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Electrochemical Oxide Growth on Nickel and Commercial Nickel
Alloys: Influence of Chromium and Molybdenum
Isaac Kretzmer z and Eric M. Stuve

Department of Chemical Engineering, University of Washington, Seattle, United States of America

Nickel-chromium-molybdenum (NiCrMo) alloys are well-known for having exceptional corrosion resistance, but their
electrocatalytic properties have not been extensively studied. In this paper, the development of electro-active nickel-oxyhydroxide
(NiOOH) phases and kinetics of the oxygen evolution reaction (OER) have been examined on alloys G35, B3, and C276 in alkaline
electrolyte at 25 °C. Reproducible oxide layers were grown by potential cycling between 0.85 and 1.52 V vs RHE up to 600 cycles,
and the transition between Ni(OH)2 and NiOOH was monitored by cyclic voltammetry throughout. Onset potentials, Tafel slopes,
and turnover frequencies (TOF) were measured at OER overpotentials between 270 and 390 mV. Alloys with dissimilar Cr:Mo
ratios had significantly higher electrochemical surface area and increased γ-NiOOH formation, suggesting higher metal dissolution
rates. The equal Cr:Mo concentration alloy and pure Ni developed a primarily β-NiOOH surface, and had 1.8–2.0 times larger TOF
values than those containing significant γ-NiOOH. The NiCrMo alloys required smaller overpotentials (54–80 mV) to produce 10
mA cm−2 of OER current, and had comparable Tafel slopes to pure Ni. The findings here indicate a β-NiOOH-developed surface
to be more OER-active than a γ-NiOOH-developed surface, and suggest certain NiCrMo alloys have promise as OER
electrocatalysts.
© 2023 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/1945-7111/
acd7a6]
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The absence of efficient and affordable technologies for elec-
tricity storage hinders widespread adoption of intermittent renewable
energy sources.1,2 Water electrolysis in alkaline media shows good
potential for energy storage in the form of H2 production.

1 In many
cases, water electrolysis is kinetically limited by the oxygen
evolution reaction (OER).3 Consequently, research on OER electro-
catalysts is an ongoing endeavor, with precious metal-oxides such as
IrO2 and RuO2 being a few of the most active catalysts.4 Transition
metals such Ni, Fe, and Co have also been studied due to their
abundance and low cost.5 Of these, Ni-based metals are promising
electrocatalysts and have been widely investigated as an electrode
material due to their high electrical conductivity and resistance to
corrosive alkaline environments.6 This makes Ni an especially
attractive option for alkaline water electrolysis, as a number of
studies show that Ni forms highly active oxyhydroxide species in
alkaline media.4,7–9 The Bode scheme, illustrated in Fig. 1, was first
introduced in 1966 and has been extensively studied by the catalyst
community through electrochemical, morphological, and spectro-
scopic techniques.10–16

In alkaline media (0.1 M KOH), and in the potential range of 0
VRHE to 0.5 VRHE, Ni metal forms NiO and the alpha-phase
hydroxide polymorph, α-Ni(OH)2.

17 The α-Ni(OH)2 phase is
described as turbostratic layers of Ni(OH)2 intercalated by water
molecules.15 This phase is unstable in alkaline conditions; potentials
greater than 0.5 VRHE cause an irreversible transformation of
α-Ni(OH)2 to the beta-phase hydroxide polymorph β-Ni(OH)2, the
dehydrated form of α-Ni(OH)2.

13 Due to the low potentials required
for these reactions, formation of α-Ni(OH)2 and subsequently
β-Ni(OH)2 happen spontaneously when exposed to alkaline media
at open circuit potential, the rates of which depend on hydroxide
concentration and temperature. At more positive potentials (>1.35
VRHE), β-Ni(OH)2 undergoes oxidation to its oxyhydroxide state,
β-NiOOH.14,18 This transformation is reversible, and β-NiOOH is
easily reduced back to β-Ni(OH)2. When subjected to overcharge, β-
NiOOH transforms to γ-NiOOH.15 Overcharge is loosely described
as application of potentials much greater than Eo over prolonged
periods. The value of Eo is reported to be 1.33 VRHE for the
α-Ni(OH)2 to γ-NiOOH transformation and 1.36 VRHE for the
β-Ni(OH)2 to β-NiOOH transformation in 0.1 M KOH.19 When
discharged, the gamma-phase oxyhydroxide state reduces to
α-Ni(OH)2 or β-Ni(OH)2.

14 Studies indicate that γ-NiOOH can
also directly form from α-Ni(OH)2 during the charging process.19

The structure, electrochemical properties, and stability of these
phases vary considerably, and the complex pathways make electro-
chemical investigation of the Ni oxide layer challenging.

There are some issues with using Ni as an OER electrocatalyst. It
is prone to crevice corrosion attacks in chloride-containing environ-
ments, while in acidic media, dissolution of Ni is the primary
concern.20,21 Applying a bias to a Ni electrode can further exacerbate
passivity issues.22 An attractive alternative to pure Ni is through the
use of Ni-based alloys. Chromium and molybdenum are often added
to Ni in order to improve its degradation resistance through the
formation of Cr(III), Mo(IV), and Mo(VI) surface oxide layers.23,24

This passive film formation leads to improved breakdown potential
and stability in corrosive environments.23 As a result, NiCrMo alloys
are among the most versatile materials for a wide range of chemical
and physical processes including marine environments, chlorination
plants, and desulphurisation processes.20–22,25

Chromium and molybdenum modifiers for Ni electrocatalysts
have been previously studied; NiCr alloys show improved alkaline
urea oxidation and OER kinetics,26,27 while NiCrMo alloys show
promise for both the hydrogen evolution reaction (HER) and the
OER.28–30 There is good potential for NiCrMo alloys as viable
alkaline electrocatalysts, but the contributions of these alloying
materials are not well understood. The presence of Cr and Mo—as
well as the range of applied bias—can lead to preferential formation
of particular (oxy)hydroxide phases, further complicating the redox
pathways presented in the Bode scheme.31,32 In this paper, cyclic
voltammetry is used to elucidate the contributions of Cr and Mo—as
expressed in the commercial alloys G35, B3, and C276—to the
development of NiOOH electrocatalysts on NiCrMo alloys. Potential
step voltammetry, Tafel analysis, and turnover frequency are used to
examine the OER kinetics on these alloys. The use of commercial
alloys was motivated by their potential to serve as reference
materials for studies of alkaline electrocatalysis, since their prepara-
tion is standardized by the manufacturer and is therefore independent
of sample preparation protocols specific to a particular laboratory.
Commercial HASTELLOY® alloys with high Cr:Mo (G35), low Cr:
Mo (B3), and equal Cr:Mo (C276) ratios were supplied by Haynes
International.33

Experimental Methods

Electrochemical cell.—Aqueous KOH solution was used as the
electrolyte for all electrochemical experiments and was prepared
using KOH pellets (Fisher Scientific) in DI water (0.04 μ S cm−1).
KOH concentrations of 0.1 M (pH 13) or 1 M (pH 14) were used andzE-mail: isaac.kretzmer@gmail.com
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are specified for each experiment. The KOH solution was pre-
electrolyzed for 1 h using two platinum electrodes to minimize
solution impurities.34 Argon or nitrogen gas was then sparged
through the electrolyte for 20 min prior to each experiment in order
to displace dissolved oxygen and create an inert environment inside
the three-electrode cell (Pine Electrochemistry, 150 ml). Studies
were conducted in a stagnant electrolyte, except for the potential-
step experiments which used a magnetic stir bar (200 rpm) to
improve mass transfer at the electrode surface.34 The temperature of
the cell was set to 25 °C and controlled using a water bath and hot
plate (Fisher Scientific).

Electrode preparation.—Working electrodes were made from
alloys G35, B3, and C276, as well as Ni foil (0.254 mm thickness,
99.5% in purity; Alfa Aesar). The three Ni alloys were provided by
Haynes International with nominal compositions shown in Table I.
Prior to electrochemical studies, the electrodes were cut to size (ca. 1
cm2 projected area, 2.5 cm2 geometric area) using a rotary tool

(Dremel 200), followed by mechanical sanding (Buehler Ecomet
III). Sandpaper grits of 400, 600, 800, 1500, 3000, and 5000 were
used sequentially, resulting in a smooth surface. A felt-tipped
Dremel attachment and polishing compound was then used to buff
the surface and remove any remaining blemishes. Finally, the
electrodes were hand-polished using 1, 0.5, and 0.3 micron alumina
suspension. The electrodes were sonicated in ethanol and DI water
for 10 min each between each of the sanding and polishing steps.
The resulting surfaces had a mirror finish that gave improved
reproducibility and quality of electrochemical measurements. The
counter electrode was a Pt coil (ca. 5 cm2, 99.99% in purity; Pine
Electrochemistry), which was also sonicated in ethanol and DI water
for 10 min each prior to submersion in the electrochemical cell. An
uncalibrated, single junction mercury oxide (Hg/HgO) reference
electrode (4 M KOH, Pine Electrochemistry) was used due to the
strong alkaline electrolyte. All subsequent unlabeled potentials will
be reported with respect to the reversible hydrogen reference
electrode (RHE), calculated using the following equation:

E E E0.059 pH 1RHE Hg HgO Hg HgO= + ( ) + [ ]Θ

where EHg HgO
Θ is the standard potential of the Mercury oxide

reference electrode, taken to be +0.098 V vs the normal hydrogen
electrode for a 20% KOH solution at 25 °C.

Electrochemical procedures.—Electrochemical experiments
were carried out using a Solartron SI 1287 potentiostat and
CorrWare® for data acquisition. Once the polishing procedure and
electrolyte preparation were completed, the electrode was sub-
merged in the 0.1 M KOH (pH 13) electrolyte and subjected to a
reducing potential of −0.54 VRHE to remove residual oxides and
surface contaminants. An electrode in this state is referred to as
having an undeveloped oxide layer (UOL). To form an oxide layer,
cyclic voltammograms (CV) were collected by scanning between
0.85 and 1.52 VRHE at 50 mV s−1, 50 times, followed by three scans
in the same potential range at 1 mV s−1. This “block” of scans was
repeated 14 times for a total of 700 fast scans and 42 slow scans,
leading to a developed oxide layer (DOL). After forming a DOL, the
electrolyte concentration was increased to 1 M KOH (pH 14), and a
potential-step experiment was conducted with 10 mV steps between
1.47–1.62 VRHE, each step held for 15 min at which an approxi-
mately steady-state current was reached. The final 3 s (30 data
points) for each step were averaged to reduce noise. The OER
overpotential at pH 14 was calculated using an Eo of 1.23 VRHE.

Results and Discussion

Oxide layer development.—Figure 2 presents the CV profiles
obtained at 1 mV s−1 and 25 °C in 0.1 M KOH electrolyte during the
oxide development procedure for Ni, G35, C276, and B3. The
voltammograms are the final scan from each block as described in
the experimental section. The first and final blocks are indicated by
blue and orange curves, respectively, while the gray curves show
progression of the CV profiles between the first and final blocks. Due
to the slow scan rate used, the amount of charging current is
minimal, and the measured current can be attributed to Faradaic
processes occurring at the electrode-electrolyte interface. To verify
this assumption, a calculation of charging current was conducted
using the following equation:35

i AC 2c Dν= [ ]

In Eq. 2, A is the surface area of the electrode (2.5 cm2), CD the
capacitance (40 μFcm−2),36 and ν is the scan rate (1 mV s−1). This
gives an ic value of 0.1 μA, judged insignificant compared to the
total current.

The behavior of pure Ni (Fig. 2a) initially has a single anodic
(forward) peak at 1.43 V (A1*). This peak is generally attributed to
the electrochemical transformation of β-Ni(OH)2 to β-NiOOH and is

Figure 1. The general Bode scheme representation of the relationship
between hydroxide and oxyhydroxide Ni surface states formed during the
charge-discharge cycle in alkaline media. Adapted from Van der Ven et al.11

Table I. Nominal compositions (wt%) for three Ni-based alloys.33

Elements less than 1% for all alloys were excluded.

G35 B3 C276

Ni 58 65 57
Cr 33.2 1.5 16
Mo 8.1 28.5 16
W 0.6 3 4
Co 1 3 2.5
Fe 2 1.5 5
Mn 0.5 3 1
Cr:Mo High Low Equal
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present for all electrodes.11,13 A rise in current at more positive
potentials marks the start of the OER. Although the oxygen
evolution reaction has a lower standard equilibrium potential than
the β-Ni(OH)2 to β-NiOOH transformation, its sluggish kinetics
requires a higher overpotential. Moreover, the generation of active
β-NiOOH is crucial for OER, as the higher oxidation state assists in
forming the necessary oxyhydroxide intermediates.37 During the
cathodic (reverse) scan, a cathodic peak at 1.37 V (C1*) signals the
electrochemical reduction of β-NiOOH to β-Ni(OH)2. Throughout
the oxide development process, peak and shoulder potentials stay
relatively constant (A1* → A1, C1* → C1), while the current magni-
tude increases. A wide, trailing shoulder between 1.32 and 1.23 V
(C2) of the cathodic scan signals the reduction of γ-NiOOH to
β-Ni(OH)2 or α-Ni(OH)2. As the charging current in these voltam-
mograms is minimal—and the scan rate is constant—an increase in
current indicates growth in the number of active, accessible Ni sites
and thus a thickening of the oxide layer.

Alloy G35 (Fig. 2b) initially has two conjoined peaks at 1.38 V
and 1.42 V in the anodic scan. The less positive peak at 1.38 V (A2*)
is attributed to the dissolution of chromium from the electrode, as
similar double-peaked features have been observed for pure Cr in
alkaline solutions.38 The peak at 1.42 V matches that of the
β-Ni(OH)2 to β-NiOOH transition seen in pure Ni.38 As the scans
progress and the oxide layer develops, the β-Ni(OH)2 to β-NiOOH
peak at 1.42 V becomes the dominant voltammogram feature, fully
enveloping the smaller peak by block 6. During the reverse scan, a

clear reduction peak (β-NiOOH→ β-Ni(OH)2) at 1.36 V and
trailing shoulder (γ-NiOOH→ β-Ni(OH)2 or α-Ni(OH)2) are initi-
ally evident. After oxide development, the shoulder has grown into a
new peak at 1.29 V, while the β-NiOOH→ β-Ni(OH)2 peak
potential remains constant at 1.36 V.

The double-peaked cathodic scans suggest a high concentration
of γ-NiOOH in the oxide layer relative to the pure Ni electrode. The
formation of γ-NiOOH is generally limited by the ability to
intercalate water and cations between the hydroxide layers, but
accessible reaction sites may form due to passive layer dissolution.
Chromium is well known to oxidize in alkaline media through the
following electrochemical process: 23,38–40

Cr OH 5OH CrO 4H O 3e 33 4
2

2( ) + → + + [ ]− − −

The formation of transport pathways due to Cr leaching allows for
the direct oxidation of α-Ni(OH)2 to γ-NiOOH state upon charging.
The increased formation of γ-NiOOH is evident by the the
prominent cathodic double peak. Freshly exposed Cr sites may
also contribute to the overall higher oxidation and reduction currents
seen in alloy G35.

Alloy B3 (Fig. 2c) initially has no discernible peak during the
forward scan, but rather a broad shoulder (1.41–1.47 V) on the
leading edge of the OER curve. The shape of the reduction curve is
initially similar to that of pure Ni with a peak of 1.37 V and a broad,
trailing tail. During oxide development, the forward scan separates

Figure 2. Cyclic voltammograms of oxide layer development procedure for (a) pure Ni, alloys (b) G35 (high Cr:Mo), (c) B3 (low Cr:Mo), and (d) C276 (equal
Cr:Mo). The first block is always the smallest voltammogram and is colored blue. The final block is colored orange and is the largest. The unlabeled blocks are 2,
3, 4, 5, 6, 8, 10, and 12, and progressively increase. The electrolyte was an unstirred, 0.1 M KOH solution held at 25 °C. The inset in (a) shows the current
response in the potential range of 0.80–1.2 V.
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into two distinct shoulders on the leading edge of the OER curve that
plateau near E= 1.43 and 1.47 V. Due to the significant overlap of
these peaks with each other and the OER curve, it is difficult to
discern the exact peak potentials and currents. While the shoulder at
1.43 V is presumably the β-Ni(OH)2 to β-NiOOH transition, the
second shoulder at 1.47 V (A3) is unique to B3 and suggests the
presence of an additional oxidation reaction. This feature is
attributed to the electrochemical dissolution of Mo species, con-
sistent with the high concentration of Mo in alloy B3. It has been
documented that in alkaline conditions and under positive electro-
chemical bias, MoO2—the predominant Mo(IV) barrier species—
will oxidize to form soluble Mo(VI) species:24,25,41,42

MoO 2H O HMoO 3H 2e 42 2 4+ → + + [ ]− + −

Metallic Mo will also form (oxy)hydroxides, which can further
oxidize to soluble Mo(VI) species:

Mo 3OH Mo OH 3e 53+ → ( ) + [ ]− −

Mo OH 5OH MoO 4H O 3e 63 4
2

2( ) + → + + [ ]− − −

Freshly exposed Mo sites on the electrode may continue to oxidize
and reduce, thereby contributing to the high currents seen in alloy
B3. The reduction peak shifts slightly negatively as the oxide
develops, eventually stabilizing near Ep,c=1.36 V. A trailing
shoulder on this wave also forms between 1.24 and 1.30 V,
indicating the presence of γ-NiOOH on the oxide surface. Similar
to alloy G35, the dissolution of alloying elements may lead to an
increase in accessible sites, improving the formation of γ-NiOOH.

Alloy C276 (Fig. 2d) initially has a broad wave with no
discernible peak during the forward scan, but develops into a single
peak with a Ep,a of 1.43 V similar to that seen in the pure Ni
voltammogram. During the reverse scan, a small cathodic wave
develops into a single peak at an approximately constant potential of
1.36 V. Unlike the other electrodes, there is almost no indication of
γ-NiOOH on the surface. With 16% Cr and Mo concentrations, one
would expect to see the formation of γ-NiOOH due to leaching as
with the other alloys. An explanation for this peculiarity lies in the
high Cr and Mo concentrations; according to Klapper et al.,

chromium has a strong influence on the crevice corrosion initiation
potential, but has little effect on the repassivation behavior.20,25

Conversely, the repassivation potential of NiCrMo alloys is deter-
mined to be a stronger function of Mo content than Cr content.20,43

A critical concentration of both elements (11% for Cr and 13% for
Mo) is required for complete passivation to occur.43 Of the alloys
studied here, only C276 meets this criteria. The implication here is
that C276 undergoes minimal dissolution due to the high Cr and Mo
concentrations, preventing the formation of transport pathways and
inhibiting the growth of γ-NiOOH.

The electrochemical responses of pure Ni, G35, B3, and C276
can be summarized as follows:

• Electrochemical dissolution of Cr and Mo occurs throughout
the cycling process and is most prevalent during the oxidation of
Ni(OH)2 to NiOOH.

• Freshly exposed Cr and Mo sites on the electrode contribute to
the overall higher current seen in alloys G35 and B3.

• Alloying element dissolution leads to an increase in transport
pathways through the oxide layer. Direct oxidation of α-Ni(OH)2
sites and improved intercalation of cations and water increases the
formation of γ-NiOOH.

• The dissolution of alloying elements and formation of γ-
NiOOH is more pronounced for electrodes with dissimilar concen-
trations of Cr or Mo. At similar concentrations of Cr and Mo, a more
stable surface layer consisting primarily of β-NiOOH is formed upon
oxidation.

Voltammetry of the developed oxide layer.—Figure 3 presents
the final scan block corresponding to a DOL for each of the
electrodes. Values of particular interest are the onset potential
(Eon), the peak potentials for the anodic (Ep,a) and cathodic (Ep,c)
scans, and the half-wave potential (E1/2). These values are shown in
Table II. Ep,a and E1/2 could not be precisely calculated for alloy B3
due to peak overlap during the anodic scan, however it is estimated
to be comparable to that of C276 due to their similar leading edges.

The onset potential is estimated by drawing a tangent from the
rising current down to the x-axis, and is a measure of the minimum
potential needed to oxidize Ni from Ni(OH)2 to NiOOH. Eon is
negatively shifted for the alloys compared to pure Ni. Alloy G35 is
shifted the most, followed by B3 and C276. A negative shift in onset
potential is often attributed to improved electrical conductivity of the
electrode or electrolyte, as well as cation intercalation and lattice
structural differences between the alloys.44 It has been reported that
the intercalation of alkali metal ions such as K+ and Na+ between
layers of Ni(OH)2 during the charging process can cause a negative
shift in onset potential.45 This may lead to stabilization of
α-Ni(OH)2, suppressing its transformation to β-Ni(OH)2 and
favoring the formation of γ-NiOOH.19 An increase in transport
pathways due to Cr and Mo leaching may lead to improved K+

intercalation, driving the formation of γ-NiOOH and negatively
shifting the Ni(OH)2 to NiOOH redox onset potential through
α-Ni(OH)2 stabilization.

Chromium and molybdenum oxidation at potentials near the
Ni(OH)2 to NiOOH redox peaks may affect the measurement of
onset potential. To account for this, examination of the peak and
half-wave potentials can provide a better estimate of the character-
istic Ni redox features. In this case, Ep,a acts as a marker for the
overall Ni(OH)2 to NiOOH oxidation reactions and is comparable
for all of the electrodes. The Eo value for the
α− Ni(OH)2⇄ γ− NiOOH reaction is reported to be between 30
and 50 mV less than that of the β− Ni(OH)2 ⇄ β− NiOOH
reaction, meaning that the formation of even small amounts of γ-
NiOOH can cause negative shifts in the peak potentials.19 With
respect to alloy G35, the larger negative shift of Ep,a, as compared
with the other electrodes, can be attributed to additional γ-NiOOH
caused by increased surface area due to Cr dissolution.

Figure 3. Third scan (1 mV s−1) of the final block (14th) of the oxide
development procedure for alloys G35 (high Cr:Mo), B3 (low Cr:Mo), C276
(equal Cr:Mo), and pure Ni. Inset shows the current response in the potential
range of 0.80–1.2 V.

Journal of The Electrochemical Society, 2023 170 066502



The cathodic peak potential, Ep,c, is a useful benchmark for the β-
NiOOH reduction reaction as there is less overlap with the γ-NiOOH
peak. All of the values of Ep,c fall within a 4 mV range, indicating
that, while exposed Cr and Mo may contribute to increased reduction
current, there is little effect on the reduction potential of β-NiOOH.
The half-wave potential E1/2 is often used to fingerprint reversible
electrochemical reactions as it is an excellent estimate of Eo.46 The
values for E1/2 are comparable and have a mean of 1.39 V, which is
in good agreement with reported values.19 It should be noted that
that E1/2 values presented in Table II are calculated using the Ep,a
values from the combined oxidation peak, which will lead to some
discrepancy with other sources. In the case of all alloys, OER current
measured at the switching potential (Eλ) of 1.52 V is 4–5 times
larger than pure Ni.

Tafel analysis.—Figure 4 shows (a) polarization curves and (b)
Tafel plots for each of the electrodes collected in 1 M KOH.
Characteristic values for these plots, including the OER over-
potential required to produce 10 mA cm−2 of current (η10) and
Tafel (b) slopes are presented in Table III. Two overpotential ranges
are designated: a low range of 270–310 mV (blow) and a high range
of 350–390 mV (bhigh).

The polarization curves show an OER onset potential in the range
of 1.49 to 1.52 V for all electrodes. The η10 values for alloys G35,
B3, and C276 were 58, 80, and 54 mV lower than those for pure Ni,
indicating that the alloy electrodes have increased OER kinetics. The
evaluated Tafel slopes are well within range of other Ni-based
electrodes seen in literature.47–50 For Ni, the values of blow and bhigh
of 42.7 and 108 mV dec−1 are reasonably close to values of 40 and
120 mV dec−1 derived from a microkinetics model of OER by
Shinagawa et al.51 This particular combination of Tafel slopes
results from two possible rate determining steps:51

RDS 1: MO OH MOOH e 7− + ⇄ + [ ]− − −

RDS 2: MOO M O e 82− ⇄ + + [ ]− −

Distinguishing the exact rate-determining step would require a more
thorough investigation of reaction mechanisms than presented here.

In the low overpotential range, alloys G35, C276, and Ni have
comparable Tafel slopes, suggesting similar OER mechanisms and
rate-determining steps. In the high overpotential range, Tafel slopes
for pure Ni, G35, and C276 fall in a range encompassing the value of
120 mV dec−1expected for an ideal, one-electron transfer reaction.51

The Tafel slope of alloy B3 is noticeably higher than for the other
electrodes in both overpotential ranges, however, indicating a
possible change in reaction mechanism or at least a different rate-
determining step within the same mechanism. Molybdenum oxida-
tion may also contribute to the discrepancy in Tafel slopes for alloy
B3; as seen in Fig. 2c, there is significant non-OER current at
potentials greater than 1.5 V, overlapping with the OER feature.

Turnover frequency.—The behavior of Ni and the alloy elec-
trodes can also be evaluated through a turnover frequency (TOF)

analysis. This allows assessment of the accessible surface area on
OER kinetics. The TOF evaluated here is based on the amount of
available sites as determined by the reduction charge in the
voltammograms from Fig. 3, assuming a single electron transfer
process. The majority of reduction current is attributed to the
reduction of β-NiOOH and γ-NiOOH, as the characteristic half
wave and cathodic peak potentials are approximately the same for
the alloys and pure Ni. The reduction of other alloy-specific species
cannot be ruled out, however, and would require further quantitative
investigation. The equation for TOF is:

jN

nF
TOF 9A= Γ [ ]

where j is the OER current density, NA is Avogadro’s number, n is
the number of electrons exchanged during OER (4), F is Faraday’s
constant, and Γ is the site density. The equation for Γ is:

q
e

10Γ = [ ]

where q is the reduction charge density found by integrating the
cathodic sweep of Fig. 3, and e is the elementary charge. Turnover

Table II. Primary characteristic voltammogram potentials (V) for a
developed oxide layer of Ni-based alloys and pure Ni. Parameters in
order are the onset potential, anodic peak potential, cathodic peak
potential, and half-wave potential.

Cr:Mo Eon Ep,a Ep,c E1/2

Ni NA 1.397 1.431 1.355 1.393
G35 High 1.351 1.417 1.358 1.387
B3 Low 1.367 1.43a 1.355 1.39a

C276 Equal 1.379 1.425 1.354 1.390

a Approximated due to significant peak overlap.

Figure 4. (a) Polarization curves and (b) Tafel plots for Ni, G35 (high Cr:
Mo), B3 (low Cr:Mo), and C276 (equal Cr:Mo). Data extracted from
potential step experiments. Electrolyte is 1 M KOH and stirred using a
magnetic stir-bar at 200 RPM to improve mass-transfer.
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frequencies were calculated for three overpotentials (300, 340, and
380 mV), which encompass the range of Tafel slope measurements.

The TOF values are presented in Fig. 5. In the low overpotential
range (η300), TOF values are highest for alloys C276 and B3,
followed by pure Ni and G35. At η340, the TOFs increase by a factor
of three or more; the value for C276 is greatest, followed by pure Ni,
B3, and G35. In the highest overpotential region, η380, the TOFs for
Ni and C276 are similar and markedly greater than those for G35
and B3. One explanation for this is the relationship between Cr:Mo
ratio and γ-NiOOH formation; the electrodes with dissimilar Cr:Mo
ratios (G35 and B3) have lower TOF, yet form higher concentrations
of γ-NiOOH than those with similar Cr:Mo ratios (or no Cr/Mo).
The implication here is that the γ-NiOOH phase has a lower TOF
relative to the β-NiOOH phase, corroborating a report that the β-
NiOOH phase is more active toward OER than the γ-NiOOH
phase.52

One final point regards the results for OER kinetics based on
geometric surface area (Fig. 4) vs density of active sites (Fig. 5).
Specifically, Ni and C276 require higher overpotentials for a given
current density, yet exhibit higher TOFs compared to alloys G35 and
B3. We interpret this along the line of total accessible surface area vs
accessible oxyhydroxide sites. While exposed Cr and Mo contribute
to the high electrochemical surface area of alloys G35 and B3, these
alloying elements are inactive toward OER in the measured potential
range.53,54 As a result, the TOF values for G35 and B3 are lower
than those for Ni and C276, the electrodes with less total electro-
chemical surface area but higher concentrations of active NiOOH
sites.

Conclusions

Electrochemical oxidation and development of the oxide layer of
Ni and NiCrMo alloys in alkaline electrolyte was studied as a
function of potential cycling. Voltammetry, Tafel analysis, and
turnover frequency were used to characterize and compare the
electrocatalytic activity of the electrodes from which the following
conclusions can be drawn:

• Varying the concentration of alloying elements led to prefer-
ential formation of different Ni(III) phases, but the characteristic
potentials of the α-Ni(OH)2⇄ γ-NiOOH and
β-Ni(OH)2 ⇄ β-NiOOH reactions were unaffected.

• Leaching of alloying elements led to an increase in transport
pathways and electrochemical surface area, improving the formation
of the γ-NiOOH polymorph.

• Alloys with dissimilar Cr:Mo ratios (G35, B3) had significantly
higher oxidation and reduction currents than the alloy with a similar
Cr:Mo ratio (C276) or pure Ni. This may be due to exposed Cr and
Mo that do not dissolve, but rather continuously oxidize and reduce
alongside Ni during the cycling process.

• All alloy electrodes show increased OER kinetics per geo-
metric area relative to pure Ni, although Ni and C276 have higher
and similar TOFs compared to those of G35 and B3.
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