give rise to an increased electrochemically
active surface area followed by a decay in current during
coalescence.32,36,60 Furthermore, for 10 replicate measurements
at pH 3.0, the potential of the peak appeared anywhere between

Figure 1. Cyclic voltammetry of Au ultramicroelectrode in 5.0 mmol/
L NiCl2 + 0.1 mol/L NaCl, pH 3.0, at cathodic reversal potentials, Ec,
of (gray) −1.20 V, (red) −1.45 V, and (black) −1.55 V. Sweep rate, v,
20 mV/s. Gray dashed line is supporting electrolyte. Red and black
curves were shifted by −20 and −40 mA/cm2, respectively, for clarity.
Inset shows v = (blue) 5 mV/s, (red) 10 mV/s, (black) 20 mV/s, and
(gray) 50 mV/s, where the potential axis was adjusted so that the
peaks were aligned for clarity. Initial potential, 0.00 V; anodic potential
limit, 0.00 V; electrode radius, 12.5 μm.
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−1.44 V and −1.38 V, indicating that this process is highly
sensitive to the electrode surface and possibly reflects the
stochastic nature of nucleation. The peak was more
pronounced, i.e., the peak current density was higher and the
current rise occurred within 2 mV, at electrodes that had been
pretreated electrochemically by cycling through Au oxide
formation when compared to those cleaned with only
mechanical polishing.
Reduction of both Ni2+ and H3O

+ was under mass transport
conditions at −1.40 V, precluding them as the source of a
nucleation-induced current spike, whereas the spike occurs just
after the onset of H2O reduction. A reasonable hypothesis is
that the OH− generated at the electrode surface via H2O
reduction reacts with the inward diffusing Ni2+ to form a thin
nickel hydroxide layer, which will be referred to as Ni-
(OH)2(ads) for simplicity. The solubility product constant, Ksp,
for homogeneous precipitation of Ni(OH)2, ≈10−16 mol3/
L3,61−64 is exceeded at 5 mmol/L Ni2+, and the electrode
surface may further stabilize a heterogeneous thin Ni(OH)2
layer. Recent work on H2 evolution in alkaline media reveals
that composite Ni/Ni(OH)2 surfaces are more catalytic than
bare Ni toward water reduction.28 Thus, the interaction
between Ni2+ and electrochemically generated OH− may lead
to autocatalytic water reduction and further Ni(OH)2(ads)
formation at the boundary between Ni(OH)2(ads) nuclei and
Ni. Accordingly, the H2O reduction activity rises sharply with
Ni(OH)2(ads) island nucleation and perimeter expansion
followed by a decay in current as the film coalesces and the
number of Ni/Ni(OH)2(ads) active sites decreases. Substitu-
tion of LiCl for the NaCl supporting electrolyte did not
enhance the H2O reduction kinetics (Figure S1), in contrast to
recent studies of water reduction at Pt/Ni(OH)2 electrodes.

27

Coincident with potentials where the current spike occurs,
Ni deposition was quenched in previous electrochemical quartz
crystal microbalance (EQCM) measurements at macroscale
(area of ≈1 cm2) electrodes in 5.0 mmol/L NiCl2 + 0.1 mol/L
NaCl, pH 3.0.15 However, in contrast to UME measurements,
only a small wave was evident, possibly due to the more
uniform diffusion field and higher flux of material at UMEs.
The lower potential of the wave marked not only the onset of
quenching of the Ni deposition reaction but also an increase in
EQCM dissipative losses that was ascribed to increased
hydrogen bonding between the nickel hydroxide layer and
the electrolyte. At the terminus of the voltammetric wave, metal
deposition was blocked by a fully formed hydroxide layer while
H2O reduction was sustained below −1.5 V.
At a more negative potential limit of −1.55 V (Figure 1, black

line), another smaller, broader peak occurred negative of the
current spike. More peaks were revealed at slower potential
sweep rates (inset of Figure 1), indicating a secondary process
such as hydrolysis (vide infra). Results for Ni deposition on Pt
UMEs (Figure S2) produced a similar current spike and
subsequent waves, indicating that these processes are
insensitive to the underlying substrate electrode. The half-
wave potential of H3O

+ shifted negative by about 0.6 V in the
reverse sweep, confirming that Ni dominates the observed
electrochemical behavior.
To understand better the role of the supporting electrolyte,

Ni deposition was examined in 5.0 mmol/L NiSO4 + 0.05 mol/
L Na2SO4 (Figure S3). A current spike appeared at −1.46 V,
indicating that anions in the supporting electrolyte are not
central to the phenomenon. In some cases, a second wave was
observed at more negative potentials, reflecting the variability in

electrode preparation (vide supra). The higher current on the
diffusion-limited plateau in the supporting electrolyte relative to
that in the chloride electrolyte may be due to dissociation of
bisulfate anions, pKa = 1.99,65 in the H3O

+-depleted diffusion
layer. In addition to sulfate, borate is a common additive in Ni
plating baths used to stabilize deposition by preventing
formation of nickel hydroxide species.12−14 Voltammetry
performed in 5.0 mmol/L NiCl2 + 0.05 mol/L NaCl + 0.05
mol/L H3BO3, pH 3.0 (Figure S4) revealed a current peak at
−1.51 V, negative of the spike in NiCl2−NaCl media and
further past the onset of H2O reduction. Thus, nucleation of
Ni(OH)2(ads) appears to be delayed in the NiCl2−NaCl−
H3BO3 electrolyte. Production of metallic Ni films in borate
media has traditionally been attributed to buffering action, but
no significant change in the transport-limited H3O

+ reduction
current is evident. Alternatively, borate adsorption or even
polyborate formation on the surface may hinder or block
Ni(OH)2(ads) formation,6,66 although investigation of this
hypothesis lies beyond the objectives of the present work.
The peak shape of the spike was similar for sweep rates from

5 to 50 mV/s in the NiCl2−NaCl electrolyte (inset of Figure 1)
in that the peak current density was reached within 2 mV of its
onset. However, no systematic change in the peak potential
with sweep rate was detected, likely due to the dispersion
associated with surface preparation (vide supra). For sweep
rates of 10 and 20 mV/s (Figure S5), the relationship between
the postpeak decaying current density and t−1/2 was linear when
t was less than 1 s, possibly reflecting the decrease in the
number of Ni/Ni(OH)2 sites. However, it should be noted that
such time-dependent analysis is an approximation because
steady-state conditions are often achieved within ≈100 ms at
UMEs.57 The charge in the current spike, calculated by
integrating the current between the foot of the spike and the
inflection point before the second feature, was (8.7 ± 2.1), (8.8
± 1.3), (4.7 ± 0.7), and (2.7 ± 0.5) mC/cm2 at sweep rates of
5, 10, 20, and 50 mV/s, respectively, decreasing with increasing
sweep rate. The charge was two orders of magnitude larger than
the 0.1 mC/cm2 observed in the corresponding feature at
macroelectrodes, likely reflecting the more uniform mass
transport and higher mixing rate of reactants to and from the
UMEs.37,67,68 The relationship between the peak current
density and sweep rate is nonlinear, and the charge is over
ten times larger than 0.2 mC/cm2, the surface coverage
expected for a monolayer of Ni(OH)2, based on n = 2 for the
Ni and 1.06 × 10−9 mol/cm2 for 3Ni(OH)2·2H2O.

69 Thus, this
feature is not due to reduction of a simple adsorbed species
such as Ni(OH)2.
Examination of the stripping wave in Figure 1 revealed how

H2O reduction affected the deposited Ni metal film. Compared
with results using a reversal potential limit of −1.20 V, the
stripping peak shifted positive for both potential negative limits
of −1.45 and −1.55 V, and the integrated charge was smaller,
suggesting that H2O reduction is associated with formation of a
passivating layer. Voltammetry collected using a more negative
potential limit would be expected to yield a larger stripping
wave as more Ni would be deposited. However, formation of a
passivating nickel hydroxide layer could lead to less subsequent
Ni metal deposition as well as inhibition of its dissolution
during the reverse sweep. Ni2+ reduction seemed to occur
during the reverse sweep, as the current density at −1.20 V is
similar in both sweep directions, but it is unclear if metal
deposition occurred. Further analysis of the stripping peak is
beyond the scope of this discussion.
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Variation of the size and shape of the UME enhanced the
magnitude of the current spike. Poising the potential of the
UME for 3 min at −1.20 V before continuing to sweep negative
(Figure S6) resulted in a rough overgrowth of Ni beyond the
Au disk, with a increasing by ≈3 μm based on the ratio of jtotal
before and after the potential hold. The spike still occurred
upon continuing the negative scan, demonstrating that the
spike is not due to growth instability such as a sudden increase
in electrode area. In this case, the peak current density
increased by a factor of five, perhaps due to roughening of the
overgrowth. Simply increasing the electrode area is unlikely the
cause of the larger peak current density because performing the
experiment with freshly prepared a = 6.25 μm UMEs produced
a larger spike current density as well. In Figure S7, the current
response at Au UMEs with a = 6.25 μm is compared with that
at 12.5 μm UMEs in 5.0 mmol/L NiCl2 + 0.1 mol/L NaCl, pH

2.8. At −1.20 V, the current density at the 6.25 μm UMEs was
nearly twice that of the a = 12.5 μm UMEs, as expected,
because steady-state current density at a disk UME is inversely
proportional to a (eq 3). The integrated peak charge of (9.2 ±
3.1) mC/cm2 at the 6.25 μm UMEs also doubled when
compared to (3.8 ± 1.9) mC/cm2 at the 12.5 μm UMEs,
demonstrating that the spike does not scale in proportion with
electrode area, as would be expected for reduction of a simple
adsorbed species such as Ni(OH)2 (vide supra). Enhanced
deposition due to higher Ni2+ flux at the electrode edge will
lead to the development of a convex edge shape, and at longer
times, the electrode will evolve toward a hemispherical shape.
This shape evolution will occur more rapidly at the smaller
UMEs, leading to improved uniformity of the current
distribution compared to that at a disk.

Figure 2. Individual frames from optical microscopy of Au ultramicroelectrodes in 5 mmol/L NiCl2 + 0.1 mol/L NaCl corresponding to (a) Video
S1, (b) Video S2, (c) Video S3, (d) Video S4, and (e) Video S5. (a) Brightfield and (b) darkfield images (last image is brightfield) during cyclic
voltammetry; sweep rate, 10 mV/s; initial potential, 0.00 V. (c) Darkfield images (first image is brightfield) at open circuit after poising potential at
−1.60 V for 180 s. (d, e) Brightfield images during chronoamperometry, where E = −1.42 V at bare Au (d) and −1.55 V at Au/Ni (e), deposited at
−1.20 V for 60 s. Images were collected at (a−c) 1 frame/s and (d, e) 5 frames/s. Applied potential and time in minutes:seconds (min:s) are labeled
in upper and lower left corners, respectively. Electrode radius, 12.5 μm; scale bar, 20 μm.
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Optical Microscopy in 5 mmol/L NiCl2 + 0.1 mol/L
NaCl. The surface and surrounding diffusion layer of Au UMEs
were monitored during Ni electrodeposition using optical
microscopy. Videos compiled from sequences of still images
and their corresponding voltammograms (Figure S8) and
descriptions are given in the Supporting Information, with
highlights from each sequence in Figure 2. Darkfield imaging,
where scattered light provides contrast,70 revealed additional
features, viz., formation of a gray gel, obscured in the
brightfield. As the potential was swept to −1.20 V (Videos
S1 and S2; Figure 2a,b), smooth, bright Ni films deposited, as
expected. No definitive optical changes such as bulk
precipitation and H2 bubbles were evident at potentials of
about −1.40 V, corresponding to the cathodic spike. In
addition, the smooth current response in the voltammetry
contrasts with the noisy current associated with Cr(OH)3(s)
precipitation in Cr3+ electrolytes71 and the sharp decrease in the
current upon generation of H2 bubbles.72 However, image
processing by taking the difference between the image at −1.25
V and images collected between −1.26 V and −1.50 V in Video
S2 suggests that the spike is accompanied by a subtle optical
change near −1.37 V (Figure S9). The increase in brightness at
the electrode edge during diffusion-limited reduction of Ni2+

(Video S2; Figure 2b) reflects enhanced electrodeposition due
to higher Ni2+ flux.32,73 At potentials negative of the spike near
−1.40 V (Videos S1 and S2; Figure 2a,b), the electrode surface
gradually appeared more granular. Homogeneous precipitation
of bulk Ni(OH)aCl2−a·xH2O, which will be referred to as
Ni(OH)2·xH2O, and the resulting change in optical density
could perturb the light path from the electrode surface; indeed,
at extended times at −1.50 to −1.60 V, a circular, light gray gel
formed, with a larger diameter at higher overpotentials (Video
S2; Figure 2b). The gel subsequently dissipated over time
under open-circuit conditions (Video S3; Figure 2c). The
distance between the edge of the gel and the Au disk was tens
of micrometers, corresponding well to the expected thickness of
the nearly hemispherical diffusion layer at UMEs.57

The evolution of the UME surface was also examined during
potential steps, i.e., chronoamperometry. A more detailed

analysis of current transients in Ni2+ electrolytes is given in the
Supporting Information (Figure S10). In Video S4 and Figure
2d, stepping to −1.42 V revealed little change in the reflectivity
of the Au electrode at short times, consistent with self-
terminated growth of ultrathin Ni films.15 After 20 s, the
reflectivity decreased slightly, although the color of the
underlying Au electrode was still apparent. This change is
likely due to formation of a Ni(OH)2·xH2O gel which
dissipates over time under open-circuit conditions, similar to
Video S3 and Figure 2c. In a related experiment, after Ni was
deposited at −1.20 V for 60 s, the potential was stepped to
−1.55 V (Video S5; Figure 2e), resulting in rapid coverage of
the electrode surface with a gel that densified with time. After
83 s, H2 gas evolution disrupted the gel, and part of the Ni layer
was removed, exposing the underlying Au electrode, similar to
the peeling of Au thin films during the HER at high
overpotentials.74 Similarly, in some voltammetric studies, H2

bubbles were observed at extended times while poising the
potential below −1.5 V.
Some of the modified electrodes were removed from

solution, rinsed with water, and compared with bare Au
(Figure 3a). Note that these films can be altered upon removal
from the deposition electrolyte. Smooth, bright Ni films were
deposited at −1.10 V (Figure 3b), as expected. At potentials
near the spike (Figure 3c,d), the Ni film had metallic rings at
the UME edge as a result of the enhanced deposition rate at the
perimeter of the electrode, as seen in Video S2. The Ni film
exhibited a variety of morphologies when H2O reduction takes
place. Gray rings with a diameter larger than the UME usually
formed on the glass sheath that surrounds the electrode (Figure
3e,g,h). Similarly, rings were observed during precipitation of
Prussian blue species caused by Co dissolution from a SECM
tip, where the rings defined the edge of the diffusion layer.75 In
the present work, the rings are likely remnants of the Ni(OH)2·
xH2O gel. Some of them were iridescent, congruent with the
color changes reported for Ni(OH)2 precipitation at macro-
electrodes.7,18 The metallic parts in the ring and the exposed
underlying Au could be part of the damaged Ni film lifted away
from the Au surface during the HER (Figure 2e). Differences in

Figure 3. Optical microscopy of Ni electrodeposited by linear sweep voltammetry (swept) or chronoamperometry (stepped) at Au
ultramicroelectrodes in 5 mmol/L NiCl2 + 0.1 mol/L NaCl: (a) bare Au; (b) swept to −1.10 V and poised 120 s; (c) stepped to −1.40 V for 60 s;
(d) swept to −1.40 V and poised 120 s; (e) swept to −1.45 V and poised 60 s; (f) swept to −1.46 V and poised 120 s; (g) stepped to −1.50 V for 60
s; (h) swept to −1.55 V and poised 120 s. For voltammetry: sweep rate, 20 mV/s; initial potential, 0.00 V. Electrode radius, 12.5 μm; scale bar, 20
μm.
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the appearance at similar potentials in Figure 3e,f were likely
due to variations in electrode preparation and precise potential
of the spike (vide supra). During the potential step to −1.50 V
(Figure 3g), the apparently bare Au disk is consistent with self-
terminated deposition of an ultrathin Ni film.
Scanning electron microscopy (SEM) and energy dispersive

X-ray spectroscopy (EDX) (Figure S11) on a sample swept to
−1.55 V confirmed that the ring contains Ni. Raman spectra
(Figure S12; Table S1) were collected at various regions of a
similarly treated sample. For reference, spectra from a Ni layer
grown at −1.20 V are also shown. Comparison to literature76

shows that peaks at 451, 1388, 1434, 1604, and 3639 cm−1 are
congruent with Ni(OH)2 on the metallic parts, gray ring, and
apparently bare Au.
Effect of Ni2+ Concentration and pH. The concentration

of Ni2+, cNi, was varied from 1 to 25 mmol/L (Figure 4a), and
the pH of the supporting electrolyte was varied from 2.6 to 4.5
(Figure 4b), where the main nickelous species is [Ni-
(H2O)6]

2+(aq).55,56,62,63 The lower and upper pH values were
chosen to avoid generation of H2 bubbles and precipitation of
Ni(OH)2·xH2O in the bulk electrolyte, respectively. The
current efficiency at −1.20 V increased from (41 ± 1)% to
(81 ± 2)% as the Ni2+ concentration was increased from 5.0 to
25.0 mmol/L. Likewise, for 5 mmol/L Ni2+, the metal
deposition efficiency increased from (17 ± 7)% at pH 2.8 to
(96 ± 0.3)% at pH 4.5. The contribution from the HER
decreases in both cases as cNi and pH increase. The current
spike at 1 mmol/L Ni2+ was broader than that in more
concentrated solutions, suggesting that the sharpness of the
peak is limited by flux of Ni2+. Here, few, disperse
Ni(OH)2(abs) islands form before bulk H2O reduction takes
place, similar to the reported low efficiency of Ni(OH)2
deposition at low Ni(NO3)2 concentrations.

18 The magnitude
of the current spike decreases as cNi and pH increase, suggesting
that the hydroxide layer coalesces at a much faster rate with a
higher flux of reactants. The positive shift in potential with
increasing cNi is expected from thermodynamics of Ni(OH)2
formation. The slopes of the average peak current potential
versus log10(cNi) and the peak potential versus pH were +230
mV/log cNi and +110 mV/pH unit, respectively, indicating a
complicated mechanism for Ni(OH)2 formation. The positive
slope in the latter case suggests that OH− participates as a
reactant. Regardless of a detailed mechanism, these results show
that the process giving rise to the spike clearly depends on both
Ni2+ and pH.
HER at Au/Ni in Supporting Electrolyte. Figure 5 shows

the voltammetric behavior of Au/Ni in 0.1 mol/L NaCl in the
absence of Ni2+ along with the results in NiCl2−NaCl
electrolyte from Figure 1, comparing the kinetics of H2O
reduction at Ni electrodeposited at different potentials. Full
voltammograms are given in Figure S13 along with the detailed
deposition experimental procedure. The current spike was
absent in all cases, confirming that this feature depends on the
presence of Ni2+. At a deposition potential of −1.20 V (Figure
5, red curve) to form Au/Ni, the onset of H2O reduction
occurred near −1.35 V, 0.15 V positive of that at Au. This
potential was similar to that of the current spike, indicating that
the spike begins just after the onset of H2O reduction at an Au/
Ni film. Indeed, the foot of the current spike in Figure 1
exhibited a smooth rise from the diffusion-limited plateau of
H3O

+ and Ni2+ reduction before the sharp acceleration in
current. The first and fifth cycles nearly overlap, demonstrating
that any oxidation of Ni during transfer of the UME from the

Ni2+ electrolyte does not exert a large effect on H2O reduction
kinetics. For films deposited at −1.47 and −1.55 V (Figure 5,
gray and blue curves, respectively), the onset of H2O reduction
shifted positive to about −1.2 V during the first cycle, indicating
that this surface is more active for H2O reduction than Au or
Au/Ni, perhaps due to formation of a catalytic Ni/Ni(OH)2
film.27−29 However, by the third cycle, the potential shifted
negative to −1.35 V, possibly due to deactivation or
delamination of the active species.

Collection of H2 Using SECM. G/C-SECM was used to
detect H2 produced during Ni electrodeposition with a focus on
contributions associated with the current spike (Figure 6).
Although more sensitive measurements can be made with

Figure 4. Linear sweep voltammetry with varying (a) concentration of
Ni2+, cNi, and (b) pH. In panel a, cNi was (red) 1.0 mmol/L, (black) 5.0
mmol/L, (orange) 10.0 mmol/L, (green) 16.0 mmol/L, (blue) 20.0
mmol/L, and (purple) 25.0 mmol/L NiCl2 in 0.1 mol/L NaCl, pH 3.0.
In panel b, cNi was 5.0 mmol/L, and the pH of the 0.1 mol/L NaCl was
(red) 2.6, (orange) 2.8, (black) 3.0, (green) 3.4, (blue) 4.0, and (gray)
4.5. Initial potential, 0.00 V; sweep rate, 20 mV/s; electrode radius,
12.5 μm. Dashed lines are the corresponding supporting electrolyte at
bare Au.
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smaller electrode separations, preliminary measurements
showed that the flux of Ni2+ to the Au was hindered when
the separation was less than ≈10 μm, resulting in more limited
Ni deposition. The Pt collector UME was poised at 0.00 V to
oxidize any H2 while the potential of the Au generator UME
was swept negative. Current collection efficiency, defined as the
ratio jPt/jAu, where jPt and jAu are the current densities at the Pt
collector and Au generator electrodes, respectively, is given
over the potential range of −0.5 V to −1.5 V in Figure 6b. The
more positive potential onset of −0.4 V for H3O

+ reduction
(Figure 6a) compared to that in Figure 1 could be due to trace
Pt contamination from dissolution of the auxiliary electrode.77

The current collection efficiency for H3O
+ reduction was (54 ±

8)% at −1.20 V in the supporting electrolyte. A similar value of
55% was obtained for FcMeOH in a similar configuration,
indicating that little of the H intermediate in the former
experiment is absorbed by the Au substrate. When the
supporting electrolyte was replaced with 5.0 mmol/L NiCl2 +
0.1 mol/L NaCl, a broad feature appeared between −0.55 and
−0.85 V, attributed to catalyzed H3O

+ reduction at a Pt-
contaminated surface.77 Similar to deposition at Pt UMEs
(Figure S2), the inflection at −0.85 V suggests that H3O

+

reduction was inhibited following the onset of Ni deposition.
The downward slope in the current plateau from −1.10 to
−1.40 V may be due to complicated mass transport in the gap,
where H3O

+ exhibits positive feedback and the Ni2+ flux is
constrained by cylindrical diffusion. Here, the lower collector
current compared to that in the supporting electrolyte may be
attributed to incorporation of the H intermediate in the
growing deposit. An estimate of the concentration of H
incorporated in Ni deposited at −1.20 V can be derived by
partitioning the partial current for diffusion-limited H3O

+

reduction (Figure 1) by the ratio of the SECM collector

currents in Figure 6a. Such analysis yields a deposit
stoichiometry close to Ni3H for films grown on an
unobstructed UME.
The current spike was clearly observed at −1.40 V, followed

by smaller, broader waves, consistent with the UME experi-
ments in Figure 1. A corresponding spike and waves appeared
at the Pt collector, confirming that these features involve the
HER. Comparison of the magnitude of the peak heights
between Au and Pt in Figure 6c shows that the peak current
collection efficiency was nearly 50%, consistent with the current
spike being ascribed to HER. Because H3O

+ is transport-limited

Figure 5. Cyclic voltammetry of Au/Ni in 0.1 mol/L NaCl, pH 3.0, in
the absence of Ni2+. Deposition potential of Ni was (red) −1.20 V,
(gray) −1.47 V, and (blue) −1.55 V in 5.0 mmol/L NiCl2 + 0.1 mol/L
NaCl. Dashed black line is bare Au, solid lines first cycle of Au/Ni, and
dashed lines (red) fifth and (gray, blue) third cycle of Au/Ni. Gray and
blue curves were shifted by −10 and −20 mA/cm2, respectively. Sweep
rate, 20 mV/s; initial potential, − 0.50 V; electrode radius, 12.5 μm.
Solid black line is the NiCl2−NaCl electrolyte for comparison.

Figure 6. Generation/collection mode of scanning electrochemical
microscopy in 5.0 mmol/L NiCl2 + 0.1 mol/L NaCl, pH 3.0. (a)
Potential of Au generator (black) was swept while potential of Pt
collector (red) was poised at 0.00 V. Dashed lines are in the absence of
Ni2+. Inset shows expanded view of features near H2O reduction.
Diagram shows H2 (1) generated at Au (2) diffusing to Pt collector
(3) then being oxidized to protons, which can (4) diffuse back to Au.
Electrode separation, 16 μm; sweep rate, 10 mV/s; initial potential,
0.00 V; electrode radii, 12.5 μm. (b) Current collection efficiency as a
function of potential. Solid and dashed lines are for the Ni2+ electrolyte
and supporting electrolyte, respectively. (c) Overlaid plots of the
magnitude of the current density of (black) Au generator and (red) Pt
collector near H2O reduction, with the foot of the wave set to zero.
Note that the potential axis is different in each panel.
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at this potential, H2O reduction was the source of H2.
Compared with the mass transport-limited region from −1.10
to −1.40 V (Figure 6b), the nominal current collection
efficiency increased sharply by 18% upon the current spike,
returning to the original value of 38% before Ni deposition,
consistent with the termination of the Ni deposition reaction
and negligible further H incorporation into the deposit.
The charge in the current spike at Au was (5.2 ± 1.1) mC/

cm2, agreeing well with the value from Figure 1. This value was
calculated by integrating from the foot of the spike to the
inflection point before the second wave, using the same
potential range for the Au and Pt current responses. The charge
collection efficiency, (79 ± 7)%, was determined by dividing
the charge at Pt by that at Au. When the integration limits were
expanded from the foot of the spike to the inflection point
following the last wave in order to include the entire postspike
feature, the charge collection efficiency was (104 ± 12)%. At
potentials negative of the current spike, a Ni(OH)2·xH2O gel
could constrain H2 diffusion away from the gap between the
two electrodes and thus form a local thin-layer cell.
Local Potentiometric pH Measurements. In preliminary

measurements, the pH change in the diffusion layer during Ni
deposition was examined (Figure 7). The Pt collector electrode
in the SECM arrangement was modified using thin iridium
oxide films to make potentiometric sensor probes. Details for
fabrication of the pH probes and their calibration curves
(Figure S14) are in the Supporting Information. The pH value
at the potentiometric probe was calculated from measured
potential values using the slope, (73 ± 2) mV/pH unit, of the
calibration curves. The probe potential shifted by about −10
mV (less than one pH unit) at the onset of diffusion-limited
H3O

+ reduction on Au in NaCl as well as during Ni deposition
in NiCl2−NaCl electrolyte, indicating that negligible hydrol-
ysis62−64 of Ni2+ occurs in this potential range

+ → ++ + +[Ni(H O) ] H O [Ni(H O) (OH)] H O2 6
2

2 2 5 3
(4)

A sharp change of −20 mV appeared nearly coincident with the
generator current spike at −1.27 V. However, as the generator
potential was swept more negative, the increase in the rate of
H2O reduction leads to a continuous rise in the pH of at least 7
orders of magnitude such that the pH of the diffusion layer
exceeds 10 by −1.50 V, thus providing ample driving force for
forming Ni(OH)2·xH2O. Similar pH shifts were reported using
a micrometer-sized grid electrode attached to a glass pH
electrode.6 On the basis of the Ksp of Ni(OH)2 (vide supra),
saturation occurs above pH 8 in 5 mmol/L Ni2+.
Cyclic Voltammetry of 5 mmol/L CoCl2 + 0.1 mol/L

NaCl. The generality of the UME observations was investigated
with Co electrodeposition (Figure 8) because self-terminated
metal deposition was reported for all iron group metals,15 and
cobalt hydroxide precipitation reportedly hindered Co
deposition in other studies.78 As the potential is swept negative,
a small wave occurred at −0.78 V, corresponding to (3.5 ± 0.4)
mC/cm2, which is attributed to underpotential deposition
(upd) of Co. The Co layer inhibits H3O

+ reduction relative to
Au. Between −0.9 and −1.1 V, the current associated with bulk
Co2+ and H3O

+ reduction increased to transport-limited values.
DCo was (7.3 ± 0.9) × 10−6 cm2/s, comparable with a literature
value of 7.3 × 10−6 cm2/s.59 The current efficiency determined
using the steady-state current density at −1.20 V was (43 ±
3)%, and the integrated voltammetric current efficiency
determined by comparing the reduction charge with that of

the stripping peak was (56 ± 8)%. H2O reduction is evident
near −1.4 V with a small current feature at −1.45 V (inset of
Figure 8) that corresponds to potentials where self-termination
of metal deposition was observed in EQCM measurements.15

No clear current spike was observed, suggesting that Co/
Co(OH)2(ads) is less effective in catalyzing H2O reduction
than Ni/Ni(OH)2(ads), consistent with results comparing
Co(OH)2(ads) and Ni(OH)2(ads) islands on Pt.29 These
results are also consistent with the conclusion that main current
spike in Ni2+ electrolytes is not due to simple hydrolysis (eq 4)
because the pKa values, ≈10,

62 of Co(OH)2 and Ni(OH)2 are
similar. On the reverse sweep, Co deposition was reactivated by
−1.2 V, followed by a Co stripping wave at −0.21 V that was

Figure 7. (a) Faradaic current (black) and pH probe potential and
corresponding pH (red) as a function of Au ultramicroelectrode
potential in 5.0 mmol/L NiCl2 + 0.1 mol/L NaCl, pH 3.0. Dashed
lines are in the supporting electrolyte. (b) Expanded view of features.
Note that the range of both axes is different in panels a and b.
Electrode separation, 12 μm; sweep rate, 10 mV/s; initial potential,
0.00 V; electrode radii, 12.5 μm. Experiments were done under
ambient conditions.
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much larger than that for Ni stripping (Figure 1). In contrast to
a Ni(OH)2(ads) layer, Co(OH)2(ads) provided little inhibition
to reactivation of the deposition reaction at more positive
potentials and as well as to subsequent Co dissolution at more
positive potentials, in good agreement with the EQCM study15

and results of others.79

■ CONCLUSIONS
The well-defined mass transport conditions associated with
UMEs provided several new insights into the electrodeposition
of Ni on Au in NiCl2−NaCl electrolytes. Voltammetry revealed
an unusual sharp current spike coincident with the onset of
H2O reduction and self-termination of Ni electrodeposition,
and analysis of SECM measurements indicated that the spike is
associated with H2 evolution. These observations combined
with recent reports of catalyzed H2O reduction at composite
metal/Ni(OH)2 electrodes suggests that the spike was due to
autocatalytic H2 production associated with Ni(OH)2(ads)
nucleation and growth on the Ni surface. Here, OH− generated
via H2O reduction reacted with Ni2+ to form a thin
heterogeneous Ni(OH)2(ads) layer. In a separate phenomenon,
as the rate of H2O reduction increased at higher overpotentials,
the pH increased such that the Ksp of Ni(OH)2 was exceeded
and precipitation of a Ni(OH)2·xH2O gel occurred in the
diffusion layer surrounding the UME. Regarding Ni deposition
during concurrent H3O

+ reduction, H may be incorporated in
the growing Ni metal film, although other measurements would
be needed to support this hypothesis. Studies are underway to
couple voltammetry with in situ spectroscopy and to model
quantitatively processes involved in both self-termination of the
metal deposition reaction as well as the subsequent
homogeneous precipitation in the diffusion layer.
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(4) Goḿez, E.; Muller, C.; Proud, W. G.; Valleś, E. Electrodeposition
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