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Iron is unstable as an oxygen evolution electrode in alkaline media. Thus, relatively expensive nickel-based electrodes are used in
industrial alkaline water electrolysis. We show that an iron substrate can be rendered stable and electrocatalytically active for the
oxygen evolution reaction by nano-scale surface modification with nickel. The electrocatalytic activity of such a surface-modified
iron electrode is comparable to the recently-reported nickel-based catalysts. The electrocatalytic activity is due to a 50-nanometer
layer of a high-surface area α-nickel hydroxide on the iron electrode. The nickel modification renders the iron electrode electrically-
conductive, prevents dielectric breakdown, and thus endows anodic stability. The electrocatalytic activity is unchanged even after
1000 hours of continuous operation. The temperature of preparation is critical, as excessive dehydration of the hydroxide layer results
in nickel ferrite formation and a drastic reduction in electrocatalytic activity. We report significant insight into the surface chemical
composition and structure of the catalyst layer by X-ray Absorption Spectroscopy, Photoelectron Spectroscopy, and Transmission
Electron Microscopy. Electrochemical kinetics analysis suggests that surface hydroxo-intermediates react with the hydroxide ions
from the solution to evolve oxygen. Thus, the surface-modified iron substrates present an opportunity for improving the performance
and reducing the cost of alkaline water electrolysis systems.
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Inexpensive, efficient and durable electrocatalysts for supporting
oxygen evolution are direly needed for reducing the cost and im-
proving the performance of water electrolysis systems and metal-air
batteries. The sluggish kinetics of the multi-electron charge-transfer
during oxygen evolution results in large overpotentials and reduced
energy efficiency.1–14 Although ruthenium and iridium-based electro-
catalysts are very active for the oxygen evolution reaction (OER), these
electrocatalysts are simply not stable in alkaline media.15–19 Further,
the cost of these noble metals is prohibitive for large-scale utilization
of such electrocatalysts.16,20 Consequently, electrodes based on tran-
sition metal oxides supported on nickel substrates are the preferred
catalysts for industrial alkaline water electrolysis.21 Recent studies
have indicated exciting possibilities with a variety of alternative cata-
lyst materials that do not use noble metals.22–27 Specifically, transition
metal perovskite and spinel oxides, and layered-double-hydroxides
containing iron, nickel, and cobalt are promising.25–35 Also, nitrogen
and phosphorous-doped carbon-based catalysts have shown signif-
icant electrocatalytic activity.36 The relatively harsh conditions im-
posed by the anodic potentials during oxygen evolution present a ma-
jor challenge to the chemical stability of these electrocatalysts. Thus,
despite the progress, an inexpensive electrocatalyst that is simulta-
neously efficient and robust for the large-scale utilization continues
to be a challenge. The findings that we report here suggest a new
opportunity for advancing the field of alkaline water electrolysis.

The inherent stability of nickel under anodic conditions has led to
its wide use as a substrate for oxygen electrodes in alkaline media.
Also, recent discoveries emphasize the enhanced catalytic activity
achieved by the addition of small amounts of iron to nickel oxide
and hydroxides.37–41 For water electrolysis systems, the cost added
by nickel-based electrodes for the anode and cathode can be quite
significant, and its replacement by less expensive materials is much
desired. Further, improvements in energy efficiency are desired to
lower the cost of hydrogen production.

Iron is at least 40 times less expensive than nickel. Thus, we were
urged to consider iron as an alternate electrode material. However,
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an iron electrode when anodically polarized in alkali at the potentials
of the oxygen evolution reaction produces copiously oxidized forms
of iron, and the electrode disintegrates rapidly. Specifically, a passive
protective film of iron (III) oxide is first formed on the surface of
iron, and then this film being insulating breaks down under anodic
conditions resulting in further exposure of bare iron to the alkaline
electrolyte. For this reason, it has been so far impractical to use iron
as a substrate or electrode for evolving oxygen (see supplementary
information, Fig. S1). Attempts to improve the durability of the iron
electrode with magnetite coatings has met with limited success in other
anode applications.42 Thus, iron remains unutilized as an electrode
material for oxygen evolution in alkaline media.

We report a surface-modified iron electrode that is remarkably
stable and exhibits significant electrocatalytically activity for the oxy-
gen evolution reaction. Specifically, we show that a porous sintered
iron structure fabricated from carbonyl iron powder can be modified
to be an efficient and robust electrode for alkaline water electroly-
sis. The electrochemical performance of such a surface-modified iron
electrode for oxygen evolution is comparable to the recent nickel and
cobalt-based iron hydroxide electrodes.27,43 The present study, focuses
on gaining insight into the mechanism of electrocatalytic activity, un-
derstanding the effect of preparation conditions, and investigating the
durability of the electrocatalyst under extended operation for 1000
hours.

Experimental

Preparation of surface-modified iron electrodes.—All surface-
modified iron electrodes were prepared using a three-step process:

Step 1. Sintering of carbonyl iron powder to form a porous iron
substrate,

Step 2. Application of a precursor coating at 100–150◦C, and
Step 3. Heating of the precursor coating in air at 200◦C or 400◦C

to induce modification of the iron surface.

The iron substrate was prepared by sintering a 1:1 mixture of
carbonyl iron powder (BASF SM grade) and ammonium bicarbonate
(ReagentPlus, ≥ 99.0%) in a tube furnace under argon atmosphere
at 850◦C for 15 minutes. Upon heating, the ammonium bicarbonate
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decomposed to ammonia, water and carbon dioxide leaving behind
pores within the sintered structure. The electrodes were typically 5 cm
× 4 cm in size with a thickness of about 0.5 mm.

In Step 2, the iron substrate was heated to about 150◦C and an
aqueous solution of nickel nitrate was spread dropwise on the hot sur-
face to form an evaporated layer. We term this layer as the “precursor”
coating. Such a precursor-coated electrode was heated in air at 200◦C
or 400◦C for 30 minutes (at a heating rate of 10◦C per minute) during
which the precursor decomposed on the surface of the iron electrode.

Steps 2 and 3 were repeated to achieve the targeted mass increase of
7.5 mg cm−2. The electrodes prepared by heat-treatment at 200◦C and
400◦C have been designated as NSI-200 and NSI-400, respectively.

Physical characterization- morphology and phase studies.—
Scanning electron microscopy (SEM) (conducted with JSM-7001F)
was used to study the surface morphology of the electrodes “as-
prepared” and after electrochemical tests. Electrodes that were sub-
jected to electrochemical stability tests were thoroughly washed in
de-ionized water and dried in air prior to SEM analysis.

Surface morphology, thickness of the oxide coating, and elemental
distribution across the coating was probed by transmission electron
microscopy (TEM). Sub-100 nm thick cross-sections of the samples
were prepared using standard focused ion beam-sample preparation-
techniques (FEI Nova 600 NanoLab DualBeam) and the resulting
lamella was imaged using a TEM (JEOL JEM-2100F) at an acceler-
ating voltage of 200kV.

To obtain the degree of crystallinity and the phase composition
all the samples were investigated by X-ray diffraction using a Rigaku
Ultima IV diffractometer (Cu K-alpha source). X-ray photoelectron
spectroscopy (Kratos Axis Ultra DLD) was used to investigate the
surface oxidation states of the components in the samples. Samples for
both X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) studies were handled in just the same manner as that for the
SEM studies.

Nickel K-edge X-ray Absorption Fine Structure (XAFS) mea-
surements were made on beamline 20-ID-C at the Advanced Photon
Source (Argonne National Laboratory). The first harmonic of the
undulator was used along with full scanning of the undulator. The
incident beam was rendered monochromatic using a Si (111) double
crystal monochromator. The X-ray beam was focused using a toroidal
mirror and the beam was defined [0.1 mm (vertical) by 0.4 mm (hori-
zontal)] using a pair of slits. Higher-order harmonics were suppressed
by de-tuning the monochromator to reduce the incident X-ray inten-
sity by approximately 15%. A bent Laue analyzer (FMB Oxford) in
conjunction with a 2D-position sensitive detector (Pilatus 100K) was
employed to reject the large and detrimental Fe fluorescence back-
ground and to selectively monitor the dilute Ni Kα fluorescence from
the modified electrodes. For comparison, transmission-mode XAFS
data of α-Ni(OH)2 were obtained in beamline 20-BM-B. Data reduc-
tion was carried out using the IFEFFIT suite of software.44

Polarization measurements.—We measured the electrocatalytic
activity for the oxygen evolution reaction by steady-state potentio-
static polarization experiments. These measurements were made by
holding at each value of potential for 15 minutes. Linear sweep voltam-
metry was specifically avoided to ensure that any slow changes to the
surface chemistry did not interfere with the accurate determination
of the kinetic parameters. Both the oxygen evolution activity and
reaction-order studies were performed at room temperature close to
25◦C. However, for measuring the activation energy the temperature
was varied between 30◦C and 50◦C at intervals of 5◦C.

For all the electrochemical measurements we used a three-
electrode polyfluoroethylene cell with a mercury/mercuric oxide
(MMO) reference electrode (in a 5.35 M potassium hydroxide aqueous
solution), a nickel mesh as counter electrode and 5.35 M potassium
hydroxide aqueous solution as the electrolyte. We have selected this
concentration of electrolyte for testing because it is widely used in
commercial water electrolysis. We recognize that some of the data
in the recent literature is with 1 M potassium hydroxide. To allow

comparisons with the literature data, we have reported all potentials
vs. the reversible hydrogen electrode. Thus, electrode potentials mea-
sured against MMO were recalculated vs. the Reversible Hydrogen
Electrode (RHE) scale using the relationship,

ERHE = EMMO + 0.098 V + 0.828 V + 0.059 log aOH−, at 25◦C

where ERHE in the equation refers to the potential of the electrode
vs. RHE, EMMO is the potential vs. MMO and aOH- is the activity of
hydroxide ions in the electrolyte.45

By using the same concentration of potassium hydroxide solution
in the MMO electrode as in the electrolyte we avoided liquid junction
potentials. However, for determining the reaction order with respect to
OH− ions, we varied the concentration of potassium hydroxide aque-
ous solution in the cell set up and corrected for the liquid junction
potential. High-purity water (18.2 MOhm-cm, 4 ppb total organic car-
bon) was used to prepare the electrolyte solutions. Since the measured
currents were as high as 2 Amperes in some of the cases, the measured
electrode potential values were corrected for the potential drop due
to the uncompensated solution resistance between the working and
reference electrodes.

Electrochemical impedance spectroscopy (EIS).—Electrochemi-
cal impedance at various values of electrode potential was measured in
the frequency range of 10 kHz to 1 Hz with a sinusoidal voltage excita-
tion (2 mV peak to peak). We measured the double-layer capacitance
in the potential range where oxygen evolution occurred. Double-layer
capacitance was determined by fitting the complex impedance data to
a modified Randles-type equivalent circuit that included the constant
phase element to represent the distributed capacitance arising from
the high-surface area of the electrode. We calculated the double-layer
capacitance from the parameters of the constant phase element using
the relationship in Eq. 1.

CDL = [
Qo(1/Rs + 1/Rct)

a−1
]1/a

[1]

where, CDL is the double-layer capacitance in farad (F), Qo is the con-
stant phase element with the unit S-seca, “a” is the unit-less exponent
(0 < a < 1). Rs and Rct refer to solution resistance and charge-transfer
resistance, respectively.46

Results and Discussion

Electrode structure and phase composition.—The iron electrode
(Fig. 1) prepared by the sintering of carbonyl iron particles had a
macro-porous structure consisting of a framework of iron particles
connected by sinter “necks” that formed open pores suited for elec-
trolyte access much like the nickel foam electrodes used in industrial
water electrolysis (Fig. 1). The porosity of the iron electrodes was de-
termined to be 80.6% v/v. The size of the pores in the iron electrodes
ranged from 5 to 500 microns.

Figure 1. SEM images of iron substrate: (a) microporous structure and, (b)
sintered necks formed by iron particles.
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Figure 2. SEM images: (a) as-prepared NSI-200 showing flake like nanos-
tructure and, (b) NSI-400.

After surface modification, the NSI-200 electrodes (designation of
those electrodes prepared at 200◦C) showed a flake-like heterogeneous
nano-structure. However, the NSI-400 electrodes (designation of the
electrodes prepared at 400◦C) appeared to be smooth compared to the
NSI-200 electrodes (Fig. 2).

The electrochemical impedance measurements yielded a complex
impedance plot with a slightly depressed semi-circle indicative of the
distributed nature of the capacitance and resistance elements at the
interface typical of a microporous surface (Fig. 3). The impedance
data was fitted to a modified Randles’ equivalent circuit (see sup-
plementary information, Table S1 for values of fit parameters). We
confirmed that the choice of this equivalent circuit was physically
meaningful based on the observed decrease of charge-transfer resis-
tance parameter with increasing applied potential. The double layer
capacitance was calculated from the constant-phase element param-
eter using the relationship in Eq. 1. We found that the double-layer
capacitance of the NSI-200 electrodes was at least 140 times that of
the NSI-400 electrodes (Table I). The area enhancement is consistent
with the significant differences in morphology observed for NSI-200
and NSI-400 (Fig. 2). The charge-transfer resistance of NSI-200 was
approximate 100 times lower than that of NSI-400.

The NSI-200 electrodes showed an amorphous surface while the
NSI-400 electrodes showed nano-crystallinity (Fig. 4). We attribute
the amorphous nature of the sample prepared at 200◦C to a surface of
iron and nickel hydroxides. We expect such hydroxides to be stable to
about 250◦C. When the preparation temperature was raised to 400◦C,
the iron and nickel hydroxide were expected to dehydrate, consistent
with the formation of a crystalline oxide phase. While we do not

Table I. Double-layer capacitance and charge-transfer resistance
normalized for geometric area of electrode for NSI-200 and NSI-
400 at 1.53 V vs RHE.

Double-Layer Capacitance, Charge-transfer resistance,
Sample CDL, F cm−2 Rct, Ohm-cm2

NSI-200 3.89 × 10−4 0.42
NSI-400 2.74 × 10−6 4.18

Figure 4. X-ray diffraction pattern of NSI-200 and NSI-400 in the
“as-prepared” state before electrochemical testing.

expect complete transformation to a crystalline oxide until 500◦C,
we noticed the beginnings of the formation of trevorite (nickel ferrite
spinel, NiFe2O4) in the NSI-400.47 Using the Scherrer formula and
the full-width at half maximum for the (311) peaks, we calculated the
crystallite size for the trevorite phase in NSI-400 sample to be 34 nm.

The XAFS and XPS investigations provided further insight into the
above findings. The XAFS χ(k) of NSI-200 was similar to that of the
α-Ni(OH)2, while that of NSI-400 was distinctly different (See Fig.
S2 in Supplementary information). This finding was also borne out in
the corresponding Fourier transforms (FTs) shown in Figs. 5a, 5b. The
first feature in the FT (ca. 1–2 Å) is ascribed to Ni-O correlations in

Figure 3. Measured and fitted EIS data: (a) NSI-200 and (b) NSI-400. Fitting was done using the modified Randles’ circuit shown in the inset.
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Figure 5. (a) The magnitude of FT and (b) the real part of FT corresponding to NSI-200, NSI-400 and α-Ni(OH)2.

all cases. Both NSI-200 and α-Ni(OH)2 samples showed a relatively
strong second feature (ca. 2.2–3 Å). This feature corresponded to Ni-
Ni correlations that arose from edge-shared NiO6 octahedral units.48,49

As such, the general appearance of the FT of NSI-200 was similar to α-
Ni(OH)2, even out to 6 Å. These observations revealed that the nickel
in NSI-200 was present as a hydrated, non-crystalline α-Ni(OH)2.

In contrast, the FT of NSI-400 was very different from α-Ni(OH)2.
The FT features of NSI-400 were of higher intensity, which suggested
a more ordered structure. The features in the region 2–3.5 Å was as-
cribed to Ni-metal correlations from dominant octahedral-octahedral
and additional octahedral-tetrahedral-correlations. Indeed, the spec-
trum was consistent with nickel largely occupying octahedral sites
in a spinel structure.50,51 The presence of an octahedral-tetrahedral
correlation pointed to tetrahedral site occupancy (likely Fe3+), which
was expected for a nickel ferrite (an inverse spinel). Therefore, these
findings were consistent with XRD analysis and revealed the presence
of distinctly different nickel modified surface phases in NSI-200 and
NSI-400 samples.

TEM studies indicated that both the NSI-200 and NSI-400 samples
have a core consisting of iron surrounded by two recognizable over-
layers (Fig. 6). The layer immediately surrounding the iron core was an
iron oxide phase whereas the outer-most layer, in the case of NSI-200
is comparatively nickel-rich (Ni:O = 36:65), which was consistent
with the XAFS finding of alpha-nickel hydroxide. Thickness of this
outer-most layer was between 50 to 80 nm in case of NSI-200 (Fig.
S3). For NSI-400 sample, the outer layer was had a lower nickel
content than NSI-200, with Ni:O = 8:92, which was also consistent
with the XAFS results of a spinel ferrite (trevorite) phase (NiFe2O4).
The thickness of this nickel ferrite phase was about 60–90 nm (Fig.
S3).

Surface composition.—XPS investigations of the electrode sur-
faces in the as-prepared state (i.e., before any wet electrochemical

Figure 6. TEM analysis of NSI-200 and NSI-400.
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Figure 7. Binding energy of oxygen (1s), iron (2p) and nickel (2p) for NSI-200 and NSI-400 in the as prepared state.

testing) indicated that nickel and iron were in the oxidized state and
support the findings from XAFS and XRD studies (Fig. 7). We have
made assignments of the XPS data based on previously reported val-
ues for the respective oxides and hydroxides of nickel and iron in
different materials.52–54 For the NSI-200 sample, we noted a small
fraction of iron still in the metallic state.

The oxygen 1s peaks were de-convoluted based on oxides
(529.4 eV and 530.7 eV)50 and hydroxides (531.9 eV)53 for both NSI-
200 and NSI-400, with only oxides being observed with NSI-400.
The dominant presence of oxides on the NSI-400 electrode is con-
sistent with the dehydration at the higher temperature of preparation
and the formation of the trevorite phase seen by XRD. The binding
energy values for the iron-2p3/2 ranged from 706.5 eV to 712.5 eV.
These asymmetric peaks were de-convoluted to indicate the presence
of Fe3+, Fe2+ and metallic iron on the surface of NSI-200. The area
under the de-convoluted peaks had a distribution ratio for Fe3+ to
Fe2+ of 2.5:1 for NSI-200 and 3:1 for NSI-400. The higher average
oxidation state of iron in the NSI-400 is consistent with the Fe3+ in
NiFe2O4 as indicated by the XRD study (Fig. 4). For the NSI-200
sample, we noted that a small fraction of iron was still in the metallic
state suggesting that some areas of the electrode may be covered by a
very thin layer of oxide/hydroxide allowing the X-rays to probe below
the surface.

After the surface modification, the iron electrodes were extremely
stable during anodic polarization in alkali solutions for at least 1000
hours (see later here for data). Such stability of the surface-modified

iron electrode was in sharp contrast to the rapid disintegration and
discoloration of the solution (turning brown) when the unmodified
iron electrode was used as an oxygen evolving electrode. Further, the
surface-modified iron electrode could sustain current densities as high
as 100 mA cm−2 without any noticeable damage to the coating.

We ascribe the remarkable stability of the surface-modified
iron electrode under high anodic currents to the formation of an
electrically-conducting mixed hydroxide film by the surface modifica-
tion process. Such an electrically-conductive layer avoids the damage
by dielectric breakdown suffered by insulating films of iron oxide
on the unmodified electrodes. Thus, the conversion of the insulating
iron oxide surface to other types of electrically-conductive films can
also be expected to endow similar stability under anodic conditions.
We tested this hypothesis by incorporation of cobalt in the place of
nickel, by the same method used here for preparing NSI-200. We then
found that the cobalt modification also yielded an iron electrode that
was also stable under anodic conditions. Thus, we now have shown a
viable approach to stabilizing the iron electrode that is broadly appli-
cable for preventing the degradation and dissolution of iron in alkali
under anodic conditions. Such a process for stabilization may be con-
sidered akin to the formation of dimensionally stable anodes based
on titanium where the surface layer is rendered conducting by form-
ing a conductive solid solution layer of titanium oxide and ruthenium
oxide.55

While the surface modifications produced on NSI-200 and NSI-
400 that were surprisingly stable under anodic conditions, the
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Figure 8. (a) Steady State polarization data for oxygen evolution in 5.35 M
potassium hydroxide for NSI-200 and NSI-400, (b) Tafel plots after correcting
for ohmic losses.

electrocatalytic activity of these modified electrodes for oxygen evo-
lution was even more remarkable (Fig. 8) with significant differences
in the performance of NSI-200 and NSI-400. NSI-200 with its par-
ticularly high performance and durability emerged as one of the most
promising electrocatalysts for oxygen evolution.

The onset potential for oxygen evolution was as low as 1.38 V vs.
RHE for NSI-200. This value of onset potential is among the lowest
reported thus far for OER on various types of transition metal oxides.
The electrode potential for NSI-200 at 10 mA cm−2 was 1.448 V vs.
RHE that corresponded to an overpotential of 218 mV. The rough-
ness factor for NSI-200 was determined to be 6.5 (see supplementary
information for calculation). This value of roughness factor is compa-
rable to those reported for other active oxygen evolution catalysts.16

Therefore, we conclude that NSI-200 has good catalytic activity for
oxygen evolution. We have repeatedly observed this high level of per-
formance in three separate electrodes that were prepared similarly. We
have ensured that the result is statistically significant and reproducible
within 1–2 mV (See Supplementary Information Fig. S4). We note
that to reach 10 mA/cm2 20 wt% Ir/C catalyst requires 380 mV over-
potential and 20 wt% Ru/C catalyst requires 390 mV overpotential,
respectively.56

While both NSI-200 and NSI-400 were quite active catalytically
for oxygen evolution, NSI-200 was able to sustain 100 times more cur-
rent than NSI-400 at any particular electrode potential (for example at
1.47 V vs. RHE, Fig. 8b). We observed a Tafel slope of 43 mV/decade
for NSI-200 over a wide range of current density (4 to 100 mA cm−2)
similar to that observed with the layered nickel and iron hydroxide
electrodes.27,28 A similar Tafel slope of 43 mV/decade was observed

for NSI-400, however, overpotential for NSI-400 at 10 mA cm−2 was
295 mV (77 mV higher than for NSI-200).

As both NSI-200 and NSI-400 have the same Tafel slope of
43 mV/decade in the range of 5 to 33 mA cm−2, we expect that
the mechanisms for oxygen evolution are likely to be the same on
both surfaces in this region of potentials. The higher current density
at any chosen potential observed with NSI-200 may be attributed to
the number and type of active sites arising from the higher surface
area of NSI-200 compared to NSI-400. Further, we find from XAFS
that the NSI-200 sample is characterized by the presence of α-nickel
hydroxide, as compared to the NSI-400 that has largely the nickel fer-
rite phase. Under anodic conditions, α-nickel hydroxide will convert
to γ-nickel oxyhydroxide that is a more active catalyst than nickel
ferrite, NiFe2O4.57

From the double-layer capacitance measurements (Table I) we
conclude that the electrochemically-active surface area of NSI-200
to be as high as 140 times that of NSI-400. The reduced surface
area of NSI-400 is consistent with the marked loss of water from
the hydroxides that occurs between 250◦C and 400◦C leading to the
formation of oxides.58 Thus, in addition to the differences in the
surface composition, the enhanced surface area of NSI-200 could also
contribute significantly to the observed activity.

Reaction mechanism.—For oxygen evolution in alkali (Eq. 2), the
generalized rate equation is given by Eq. 3.

4OH− → O2 + 2H2O + 4e− [2]

Rate = I/nFA = k(aOH−)p exp(βFn (E-Erev) /RT) [3]

where I is the current, k is the heterogeneous rate constant, aOH- is the
activity of hydroxide ions, p is the order with respect to the hydroxide
ion, β is the transfer coefficient, F is the Faraday constant, n is the
number of electrons transferred in the rate determining step, E is
the electrode potential measured at current I, Erev is the reversible
potential for the oxygen evolution reaction at the specific electrolyte
concentration, R is the gas constant and T is the absolute temperature.

To gain insight into the reaction mechanism, we determined the
order of the reaction with respect to the hydroxide ion from steady-
state potentiostatic experiments at different values of concentration
of potassium hydroxide solution. We also compared the Tafel slope
RT/(βnF) for various mechanisms with the experimental value of the
Tafel slope from Fig. 8b. The order of the reaction with respect to
hydroxide ions, p in Eq. 2 is given by,

p = [∂ (log I) /∂ (log aOH−)]E,T [4]

Specifically, the reaction order was determined from the slope of
plot log(current) vs log(activity of hydroxide ions) at a fixed overpo-
tential and temperature as per Eq. 4. We ensured that the overpotential
value was the same at the various values of hydroxide concentration.
For such measurements, it was important to correct for the liquid
junction potential (see Table S2 in Supplementary information). Also,
it was important to use activity values and not simply concentration,
as the activity coefficients were significantly different from 1 for the
higher concentrations. By this method, we determined the order of
reaction with respect to hydroxide ions to be 0.6 (Fig. 9). This value
is not far from the values of 0.75 reported for various transition metal
oxide surfaces.59

The activation energy for oxygen evolution for NSI-200 and
NSI-400 were determined from steady-state polarization experiments
in 5.35M potassium hydroxide electrolytic-solution by varying the
temperature over the range of 30◦C to 50◦C at 5◦C increments.
The activation energy, �E#, at various values of electrode poten-
tial was calculated from the slope of the Arrhenius-type plots as per
Equation 5,

�E# = −2.303 R[∂ log I/∂ (1/T)]E [5]

where in, R is the Universal gas constant, I is the current, T is absolute
temperature and E is the electrode potential at current I. The activation
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Figure 9. Plot of logarithm of current density vs. the logarithm of activity of
hydroxide ion at 25◦C and 1.6 V vs RHE.

energy for oxygen evolution over the potential range of 1.46 to 1.56 V
vs. RHE was in the range of 12 to 18 kcal/mol consistent with the
values observed by others for the oxide catalysts59 (Fig. S5). We can
expect the free energy of adsorption to vary with the coverage of
hydroxide ions, and hence this variation in activation energy appears
to be reasonable to expect.

The values of Tafel slope, activation energy, and the order of re-
action with respect to hydroxide ions for NSI-200 were consistent
with the O’Grady and Kobussen pathways for the oxygen evolu-
tion reaction.59 The Tafel slope values for the Bockris oxide path
was higher than those observed in our studies and consequently, we
deemed that this pathway was less likely. The relevant reaction steps
for O’Grady and Kobussen pathways are reproduced in Table II.

The observed value of Tafel slope of 43 mV/decade (or ap-
proximately, 2.303∗2RT/3F)and the order of reaction with respect
to hydroxide of 0.6 is consistent with O’ Grady path with the rate-
determining step being the electrochemical transformation of surface
hydroxides through the change of oxidation state of the transition
metal (Step 2). Alternately, the Kobussen pathway could be operating
with the rate determining step being an Eiley-Rideal type of mecha-
nism leading to surface oxide species (Step 2 of the Kobussen path).

To unequivocally assign one of these mechanisms, we will require
knowledge of whether the coverage of the surface by hydroxide is
high or low. Since our experiments employ high concentrations of
hydroxide, and as the surfaces of NSI-200 and NSI-400 are known
to have a strong affinity for hydroxide, a high coverage of hydroxide
on the surface can be expected in the potential range of interest.
Further, we can expect that the presence of hydroxides and oxides

on the surface of NSI-200 and NSI-400 would allow the formation
of superoxy intermediate (M-OOH) via Step 3 leading up to oxygen
evolution.60 Consequently, we conclude that the Kobussen pathway
with step 2 as the rate-determining step bears a closer consistency
with the electrochemical kinetic data.

Durability studies.—For commercial applications in water elec-
trolysis, the electrocatalysts should be durable for thousands of hours.
To test the robustness and stability under the conditions of oxygen
evolution, we selected NSI-200, our most active catalyst, and held
the current at 10 mA cm−2 in 5.35 M potassium hydroxide solu-
tion and monitored the electrode potential for 1000 hours. Such ex-
tended durability measurements are not commonly encountered in
the catalyst literature, but we realize that this extended durability is
an important aspect of the catalyst performance for possible further
utilization of these catalyst formulations. The NSI electrode was po-
larized at 10 mA/cm2 in a cell consisting of a counter electrode and
reference electrode in potassium hydroxide solution, all in the same
compartment. A photograph of the cell is included in the supplemen-
tary information. The use of a common compartment cell avoided any
pH changes at the oxygen evolution electrode. The loss of water of
was compensated by the addition of about 5 ml of de-ionized water
to the cell. Thus, no change in hydroxide ion concentration occurred
during this test. Also reference electrodes were monitored to ensure
that there was no drift in their values.

The rate of change in electrode potential over the 1000 hours of
testing was estimated by a line fit to be 1.4 μV h−1. This extremely low
rate of change of potential demonstrated the extraordinary robustness
of NSI-200 for OER (Fig. 10). After 700 hours of testing when a
slight decrease in overpotential was observed, we noticed that there
had been some electrolyte loss from the reference electrode. After
refilling of reference electrode, the durability test was resumed and
continued, until 1000 hours were completed. Thus, we were able to
show that that the NSI-200 electrocatalyst formulation was not only
electrochemically active but also durable for extended periods. The
SEM images confirmed no noticeable change in morphology of the
NSI-200 surface even after the 1000 hours of testing, and the high
surface area features were retained (Fig. S6).

XPS study for NSI-200 after 1000 hours of oxygen evolution in
alkali still showed the presence of Ni2+, Fe3+ and O2− on the surface
(Fig. 11). Upon comparing the XPS spectra for NSI-200 in Fig. 11 with
that of Fig. 7, a peak of very low intensity attributable to iron (0) was
still observable. Our observation of iron (0) is consistent with the non-
uniform thickness of the coating as revealed by TEM studies (Fig. 6)
and the protective nature of the catalytic over-layer. We noted that the
XPS data after durability testing showed Fe3+ and no Fe2+, unlike
the sample before the test. If the catalytic activity depended on the
proportion of Fe2+/Fe3+ sites, it is likely that we would have observed
some change in the overpotentials during the durability tests. The
absence of this change suggested that the nickel sites are more likely

Table II. Mechanistic pathways consistent with the kinetic data for NSI-200 and NSI-400 catalysts.

O’Grady’s Path:
Rate determining step Tafel slope∗ at low coverage Order with respect to OH−

Step 1. Mz + OH− → MzOH + e− 2RT/F 1
Step 2. MzOH → Mz+1OH + e− 2RT/3F 1
Step 3. 2Mz+1OH− + 2OH− → 2Mz + 2H2O + O2 RT/4F 4

Kobussen’s Path:
Rate determining step Tafel slope at high coverage Order with respect to OH−

Step 1. M + OH− → MOH + e− - -
Step 2. MOH + OH− → MO + H2O + e− 2RT/3F 1
Step 3. MO + OH− → MO2H− ∞ 1
Step 4. MO2H− + OH− → MO2

− + H2O + e− 2RT/F 1
Step 5. MO2

− → M + O2 + e− ∞ 0

∗Note 2.303 RT/F = 0.059 V.
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Figure 10. Overpotential of NSI-200 electrode at 10 mA cm−2 in 30% potas-
sium hydroxide at 25◦C monitored over 1000 hours.

to be active site, consistent with the activity of nickel hydroxide coated
catalysts reported by others. Also, the nickel continued to remain in
the +2 oxidation state after the tests, consistent with the chemical
reversibility of the oxidation states of nickel to be expected during
oxygen evolution.

XRD studies performed on the samples after the 1000-hour test
(Fig. 12) indicated the presence of nanocrystalline nickel ferrite with
an estimated crystallite size of 23 nm. XRD results suggested some of
the trevorite phase is produced at the end of the durability tests. It is
interesting to note that the spinel phase can be produced even at room
temperature during electrochemical oxygen evolution. The formation
of Fe3+ noted from XPS is also consistent with some of the surface
hydroxides being converted during copious oxygen evolution to the
nickel ferrite (NiFe2O4). However, it is possible that the high oxygen
concentration at the surface and the ability of the hydroxide groups to
diffuse on the surface during electrochemical oxygen evolution could
facilitate the transformation to the ferrite at room temperature. Such
formation of spinel structures has been known in the anodic oxidation
of solutions of cobalt (II) complexes in alkaline media. Spinel crystals
prepared electrochemically at room temperature were comparable in
crystallinity to the ones produced at elevated temperature.61 Hence,
we can expect the nickel and iron hydroxides that are incompletely

Figure 12. Comparison of XRD of NSI-200 before and after 1000-hour anodic
polarization test.

calcined at 200◦C in the NSI-200 to be partially converted to the
spinel oxides through oxidation of the alkali soluble solution species.
However, it appears that these changes did not have any noticeable
impact on the performance of the electrodes over the 1000-hour period.
These observations suggested that the α-nickel hydroxide phase could
be the stable active phase supporting the high electrocatalytic activity.

To probe the robustness for even longer duration we have applied
10 mA cm−2 to one of the NSI-200 electrodes for 1700 hours. Here
also we noticed that the rate of change of electrode potential was
negligible (1 μV/h, Fig. S7). This result of extended testing further
demonstrated the exceptional durability of the NSI-200 electrodes.

Conclusions

We have shown that surface-modified iron electrodes combine
good electrocatalytic activity with robustness for oxygen evolu-
tion. We showed that the surface modification process provided an
electrically-conductive layer on the iron electrode that rendered the
electrode stable during anodic polarization in alkaline media.

Most importantly, the surface-modified iron electrode exhibited an
overpotential of 0.218 V at 10 mA cm−2. The iron electrode prepared

Figure 11. XPS measurements on NSI-200 after 1000-hour test.
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at 200◦C did not show any noticeable change in performance even after
1000 hours of oxygen evolution at a constant current density of 10 mA
cm−2 demonstrating extraordinary robustness of the electrocatalytic
coating. The high level of electrochemical activity and stability of the
surface-modified iron electrode for oxygen evolution is attributed to
the high-surface-area thin layer of α-nickel hydroxide supported on
iron oxides.

The preparation temperature was critical to achieving the high
catalytic activity. Raising the preparation temperature from 200◦C to
400◦C led to dehydration of the hydroxides to the nickel ferrite, loss
of surface area and a consequent reduction in electrochemical activity.

The Tafel slope, order of reaction with respect to hydroxide, and the
activation energy for the electrochemical reaction were consistent with
the Kobussen pathway for oxygen evolution, a pathway particularly
applicable for oxide and hydroxide covered surfaces.

By demonstrating the activity and robustness of the surface-
modified iron electrode, we have shown the means to an inexpen-
sive electrode alternative to today’s nickel-based oxygen-evolution
electrodes, and an opportunity to reduce the cost and increase the
efficiency of alkaline water electrolysis systems.
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