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Optimized Nickel-Cobalt and Nickel-Iron Oxide Catalysts for the
Hydrogen Evolution Reaction in Alkaline Water Electrolysis
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Ni and Ni-doped with transition metals (TM) such as Fe and Co represent the most suitable electrodes for hydrogen evolution reaction
(HER) in alkaline media. Various compositions of co-precipitated Nij 4 ,Fes_,O4 and Nij4,Co_,O4 nanoparticles were investigated.
The intrinsic HER catalytic activity is the same for all the catalysts, which we relate to similar values of the iso-electric point (IEP).
However, the mass catalytic activity of the catalysts changes through a modification of the electrochemical surface area. Fractional
reaction orders for hydrogen evolution revealed in all catalyst compositions are due to double layer effects and surface acid-base
equilibria. Reaction order and Tafel slope of the catalysts are compatible with electrochemical adsorption as the rate-determining step
for the HER. Tafel slopes were also evaluated independently from impedance spectroscopy, in good agreement with the polarization
curves. Electrodes prepared from catalyst inks containing an anion-exchange ionomer displayed inferior catalytic activity for the
HER as compared to electrodes prepared with Nafion in the ink. Chronoamperometry confirmed the sustained superior hydrogen
kinetics over time of NiFe,O4 and NiCo,04 composition over that of NiO.
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The Polymer Electrolyte Membrane electrolyzer (PEMEL) has at-
tracted considerable attention during the last decades.! Some of the
advantages of PEM electrolysis are high current densities, low para-
sitic energy losses, rapid power-up/power-down rates, and high purity
and high-pressure hydrogen.>? PEMELSs are therefore promising de-
vices for production of hydrogen for energy storage and subsequent
use in the transport sector.'> The low pH associated with PEM devices
results in active hydrogen evolution reaction (HER) at the cathode, but
the overpotential at the anode at the low pH associated with PEMELs
is very large unless catalysts based on very expensive and scarce el-
ements such as iridium are employed. Although the overpotential for
the oxygen evolution reaction (OER) at the anode is significant also
under alkaline conditions, the overall electrode kinetics tend to favor
an alkaline environment.'** Alkaline water electrolyzers operating at
a high pH represent the standard and traditional technology for large-
scale, industrial water electrolysis.’

The overpotentials associated with the HER at high pH have been
reported to be exceptionally high compared those at low pH, and cor-
respond to a hundred-fold decrease in activity at Pt, Ir, and Pd.* The
reason for the lower activity has, among other things, been suggested to
be a stronger bond between the hydrogen and the metal surface under
alkaline conditions.*> According to this view the primary descriptor
of catalytic activity under alkaline conditions is the hydrogen binding
energy.’ Associating the catalytic activity for the HER with the hydro-
gen binding energy would make the catalysts subject to rational design
guided by the d-band theory for transition metal electrocatalysis.*

Recent developments in anion exchange membrane (AEM) tech-
nology have led to the possibility of using anion-exchange membranes
containing alkaline ions (OH™, CO%’, HCO_%’) in water electrolysis.
AEM technology has the potential of combining the advantage of non-
precious catalysts of the traditional alkaline process, with the benefits
of PEMEL such as fast power-up/power-down rates, low parasitic en-
ergy losses, and low energy consumption, in other words consolidating
the best of both technologies.’

Electrocatalysts based on transition metal oxide (TMOs) are
cheap, environmentally benign, and active OER catalysts in alkaline
environments.® Development of cheap transition metal-based alkaline
HER catalysts will reduce the cost of the electrolysis operation, which
is beneficial for overall water splitting application.® Ni and Ni alloys
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with (Fe,Co,Mo) are considered as the best electrode materials for
HER in alkaline environments.” The fundamentals of the hydrogen
evolution mechanism on transition metals is, however, still unclear.'®

In addition to the catalytic action of the transition metal or metal
oxide, its interaction with the ionomer may play a role.!! The ionomer
acts as a stabilizing and binding agent in catalyst-solvent inks. A major
function of the ionomer in the catalytic layer in a water electrolyser
is to promote ink uniformity and coating quality. Modestino et al.'?
showed that the degree to which the ionomer wets the catalyst in thin-
film catlytic layers can drastically affect the internal morphology of
the polymer and in turn influence electrochemical activity. If the AEM
water electrolyzer is fed with pure water or with an electrolyte of low
concentration, the ionomer may also be important in providing ionic
conductivity in the layer and expanding the reaction zone.'?

There are two crucial drawbacks associated with Ni-based elec-
trodes in alkaline electrolyzers; the first being a high operating cell
voltage, and the second is the decrease in cathodic activity with time.
The type of polymer/catalyst system and their interaction could have
major implications for the for the HER.'3 It thus remains a challenge
to optimize active, stable, and cheap HER catalyst for AEM water

electrolysis.
In this work, a detailed study has been carried out on Ni,,Fe,_,Oy4
and Ni;;,Co,_,0, oxide catalysts with x and y in therange —1, ..., 1.

For reference we have also included the pure nickel oxide catalyst
(NiO). Investigation of the effect of composition on structural proper-
ties is based on the analysis of surface morphology, crystalline phases,
and BET surface area. The relationship between the composition of
nanoparticles and the catalytic activity for HER is illustrated. The
reaction order at constant ionic strength has been investigated to re-
veal the mechanism of hydrogen evolution. This work also studies
the influence of ionomer type on HER activity. We have used electro-
chemical impedance spectroscopy (EIS) as an additional method to
evaluate hydrogen evolution kinetics at the electrode-electrolyte in-
terface. Stability and durability were assessed by chronoamperomtery
measurements for 24 hours.

Experimental

Preparation of the catalyst.—Catalyst nanoparticles containing
Ni, Ni and Fe, and Ni and Co were fabricated by the co-precipitation
method reported by Chanda et al.!! with some minor modifica-
tions. Appropriate molar concentrations of as-received Ni(NOj3),-
6H,0 (purity <97%, Sigma-Aldrich), FeCl;-6 H,O (purity <99.9%,
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Table I. Compositions of the nickel-iron and nickel cobalt oxide catalysts investigated.

Ni/Fe or Ni/Co mole-% Ni mole-% Fe or Co NijqFep_,Oy4 Nij4yCoz-,04
0 0 100 FC304 C0304

0.1 9 91 Nig.27Fe2.7304 Nip27C02.7304
0.33 25 75 Nig.74Fe2.2604 Nig.74C02.2604
0.50 33 67 NiFe, 04 NiCo,04

0.75 43 57 Nija9Fe1 7104 Nij29Co1.7104
00 100 0 NiO NiO

Sigma-Aldrich), and Co(NO3),-6 H,O (purity <98%, Sigma-Aldrich)
were dissolved in 150 mL of deionized (DI) water under stirring for
15 min. Then 2 mol dm~3 NaOH (Sigma aldrich 99.99% trace metals
basis) solution was added under continuous stirring until a precipitate
formed. Precipitation occurred when the pH of the reaction mixture
reached values higher than 12. The solution was stirred for another
hour at room temperature (22 4 2°C) and left to stand for 12 hours.
The precipitated solution was filtered, washed with DI water and dried
at (80°C). The hydroxide precipitate was moved to a crucible and cal-
cinated at (500°C) for four hours under a reducing 5% H,/95% Ar
atmosphere. Finally, the powders were crushed in a mortar.

We will show below in Table I that the cobalt- and iron-containing
catalysts manufactured here are oxides and possess the spinel struc-
ture. We will therefore refer to these below as Nij,,Fe, Oy, or
Nij4,Co,_,04, with x ranging from x = —1 to x = 1. The pure
Ni sample will be shown to be NiO (with the rocksalt structure), and
will be designated as such.

Surface and morphological characterization.—The morphology
of the prepared powder samples was studied using scanning electron
microscopy (SEM, Carl Zeiss supra 55) operated at a 10-kV accel-
erating voltage and Hitachi S-5000 FE-SEM. Elemental analysis was
carried out using energy dispersive spectroscopy (EDS) in SEM (Carl
Zeiss supra 55). Structural and phase characteristics of the catalyst
were obtained using a Bruker D8 A25 DaVinci X-ray Diffractometer
with Cu — K, radiation. The wavelength of the radiation was 1.5425A.
X-ray diffraction (XRD) patterns were recorded in the 26-range 15
through 75 and with a step size of 0.3 (20). Raman spectroscopy was
performed with a Renishaw InVia Reflex Spectrometer System using
visible-light excitation at 532 nm (100 mW) with a spectral resolution
< 1 ecm™! at room temperature (22 & 2°C). Catalyst specific sur-
face area was determined using the Brunauer-Emmett-Teller method
(BET) of nitrogen adsorption using a TRISTAR 3000 surface area and
porosity analyzer. The dried samples were degassed at 250°C under
vacuum overnight before the measurement. The zeta potential of the
nanoparticles was measured using a Beckman Coulter Delsa Nano C
(Beckman Coulter, Inc). The device was kept at constant temperature,
25°C. Ten-fold diluted suspensions of nanoparticles were used in the
measurement. The device measures the zeta potential at five different
cell positions (0.7, 0.35, 0, —0.35, —0.7) to exclude the influence of
Brownian motion. The pH of the suspensions was adjusted by small
additions of a 1 mol dm~> HCI or KOH solution.

Electrocatalytic measurements.—Linear sweep voltammetry
(LSV) was performed using a multi-channel electrochemical potentio-
stat (Ivium-n-Stat). A conventional three-electrode arrangement was
applied in an alkaline resistant PTFE cell (PINE research). A rotat-
ing disk electrode (RDE) (PINE MSRX rotator, PINE Research In-
strumentation, USA) was used as the working electrode; a platinum
foil served as the counter-electrode. A standard single junction mer-
cury/mercury oxide (Hg/HgO) electrode filled with a 4.24 mol dm~>
KOH solution was used as a reference electrode.

For the RDE experiments, a catalyst ink was prepared by mixing
5 mg of catalyst powder in a solution of (0.5 ml D.I water, 0.44 ml
isopropanol (Sigma Aldrich) and 0.06 ml (5 wt%) Nafion 117 solu-
tion(Sigma Aldrich). The ink solution was ultrasonicated for 30 min-
utes. To investigate the electrocatalytic activity, an aliquot of 101 of
catalyst ink deposited on a polished glassy carbon (GC) disk electrode

rotating at 200 rpm. The ink was subsequently dried in air at room
temperature by maintaining the rotator speed at 700 rpm for 30 min.
The effect of the binder type was investigated by employing Fumion
FAA-3 ionomer (a commercial polymer with quaternary ammonium
groups providing the anion exchange function, supplied by Fumatech
GmbH) instead of Nafion.

The LSV curves were collected in a potential range of —0.8 through
—1.9 V vs. Hg/HgO using a 5 mV s~! scan rate at 1600 rpm rotation
rate. All electrochemical experiments were carried out at a tempera-
ture of 22 + 2°C. All electrolyte solutions were prepared with deion-
ized water (Millipore Direct-Q3). N, gas purged the freshly prepared
0.1 mol dm= KOH alkaline electrolyte for 30 minutes before the
electrochemical measurements. All resulting data were corrected for
omhmic polarization due to the solution resistance (to 85 %) during
the measurement. The potential was corrected for ohmic resistance
through the equation

E.=E, —iR [1]

where E. is compensated potential, £y, is the measured potentials, i is
the current produced, and R is ohmic resistance.

Reaction order measurements were carried out at four different pH
values. The nominal pH values of the electrolytes were 14, 13, 12 and
11. The ionic strength kept constant by the addition of NaClO,4 (mono-
hydrate, Aldrich, ACS reagent 98%) to solutions of pH value lower
than 14. To make the electrolyte solutions of equal ionic strength,
y mol dm~3 KOH and [1 - y] M NaClO, was used. The pH of the
solutions was measured with a pH-meter (pHep 5: pH/Temperature
tester- with 0.01 pH resolution, Hanna Instruments). The same ink
formulation as above was used for these experiments also, but without
Nafion or any other binder to avoid any influence of the binder on
the local pH.*® The ink stability on the electrode in the absence of a
binder was maintained by using a low mass loading of 250 wg cm~2.
To obtain quasi-steady state polarization curves, the electrode was kept
at 10 min at open-circuit potential, then at —1.2 V vs. Hg/HgO for 30
minutes followed by recording of polarization curves at 20 mV s~!
to demonstrate a stable polarization response.'* The liquid junction
potential between the electrolyte solution and the inner solution of
the reference electrode was reduced as much as possible by keeping
the KOH concentration in electrolyte and filling solution inside the
reference electrode the same. The data shown were compensated for
85% of the ohmic resistance as above. The liquid junction potentials
were estimated from the Henderson equation' at all pH for which all
measurements were corrected. The values of liquid junction potentials
were 6, 4, 3, and 2 mV for pH values 14, 13, 12, and 11 respectively.

The electrochemical impedance of the electrodes were measured
at frequencies in the range 0.01 Hz through 100 kHz with a 10 mV
sinusoidal voltage perturbation in 0.1 mol dm~3 KOH at different
applied potentials. Short-term stability tests were carried out using
chronoamperometry for 24 hours at —350 mV constant cathodic over-
potential. All potentials measured were converted to potentials as they
would have been measured with areversible hydrogen electrode (RHE)
through

Erue = Eng/ugo +0.098 V +0.059 V x pH [2]

where Egyg is the potential vs. the RHE, and Epg/ngo is the measure
potential.
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Figure 1. SEM image of a) Nij;,Fes_O4 with 33 mole-% Ni and b) Nij,Cos_,O4 with 33 mole-% Ni prepared by co-precipitation.

Results and Discussion

Surface morphology and structural characterization.—Figure 1
displays SEM images of the surface morphology of nanoparticles of a)
NiFe, 04 (33 mole-% Ni) and b) NiCo,04 (33 mole-% Ni) prepared by
the co-precipitation method and calcined at S00°C for four hours under
5% H,/ 95 % Ar atmospheres. The images in Figure 1 were collected
prior to the crushing step (see Experimental). From the SEM images
we estimate the size of the produced nanoparticles to be in the range
150 through 200nm. The particles are agglomerated, possibly during
the calcination step of the preparation procedure. The agglomeration
can be seen clearly in Figure 1, and is the reason for including a
crushing step as a part of the catalyst preparation. Similar results were
reported by Chanda et al.!!

Energy dispersive X-ray spectroscopy (EDX) was recorded to in-
vestigate the elemental composition of the sample. Figure 2 shows
EDX results for NiCo and NiFe oxides with 33 mole-% Ni. Table II
shows the weight-% of Ni, Fe, Co, and O as measured by energy disper-
sive X-ray spectroscopy for the various compositions of Ni;,Fe,_, Oy,
Nij4+,yCo,-,04, and NiO nanoparticles. The EDX analysis confirms
that the prepared nanoparticles consist of Ni, Fe, and O, and Co, Ni,
and O respectively, without any incorporation of NOj3 or CI~ salts.

According to the literature the formation of nanoparticles by co-
precipitation involves hydroxide formation and then dissociation to
oxide.'® For example for NiCo,0Qy the sequence of reactions may be

Table II. Overview energy dispersive X-ray (EDX) results
of elemental weight-% for nanoparticles of Nij;.Fe; Oy,
Niy4+yCoz-yOy4, and NiO synthesized by co-precipitation. (In the
table “wt-%” refers to the weight percent.)

Ni/Fe or Ni/Co mole-% Ni wt-% Ni wt-% F wt-% Co wt-% O

0 0 0 42 58
0.1 9 8 70 22
0.33 25 19 57 24
0.5 33 27 50 23
0.75 43 34 44 22
00 100 48 0 0 52
0 0 0 43 57
0.1 9 9 68 23
0.33 25 18 59 23
0.5 33 27 51 22
0.75 43 35 44 21

written as
—> Ni(OH),(s) + 2 Co(OH),(s) + 6 KNOs(aq) + 12 H,O [3]

Ni(OH)z(s)+2C0(OH)2(s)+%02 — NiCo,04(s)+3H,0(£) [4]

Figure 3a shows diffraction patterns for all compositions of the
Ni;;,Fe,_, Oy series of catalysts. For the samples with 33 and 43 mole-
% Ni, diffraction peaks at 20 equal to 30.11°, 35.57°, 43.11°, 48.20°,
53.33°, 57.11°, and 63.21° are apparent. These can be attributed to
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Figure 2. EDX Spectrum of a) Nij;,Fe;_O4 with 33 mole-% Ni and b)
Nijyy,Cos_,O4 with 33 mole-% Ni prepared by co-precipitation.
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Figure 3. XRD patterns of a) Nij4,Fe>_,O4 and b) Nij,Co_,04 nanoparticles with different mole-% Ni compositions prepared using co-precipitation with
NaOH as precipitating agent and annealing in reducing atmosphere 5% Hj / 95% Ar at 500°C for 4 hours.

indices (220), (311), (400), (411), (422), (511), and (440), respec-
tively, for the spinel crystal structure of NiFe,O4 (JCPDS card NO.86-
2267)."7 Similar patterns are apparent for the other Nij,,Fe;_,Oy
compositions, but with some of the diffraction peaks being a little
less pronounced. For example, the peak corresponding to index (220)
is not clearly visible in the diffraction pattern for 9 and 25 mole-%
Ni. However, the XRD patterns in Figure 3a strongly indicates that all
Ni; ;. Fe,_,O4 samples are of the spinel type.

For Ni=100 mole-% (NiO) particles, the diffraction peak is ap-
pearing at 26 = 43.3°. This can be indexed to (200) reflection of the
face-centered cubic (fcc) of rock-salt NiO.!® The XRD pattern of 0
mole-% Ni (Fe;O,) nanoparticles is shown in Figure 3a. Peaks at 26
equal to 32.32°, 35.40°, 43.38°, 53.36°, and 63.12° are visible. These
peaks can be indexed to indexes (311), (222),(422), (511), and (440),
respectively, for the crystal structure of Fe;O4 compatible with JCPDS
card NO.19-0629."

Figure 3b displays diffraction patterns of Ni;,Co,_,0,4 nanoparti-
cles. For 33 mole-% Ni (NiCo,0,) and 43 mole-% Ni (Ni; 9Fe; 71 04),
the peak positions are appearing at 26 value of 18.98°,31.27°,36.91°,
44.17°, 45.20°, 59.35°, 62.30°, and 64.82°. These diffraction peaks
can be indexed as (111), (220), (311), (222), (400), (422), (511), and
(440) crystal planes cubic spinel structure of NiCo,O4 with JCPDS
card NO.73-1702.8 XRD patterns in Figure 3b clearly show the devel-
opment of (220) and (400) reflections when the mole-% Ni exceeds
33.

For 0 mole-% Ni with Co (Co304) exhibits diffraction peaks with
26 values 0f29.37°,37.02°,43.57° and 64.44°. These diffraction peaks
can be indexed to the crystalline cubic spinel phase Co;O4 with JCPDS
Card No.76-1802.'8

The crystallite size of the co-precipitated nanoparticles was calcu-
lated using Scherrer equation based on full width of half maximum
(FWHM):

. 0.9\
" B cosf

where ¢ is the crystallite size, \ is the wavelength, B is the full width
at half maximum of the peak, and 6 is the peak diffraction angle.
Table III shows crystallize size (nm) as function of the mole-% Ni in
NiFe and NiCo oxides. The crystallite size is less than approximately
20nm for the Ni;,Fe, O, series and approximately 30nm or less
for the Ni;,Co,_,0y, series. The crystallite size calculated from XRD
analysis of Ni;Fe,_,O4 and Ni,,Co,_,04 nanoparticles is in good
agreement with the previous literature.®'"'” Compositions of 33 mole-
% Ni have the lowest crystallite size.

Raman spectra of nanoparticles synthesized by co-precipitation
with different compositions of a) Ni;,Fe,_.O4 and b) Ni;,,Co,_, 04
are presented in Figure 4. The Ni;,,Fe,_,O4 spectra exhibit Raman
modes at 690 cm™! and 470 cm™! while Nij4,Co,_,04 nanoparticles
have Raman modes at 467 and 672 cm~'. These bands are consis-
tent with the Ni;;Fe,;_,O4 and Ni;,Co,_,04 nanoparticles forming
spinel structures of space group Fd-3m.?° This space group results in

(5]

TableIll. Crystallite diameter d of various compositions of Niy . Fe;_, 04 and Ni; 4, Coz_,O4 nanoparticles synthesized by co-precipitation process.
The diameters are given in nm as evaluated from the Scherrer Equation 5 applied to the peak with indices (kkl) as indicated in the table.

Ni/Fe or Ni/Co mole-% Ni NiFe d(311) NiFe d(400) NiCo d(222) NiCo d(311)
0.1 9 213 185 - -

0.33 25 17.2 16 - -

0.5 33 14.05 109 - -

0.75 43 16.1 132 - -

0.1 9 - - 33.1 295

0.33 25 - - 2228 21.8

0.5 33 - - 123 162

0.75 43 - - 13.7 16.7
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Figure 4. Raman Spectrum of a) Nij,,Fe; ,O4 and b) Nij,Co,_,O4 nanoparticles of various mole-% Ni compositions prepared by co-precipitation, effect of
composition on Raman peak shift of A, and T, modes depending on x of ¢) Niy,Fe;_;O4, and shift peak positions of A, and E; modes depending on x of d)

Ni1+yC02,y04.

five Raman active bands, namely A, + E, + 3T5,.2*! We assign the Ra-
man modes at 690 cm™" in the Ni,,Fe,_, 1204 nanoparticles to the A,
symmetry.'8?! The mode T, at 470 cm™! corresponds to the asym-
metric stretching of oxygen vibrations of the octahedral group.?>%
We assign the peaks at 467 and 672 cm™' for Ni 14+C02_,0y4 to the E,
and Ay, vibrational modes of Ni;,Co,_, Oy, respectively. E, and A,
peaks are linked with Ni-O and Co-O vibration modes of the spinel
NiCOzO4.24

The characteristic Raman peak positions as a function of compo-
sition are shown in Figure 4c¢ for Ni,,,Fe, ,O4 and in Figure 4d for
Ni;;,Co,_,04. The Raman peak positions decrease almost linearly as
the mole-% Ni increase. Such shifts are expected due to changes in
mass and bond strengths with composition.?

Figure 5 shows the relationship between composition and BET
surface area. The BET surface area of both the Ni,,Fe, .0, and
Nij;,Co,_,04 nanoparticles increases with increasing dopant concen-
tration up to 33 mole-% Ni. Such increase in BET surface area has
been related to crystal deformation caused by the dopant in the lattice
of the host oxide.?

De Faria et al.”’ observed similar changes in the BET surface
area with composition for Ni + Co oxides prepared by thermal de-
composition of nitrates. In their case the BET surface area increased

as Ni was added to Co;04, or when Co was added to Ni oxides.
The dependence of BET area on composition showed two maxima
at 20 mole-% Ni and 90% in the oxides. Such behavior indicates
a high degree of phase dispersion.?” Whereas our series of investi-
gations do not include any sample with composition close to 90%
Ni, we do note that the maximum in Figure 5 here corresponds
to 33 mole-% Ni, which is a little higher than the 20% found by
De Faria et al.”’

Figures 6a and 6b show measured zeta potentials as a function of
pH for the Ni, ;,Fe,_,O,4 and Ni,;,Co,_, 0y series of catalysts, respec-
tively. The pH at which the curves cross the abscissa vary systemat-
ically with composition and therefore imply a correspondingly sys-
tematic variation in the isoelectric point (IEP) with composition. This
is shown explicitly in Figures 4c and 4d, which show the isoelectric
potentials (IEPs) for Ni,;Fe,_ O, and Ni,,Co,_,0y, respectively,
as a function of composition. For the Ni-Fe catalyst the IEP increase
from that of Fe; Oy, reaches a plateau, and then increases again toward
the value for NiO. For the Co-containing catalyst the IEP increases
from its value for Co;O,4 and displays a maximum at 33 mole-% of Ni
after which it decreases slightly. Thus, neither catalyst would appear
to conform to Park’s law?® if the surface composition is assumed to be
identical to the bulk composition.
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Figure 5. BET surface area of a) Nijy,Fe; .04 and b) Nij4,Cor_yO4
nanoparticles of different mole-% Ni compositions prepared by the co-
precipitation process.

The IEP values for Co;04 (7.5), Fe;04 (6.6), NiCo,O4 (9.1),
NiFe, 0, (7.6), and NiO (8.8) are consistent with previously reported
values from the literature.?-!

We expect the IEP to primarily reflect the surface of the catalysts
and to be less sensitive to bulk composition. De Faria et al.”” showed
that for NiCo oxides the point of zero charge (pzc) correlates with
surface segregation of Ni in the oxides, as assessed by XPS.?’ In the
absence of specific adsorption the pzc and the IEP will coincide.*® We
therefore take the IEP for our Ni,,Co,_,04 catalysts to reflect strong
surface segregation?’*? also in our case. The zeta potential measure-
ments therefore indicate that the Ni;,,Fe,_,O4 surface is strongly en-
riched in Ni, and for intermediate composition independent on nominal
composition.

The results are similar for Ni,, ,Fe, Oy, butin this case the plateau
at intermediate composition is lower than that corresponding to pure
NiO. Therefore, it appears that in this case the surface composition is
also approximately independent of nominal composition, but with a
lower Ni content than that corresponding to a pure Ni catalyst.

Based on structural and composition investigation, NiFe,O4 and
NiCo,0,4 will represent NiCo and NiFe oxides with 33 mole-% Ni
respectively in all results.

Electrocatalytic activity and kinetics analysis.—The electro-
chemical performance of the various Ni; . Fe;_,O4 and Ni;,Co,_, 04
catalysts is shown in Figure 7, which shows current vs. potential dur-
ing an LSV performed in an N;-saturated 0.1 mol dm~2 at an electrode
rotating at 1600 rpm. Figures 7a and 7b show the LSV curves normal-
ized with respect to the geometric surface area of the electrode. All
data presented in Figure 7 were obtained after the electrode had been
subjected to cathodic activation through ten consecutive LSVs, which
ensured stable performance of the electrodes.

As can be observed in Figure 7 with the catalysts with 33 mole-% Ni
(NiFe,0,) and (NiCo,0,) have the lowest onset potentials for the HER
in 0.1 mol dm~3 KOH, approximately —200 mV for both catalysts.
The corresponding onset potentials for Fe;O4 and NiO are —400 mV
and —280 mV, respectively. We have taken the onset potential from
Figure 7 as the potential at which the absolute value of the current
normalized to geometric area has risen 5% above the double layer
current. The onset potentials for the nanoparticle catalysts are thus
very much smaller than those observed for Vulcan XC/72 (—1.01 V)
and a bare GC electrode (—1.1 V).3

As shown in Figure 7 NiCo, O, represents the highest electroactiv-
ity toward HER and requires an overpotential of —317 mV at —10 mA
cm™2, With NiFe,04 —10 mA cm~2 is achieved at an overpotential
of —330 mV in 0.1 mol dm~* KOH, which therefore has higher HER
activity than the NiFe,O, nanoparticles with mass loading (2.2 mg
cm™?) reported by Kumar et al.**

To separate intrinsic electrocatalytic activity from effects of sur-
face we explore several methods for area normalization below. We
thus normalize with respect to the BET surface area, the surface area
evaluated from the voltammetric charge, and the surface area evalu-
ated from the double layer capacitance for the Ni;,Fe,_,O4 samples
and the Ni;,Co,_,04 samples, respectively. We will refer to the two
latter as the voltammetric electrochemical surface area (VECSA) and
the double-layer electrochemical surface area (DECSA), respectively.
The surface area evaluated from the voltammetric charge (VECSA,
Su—Ni(oH),) is based on the equation®*

Ocv
Sa—Ni(OH)z = m [6]
where Qcy (in WC cm™2) is the anodic voltammetric charge evalu-
ated in 0.1 mol dm~ by integration from —0.9 V through —0.4 V vs
Hg/HgO. Prior to the voltammetry the electrodes were polarized at
E = —1.3 V vs. Hg/HgO for 5 minutes and then at E = —0.8 V
vs. Hg/HgO for 10 min to reduce and eliminate any surface ox-
ides/hydroxides traces.'**
The charge in the denominator, 514 pC cm™7, is the charge corre-
sponding to formation of a-Ni(OH), monolayer from Ni.

Ni(s) + 20H (ag) — a-Ni(OH),(s) + 2e~ (7]

2

The DECSAs of the catalyst samples were calculated from the
double layer capacitance according to Eq. 8.2 The DECSA (Sy) was
thus determined from the double layer capacitance Cy through

Sa = C (8]
The double layer capacitance Cq was calculated from the slope of
plots of current vs. sweep rate in the double-layer region in which
there were no signs of faradaic reaction as inferred from the current
being independent of the electrode potential. C; is the specific capaci-
tance of the sample and corresponds (ideally) to the capacitance of an
atomically smooth planar surface of the material per unit area under
identical electrolyte conditions. For our estimates here we used the
value C; = 0.04 mF cm~2 in Eq. 8. This is based on typical values
for C, for solutions of 0.1 mol dm—3 KOH?>% in which our mea-
surements were performed.’’ Also, for the double-layer capacitance
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Figure 6. Titration curves for zeta potential vs pH for various a) Nij4Fe;_,O4 and c) Nij4+yCo;-,O4 nanoparticle with various Ni mole-% compositions, and
isoelectric point as a function of b) Nij 4 Fe; 04 and d) Nij 4, CosyO4 nanoparticles composition. Onset in Figure 6d : pzc dependence on nominal mixed oxides
composition of NiO + Co030y4 : (1) chemical and (2) physical mixtures. Data from Figure 12 in E. Guerrini and S. Trasatti, Russ. J. Electrochemistry, 42 1017
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respectively, data obtained in Np-saturated 0.1 mol dm~3 KOH with a rotation rate of 1600 rpm using Nafion as a binder.
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Figure 8. Charge and Specific surface area of a) Nij;Fe,_,O4 and b) Nij4yCo2- Oy, derived from BET, Ni(OH), charge and double layer capacitance, while
¢) Nijy Fez 04 and d) Nij4,Co,,O4 represent current normalized to Sy; for different compositions.

measurements we have assumed that the metal oxide catalysts are
equally conductive.’®

The average BET, VECSA, and DECSA values for each catalyst
as function of composition is displayed in Figure 8. The two electro-
chemical surface areas, i.e. the VECSA and the DECSA are in very
good agreement, but the BET gives much larger values than these for
all compositions. The qualitative trend is the same for all three, how-
ever, showing a distinct maximum and, with the exception of the BET
area for the Ni;;,Co,_,O4 at low Co content, a fairly symmetric curve
about this maximum. The surface areas for the two end members are
reasonably similar.

Normalizing the currents of the different Ni;i,Fe,_,O4 and
Ni;4,Co,_,04 catalysts with respect to the DECSA (Sq) results in
almost overlapping curves, as shown in Figures 8c and 8d. Figure 8
thus appears to indicate that the intrinsic catalytic activity of the cat-
alysts is the same and independent of surface area.'**

The results in Figure 8 thus indicates that the DECSA-normalized
activity and thus the surface-area specific catalytic activity is the same
and independent of composition for all catalysts. Changing the com-
position of Nij;Fe, O, and Ni;;,Co,_,Oy4 catalysts prepared by
co-precipitation thus modifies the catalytic activity of the catalysts pri-
marily through a modification of the electroactive surface area.?’-3240
Lower crystallite size and higher electrochemical surface area lead to
higher apparent HER activity at 33 mole-% Ni.?’-3240

Tafel plots (the overpotential 1 vs. the logarithm of (absolute value
of the) current density |i|) are shown in Figures 9a and 9c. The linear

regions of the Tafel plots were fitted to the Tafel equation,
n=a+blogi [9]

where b is Tafel slope*! and a is a constant.

All the catalysts, both those from the Ni; ;Fe,_, O, series and those
of the Ni;1,Co,_,0y, series, have similar Tafel slopes. These are close
to 120 mV/dec. Figure 9 also shows Tafel impedances as extracted
from electrochemical impedance spectroscopy (EIS) measurements at
an overpotential of —200 mV. The Tafel impedance is defined as*>*

N

EYN.
Zi =\ = )ix
l

where i ia the steady-state current density at which the impedance
was recorded, and £ and 7 are the complex amplitudes of potential and
current.

The solution resistance as determined from the high-frequency in-
tercept of the impedance-plane plot with the real axis was subtracted
from all data. From the Tafel impedance the Tafel slope may be found
from the radius of the arc in the impedance-plane plot. (For an example
of such an analysis, see Ref. 42). The Tafel impedances in Figures 9¢c
and 9d appear to cluster around 150 mV/dec, in reasonable agreement
with the Tafel plots.

Figure 9, Tables IV and V display in detail the good agreement
between the semi steady state polarization Tafel and Tafel impedance
plots.

Figures 10a and 10b display polarization curves for NiFe,O, and
NiCo,0, compositions at different pH from 11 to 14. The polariza-
tion curves are clearly dependent on the solution pH, and the current
consistently increases with decreasing pH at constant potential. For
pH 14, the curve was extrapolated to potentials below the Tafel region
in order to provide the currents at this pH for the same potential as for
the data for higher pH. From these curves we evaluated the reaction
orders from the slope €2 in plots of current density vs. pH at constant

[10]
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Figure 9. Tafel plot resulted from LSV measurements for a) Nij;,Fe;_;O4 and c¢) Nijy,Cos_,O4 various nanoparticle compositions, Tafel impedance of b)
Nij . Fez Oy and d) Nij4yCo,_,O4 nanoparticles at overpotential —200 mV, obtained in N,-saturated 0.1 mol dm~3 KOH with a rotation rate of 1600 rpm.

TableIV. The values of Tafel slope and corresponding charge transfer coefficient, produced from semi steady state polarization and Tafel impedance
of different Nij.Fe;_,O4 compositions (with an accuracy of & 5 mV/decade and =+ 0.04 respectively).

Ni/Fe mole-% Ni Polarization Tafel slope (charge transfer coefficient) Tafel impedance (charge transfer coefficient)
0 0 188 (0.31) 172 (0.34)
0.1 9 175 (0.33) 175 (0.33)
0.33 25 155 (0.37) 138 (0.42)
0.50 33 130 (0.45) 132 (0.44)
0.75 43 160 (0.36) 143 (0.41)
o) 100 169 (0.35) 148 (0.39)

Table V. The values of Tafel slope and corresponding charge transfecoefficient, produced from semi steady state polarization and Tafel impedance
of different Niy,Coz_,04 compositions (with an accuracy of £+ 5 mV/decade and = 0.04 respectively).

Ni/Co mole-% Ni Polarization Tafel slope, mV/dec (charge transfer coefficient) Tafel impedance, mV (charge transfer coefficient)
0 0 180 (0.33) 171 (0.34)
0.1 9 185 (0.32) 174 (0.34)
0.33 25 170 (0.34) 161 (0.36)
0.50 33 125 (0.47) 130 (0.45)
0.75 43 178 (0.33) 165 (0.35)
o) 100 165 (0.35) 150 (0.39)
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Figure 10. Polarization curves of a) NiFe,O4 and b) NiCo,O4 at pH 14, 13, 12 and 11. Reaction order plots of ¢) NiFe,O4 and d) NiCo,04. Reaction order -
composition relationship of e) Nij1Fe>—,O4 and f) Nij4,Cos-,04, data obtained with a rotation rate of 1600 rpm.

potential. The resulting plots are shown in Figures 10c and 10d for
potentials of —1, —1.05, and —1.1 V vs Hg/HgO for NiFe,O4 and
NiCo,0,4 compositions and NiO.

Figures 10e and 10f displays the resulting reaction order as a
function of composition of Ni;.Fe,_,04 and Ni; ,Co,_,04 and NiO
nanoparticles. For Ni;;Fe,_,04 and Ni;;,Co,_,0, nanoparticles the
reaction orders were found to decrease from —0.36 for Fe;O4 and —0.4

for Co304 to —0.585 for Nig 74Fe, 5604 and —0.578 for NiCo,Oy,. For
higher Ni-content it increases to —0.42 for NiO. The reaction order is
thus not integer.

Tafel slopes and reaction orders reflect the inherent catalytic prop-
erties of the HER catalysts. An indication of the reaction mechanism of
the HER and the rate-determining step (RDS) can be obtained from an
analysis of these. The overall reaction may proceed through two pos-
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sible reaction pathways: Volmer— Heyrovsky and Volmer— Tafel.” We
therfore consider the following reaction mechanisms for the HER,*#+

k
S+ H,0(0) +e~ = S—H+ OH (aq) [11]

k11

k
S—H + H,0(¢) + e~ ké S + OH™ (aq) + Ha(aq) [12]

—12

S—-H+S—H :é S + Hy(aq) [13]
—13

where S represents a surface site (NiO, FeO, or CoO or the corre-
sponding metal atoms in oxidation state zero). The Volmer reaction,
Eq. 11, involves electroreduction of water molecules with hydrogen
adsorption, the Heyrovsky reaction, Eq. 12, involves electrochemical
hydrogen desorption, and the Tafel reaction, Eq. 13, involves chemical
desorption.*!46

The rate constants in Eqs. 11 and 12 are potential dependent and
take the form

—aFE
ki = &, exp{ ¢ } [14]
(1—-a)FE
k*ll =k2116XP{T} [15]
0 —oFE
ki = ky, exp RT [16]
(1—a)FE
koyp = k%, exp {T} [17]

where the pre-exponentials k), k%, k%, and k° ,, are all potential inde-
pendent. In principle the charge-transfer coefficient a may be different
for the two electrochemical steps, but our data do not allow for any
distinction between them and we will therefore not make it. The rate
constants for Reaction 13 we will take as potential independent. In
these equations R is the gas constant, T’ the temperature, F' the Fara-
day constant, a a charge-transfer coefficient (or symmetry factor), and
E the electrode potential.

If Reaction 11 is the rds the Tafel slope is trivially equal to
b= —RT/aF (or b = —In10RT /oF = —2.303RT /oF for a base-
10 logarithm) and the reaction order with respect to OH™, Qoy-, is
Qon- = 0 at all (negative) values of E.**6 With a = 0.5 this would
give a Tafel slope of 118 mV at room 298 K. The current is, according
to this mechanism and and rds, independent of pH.

If Reaction 12 is rds the current will be given by

= 2R TR0 exp | —2EE (18]
i=—
129H €XP RT
where i is the current density, Oy is the coverage of adsorbed hydrogen,
and I" is the number of moles of adsorbed hydrogen per surface area
at Oy = 1. The other symbols take the same meaning as above. Setting
the forward rate of reaction Eq. 11 equal to its backward rate and
insertion into Eq. 18 gives (see also Appendix A)
. 2FTkY, exp (—aF E/RT) [19]
i=—
1+ K_; [OH | exp (FE/RT)
which predicts a Tafel slope and reaction order equal to b =
—RT/(1+a)F (or b = —2.303RT /(1 + a) F for a base-10 log-
arithm) and Qoy- = —1 at small negative values of £ and b =
—RT /oF and Qox- = 0 large and negative E, consistent with Eq. 20
below. With a = 0.5 this would give Tafel slopes of 39 mV at small
(and negative) potential and 118 mV at large (and negative) poten-
tial. A derivation similar to that in Reference 47 gives explicit relation
between the Tafel slope and the reaction order,

b= Lot Qon) [20]
T RT OH™

which corresponds to a similar equation derived by Tilak and
Conway*’ for acid conditions.
If Reaction 13 is rds the current is determined by

i = —2FTk;30% [21]
and insertion of Eq. A2 from Appendix A gives

2
,1 } [22]
1+K_;; [OH ] exp (FE/RT)

i=—2FTk), [

which predicts a Tafel slope of —30 mV at small and negative E
and a limiting current at large and negative E. The reaction order with
respect to hydroxylions is —2 and O for these two cases, respectively. A
derivation along the lines leading to Eq. 20 gives b~ = (F/RT) Qop--

The Tafel slope of 120 mV therefore suggests that the Volmer step,
Eq. 11, is rate-determining. On the other hand, the fractional reaction
orders are not consistent with this conclusion.

The observed fractional reaction order for the catalysts studied here
can, however, be understood in terms of surface acid-base equilibria
between the catalyst surface and the solution.***$4° A derivation for
the case that Reaction 11 is the rds is reproduced in Appendix B and
gives the relation

__ dlogli|
3 (pH)

and predicts that the slope of the current vs. pH will be equal to the
negative of the charge-transfer a. Since 0 < o < 1 and we expect its
value to be in the order of 0.5. The result in Figure 10, in which o
ranges from 0.4 through 0.6, are therefore quite reasonable. Similar
observations with fractional reaction order have been made for other
electrocatalysts for both the hydrogen evolution reaction'#*%3%3! and
the oxygen evolution reaction,*3:49-52-54

The experimental values of Tafel slope in Tables IV and V range
from 125 to 188 mV/dec, indicating that the Volmer reaction is the
rate-determining step for the HER on all oxide electrodes investi-
gated. NiFe, O, and NiCo,0, show a Tafel slope of 130 and 125 mV
/dec respectively which is relatively small compared to those of the
other Ni;,.Fe,_,O4 and Ni,,Co,_,04 compositions. A lower Tafel
slope implies a higher change in the hydrogen production rate for a
given change in overpotential. If Eq. 11 is rate-determining the charge
transfer coefficient, a, can be calculated from the Tafel slope &>

2.303RT
o= —"
bF

The results are given in Tables IV and V. NiFe, 0, and NiCo,0, show
average transfer coefficients value that are higher than that of the other
Ni4Fe; O, and Ni;4,Co,_,O4 compositions.

The Tafel slopes obtained here are similar to those found for Ni
metal, in line with studies by Oshchepkov et al.,** and the oxidation
state does not appear to have a significant effect on Tafel slopes for Ni
compounds in these cases. The Tafel slopes for Ni metal range from
115 to 129 mV/decade while the Tafel slopes of oxidized Ni are in
the range of 125-130 mV/dec for the HER.* This may be related to
similarities in the state of surface Ni in the oxides and metal when
exposed to the ambient air or water. When a Ni surface is exposed
to air or aqueous solution, atomic layers comprised of two distinct
layers forms: a Ni(OH), layer at the air-oxide interface and NiO layer
between the metal substrate and the outer hydroxide layer. A thin
hydroxide film forms when a NiO surface exposed to the atmosphere
or an aqueous solution. Ni or NiO transformation to Ni(OH), could
be accelerated in alkaline condition.*®

On the other hand, at the low potentials of the HER the surface
atoms may be reduced to the metallic state. Density functional the-
ory (DFT) calculations by Dong et al.*> show that at metallic Ni(111)
surfaces, i.e. with Ni in oxidation state zero, the surface binds hy-
drogen atoms too tightly for maximum reaction rate. At oxidized Ni
atoms the binding energy of hydrogen becomes even stronger. How-
ever, at Ni atoms in oxidation state zero in the vicinity of oxidized Ni

= —a [23]

E.T

[24]
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and compared to literature values.®

the adsorption energy for hydrogen decreases, and catalytic activity
increases. The high surface activity observed here may indicate that
the surface is not fully oxidized and that there is such an interaction
between odixized and metallic metal sites also in our catalysts.

Assuming therefore that the electrocatalytic properties of Ni, Co,
and Fe in our oxides parallel the electrocatalytic properties of the
metal, the proximity of these metals usually found in volcano plots>’-
indicate that one should also expect similar catalytic properties of the
three oxides, in line with our findings.

The catalytic activity for the HER of the oxides investigated here
can also be rationalized based on the IEP. Trasatti has suggested the
pzc as a descriptor for oxide catalytic activity.’>*° The pzc will be
determined by the acid-base properties of the surface, and therefore
reflects the electronegativity of the oxide. Butler and Ginley®' thus
correlated the pzc of oxides with their electronegativity. We expect the
electronegativity, in turn, to reflect the binding energy of adsorbates to
the surface in general, and therefore also the electrocatalytic activity
of that surface.

The results above that all the different oxides have similar elec-
trocatalytic activities can therefore be rationalized in terms of their
similar IEP values. The IEP measured here is expected to be similar
to the pzc. Therefore the IEP should be correlated to the electronega-
tivity of the oxides and thus to the binding energy of adsorbates. By
calculating electronegativity of oxides (M,0Oy) defined as

Xox = (Xarxp)/ @ [25]

a direct relation between IEP and -electronegativity can be
obtained,?"¢!

IEP = 20.66 — [1.98 (X.ox)] [26]

From Figure 11, electronegativities of all our oxides cluster around 6,
and hence we expect the bond energy to be nearly the same. This ex-
plains the comparable intrinsic activity of these oxides. Based on these
results we proposed that reported NiCo and NiFe catalysts activities
are not intrinsic but rather due to catalyst surface area as a result of the
synthesis process. Similar results for NiMo were recently reported by
Schalenbach et al.®?

Catalyst ionomer interaction.—The ionomer acts as a stabiliz-
ing and binding agent in catalyst-solvent inks. Ionomers are used as
binders to assist industrial water electrolysis applications, where an
ionomer is essential to exchange either protons or hydroxide ions be-

tween anode and cathode. Nafion is the most regularly used binder in
RDE screening of electrocatalysts for HER.

Although Nafion is a proton conducting polymer, it is commonly
used also for HER screening in alkaline electrolytes. This has the draw-
back that the results obtained cannot be used directly for assessment
of the performance of a catalyst in a membrane electrode assembly
(MEA). This is because an anion-exchange membrane, in which hy-
droxide ions are transferred, is required in alkaline water electrolysis
MEAS,® at least if the unit is fed with pure water or the electrolyte has
a low concentration of hydroxyl ions. For these reasons, we studied
the effect of ionomer by comparing the performance of Nafion with
the anion-exchange ionomer (Fumion FAA-3).

Figure 12 demonstrates the effect of ink binder on electrochemi-
cal activity of NiFe,O, and NiCo0,0,. The influence of binder was
assessed using Nafion and Fumatech ionomers. The HER activity
changes significantly if Nafion is used instead of the Fumion FAA-
3 ionomer. The highest value is observed with Nafion, which gives
—10 mA cm~2 at overpotentials —330 and —317 mV for NiFe, O, and
NiCo,0y, respectively. With the Fumion FAA-3 ionomer we achieved
a current density —10 mA cm~2 at overpotentials —350 and —360 mV
for NiFe, 0,4 and NiCo,0y, respectively, as shown in Figure 12.

The difference in activity when using acidic and anion exchange
ionomer can be rationalized considering factors such as the nature of
the ionomer backbone and the affinity for water. The ionomer back-
bone is positively charged in Fumion FAA-3 and negatively charged
in Nafion.®® Also, the quaternary ammonium (QM*) moiety may ap-
ply an electrostatic influence, reducing the catalyst HER activity as
explained by Bates et al.'* Nafion also has a higher affinity for water
than the Fumion ionomer as indicated by the measured values of water
uptake (37 wt% for Nafion vs. 26 wt% for Fumion FAA-3), may re-
sult in a higher kinetic current density in the RDE tests.®® Overall, our
results indicate that the ionomer does not only play a role as a binder
but also influences the electrocatalyst activity for HER.

HER stability and durability.—Figure 13 displays Bode plots of
NiFe,0, and NiCo,0y at different applied potentials (—150 to —300
mV vs. RHE) in 0.1 mol dm~3 KOH using Nafion binder. For all in-
vestigated overpotentials, the Bode plot shows a one time constant
process in both NiFe, O, and NiCo,0,. The solution resistance con-
trols the impedance at high frequencies, and the Bode plot display zero
slope at 0° phase angle. A linear dependence of the modulus of the
impedance |Z| vs. logarithm of frequency and a pronounced maximum
in 0 are features consistent with capacitive behavior at intermediate
frequencies.

The impedance plateaus equal the sum of solution and charge trans-
fer resistances in the low-frequency region.** The Bode diagram in-
dicates that the value of the maximum phase angle decreases and the
frequency at the maximum shifts to higher values at higher applied
potentials.*+%

At higher applied potential, NiFe,O4 and NiCo,0,4 have a lower
charge transfer resistance (R.;) and hence a higher rate of hydrogen
evolution.®%5 The impedance data were simulated using a modified
Randles circuit involving solution resistance (R;) in series with the
charge transfer resistance (R.,) of the HER, which is in parallel with a
constant phase element (CPE). The same circuit is used to model EIS
data obtained for Ni HER in alkaline solutions by several research
groups.%

Figure 14 shows chronoamperometry results of NiFe,O4 and
NiCo,0; at an applied potential of —350m V for 24 hours in 0.1 mol
dm~3 KOH using Nafion binder. NiFe,04 and NiCo,0, were chosen
for durability measurements as they possess the highest electrochem-
ical activity. The constant current with time displayed in the figure
indicates that NiFe,O4 and NiCo,0,4 exhibit a good stability during
hydrogen evolution in alkaline media.®’

Stability is essential for practical applications of a catalyst. The
cost of hydrogen production is directly related to the lifetime of the
catalyst. Our short-term measurements indicate these highly active
catalysts are interesting candidates for alkaline water electrolysis also
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alytic activity per mass of the Ni; . Fe,_,O4 and Ni,,Co,_,04 se-
ries catalysts changes through a modification of the electrochemical
surface area. The composition of 33 mole-% Ni therefore displays
the highest electrochemical activity due to lower crystallite size and
largest electrochemical surface area. The similar activities for the area-
normalized catalysts are consistent with their similar IEP values.

Tafel analysis indicates that the rate-determining step is the elec-
trochemical adsorption of hydrogen (Volmer step). Fractional reaction
orders with respect to OH™ can be interpreted in terms of double layer
effects related to the pH-dependent surface charging mechanism. Ap-
plication of the anion exchange ionomer Fumion FAA-3 in the cat-
alytic layer led to a lower HER activity compared to an electrode
with a Nafion ionomer. The performance of the combined ionomer-
catalyst system may have significant implications for HER research in
the AEM water electrolysis. Also, short term stability measurements
indicate that NiFe,O4 and NiCo,0, catalyts are stable under HER
conditions.
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Appendix A. Derivation of Eq. 20

Taking the logarithm of Eq. 18 and differentiating with respect to the logarithm of
OH™ gives the reaction order gy,

_ dln|i|

3 Oy
o= = Gy [oH]

~ 9In[OH"]

[Al]

‘E,T E.T

where [OH'] is the concentration of OH™. Setting the rate of Reaction 11 to zero, which
will be approximately the case if Reaction 12 is rds, gives

1

Oy = A2
R [OH™ ] exp (FE/RT) (A2]
where K_]l is K_1] = k(l”/k]o].
Then
( 3 1n 6y > 3 ([ox—r]) ( 30n > N
din[OH"]/ 0w afon-]/, .
_ k. [OH ]exp (FE/RT) A3]
© 1+K_y [OH | exp(FE/RT)
From Eq. 18 the Tafel slope can be calculated as
dln|i| o —oF d1n 6y (A4]
9E T RT dE
or since
(8]n6H> _(1)<aeH) B
OE  Jion-1r  \Ou/ \9E Jiou-1
__F K.u[OH |exp(FE/RT) _ F [45]
"~ RT 1+K_;;[OH |exp(FE/RT) RT """
F
b= T (=0 + Qop-) [A6]

which corresponds to a similar equation derived by Tilak and Conway*’ for acid conditions.
Insertion of Eq. A2 into Eq. 18 gives
2FTkY), exp (—aFE/RT)

i=- - [AT]
1+ K_1; [OH™Jexp (FE/RT)

which predicts a Tafel slope and reaction order equal to b = —RT /(1 + o) F (or b =
—2.303RT/ (1 + a) F for a base-10 logarithm) and Q,y— = —1 at small negative values
of E and b = —RT /oF and Qqy- = 0 large and negative E, consistent with Eq. A6.

Appendix B. Fractional Reaction Orders

If we assume that the potential in the rate expressions relate to the difference in
potential in the catalyst surface, ¢y and that at the loci of adsorbates during electron
transfer, ¢, the rate of the reaction in Eq. 11 becomes*3¢%

—aF ($m — ¢¢)]

RT (B1]

i=—2FTkY, (1 — O) exp [

If ¢s is the solution potential and we assume that ¢g is accessible through a reference
electrode, the applied potential is E = ¢um — ¢s. Then, oy — ¢y = E — ((1)3F — ¢5),
Insertion into Eq. B1 gives

—oFE —aF — ¢;
i:—ZFFk?]exp( ;‘T )exp|: ar (¢ ¢):| [B2]

RT

where we have also assumed that 6y is negligible, consistent with the assumption of
Reaction 11 being the rds. We write Eq. B2 as

. 0 —oFE
i=—2FTkjyexp | —r— ) for (B3]
where we have introduced the double-layer correction factor®
—aF (¢s — dz)
= T B4
foL =exp [ RT [B4]

‘We assume acid-base equilibrium at the oxide surface, which leads to the following Nernst-
type relation between the activity of protons at the surface, a,.+, the activity of those in

solution, @+, and the potential difference s — ¢;*$4
i

aH+
bs — ) =In (—¢> [B5]

I
RT aHI

Insertion of Eq. B5 into Eq. B4 and the result, in turn, into Eq. B3, gives

i\ —aFE
i —oFrid, [ exp( ) (B6]
aHi. RT

‘We now assume that ay+ does not vary appreciably with pH and absorb this quantity into

the rate constant*®

—FE
i = —2FTkjat, exp( ;:T ) [B7]

where k?; = k?l al;i . Applying the definition of reaction order to Eq. B7 gives the reaction
order with respect to protons

1ni|

dlog |i
9 In[H] -

E.T 9 (PH)

which predicts that the slope of a plot of current on a logarithmic scale vs. pH is equal to
—a.

Qu+ = =—a [BS]

E,T
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