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Nanostructured Ni,Co;,0, films serve as effective
electrocatalysts for both the oxygen reduction and oxygen
evolution reactions in alkaline electrolyte.

The identification of a single cost-effective catalyst that can
effectively perform both the oxygen reduction reaction (ORR)'™*
and the oxygen evolution reaction (OER) could simplify design
protocols® for re-chargeable metal-air batteries and regenerative
fuel cells leading to the realization of efficient and practical
devices.®® Current commercial benchmark catalysts for oxygen
electrochemistry are based on expensive and rare metals (e.g.
Pt/C, Ru/C, Ir/C), alloys (e.g. Pt/Ru) or oxides (RuOx, IrO,),
ultimately preventing their widespread use. These catalysts are
also effective at performing either the oxygen reduction reaction
(ORR) (e.g. Pt/C), or the oxygen evolution reaction (OER) (e.g.
Ir/C), but not both. Furthermore, these precious metal catalysts
often suffer from instability and poor electrochemical selectivity.
With this in mind, non-noble metal bi-functional catalysts are
being developed. These include, but are not limited to the
following:  silver  (Ag),’ cobalt based perovskites
(L30‘6C30‘4C003510 Lao4ecao‘4C00.xIro‘2031l)a spinels (C0304712
Cu%/Co050,," NiCo0,0,,'*"* CoMn,0,'%!"), cobalt carbonate
hydroxides (Co(CO3)x(OH)y),18 manganese oxides (Mn,03," a-
MnO,”) also combined with metal organic frameworks [o-
MnO,/MIL-101(Cr)],*" and various composites of carbon (C),
graphene (G) and carbon nanotubes (CNTs)
(La0_5Sr0_5C00_gFeo_203/G22, G/CNT,23 CO3O4/G,24 MHC0204/G,25
CoFe,04/G,* Co;0,/C?).

The in situ preparation of catalysts directly onto substrates
without the need for additional (inactive) binders or conductive
additives is one approach to increase catalyst efficacy and utility.
Direct contact with the underlying substrate/current collector
promotes mechanical adhesion and facile interfacial electron
transfer between the current collector and the catalyst, while
meso- and nano-structuring has the advantages of porosity (which
promotes rapid ion diffusion) and high surface area (on which the
reaction takes place).®®* In the present work, several
nanostructured mesoporous Ni-doped cobalt-based spinel oxide
films (e.g. Ni,Co;.,04 with ~ 0 < x < 1) were prepared without
the use of a template, directly onto nickel foil utilizing a two-step
electrodeposition-thermal annealing process. We demonstrate that
the amount of nickel (Ni, as ions) in the Ni,Co;_,0, films can be
varied simply by changing the molar ratio of Co:Ni in the
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solution used for electrochemical deposition. The resulting Co;0,
and Ni,Co;_,O, films display excellent activity for the ORR and
OER. While the inclusion of Ni leads to increased activity, the
most active catalyst was found to be one with the least amount of
Ni in the structure. The catalysts developed here have similar
overall oxygen electrode activity to that of commercial
benchmarks for both the ORR, (e.g. vs. 20% Pt/C) and the OER
(e.g. vs. 20% Ir/C) when examined in alkaline electrolyte (0.1 M
KOH), under a range of mass loadings. Additionally, the films
also show superior electrochemical stability and selectivity for
ORR in the presence of MeOH. Despite the advantages of
potentially lower cost, environmental compatibility and overall
availability, only a few reports exist to date on bifunctional
Ni,Co;.,O4 catalysts,” and most of these rely on conductive
graphene' or carbon additives.**' To the best of our knowledge
this is the first report of ORR/OER bifunctional Ni,Co;.,0,
catalysts prepared using a template-less electrodeposition
approach.

The synthesis of Co30, and Ni,Co;_,0, films on nickel foil was
achieved using electrodeposition-thermal  annealing
methodology as described in the ESI.1 Briefly, solutions of either
Co(NOs), or a defined ratio of Co(NOs),:Ni(NO;), in EtOH:H,O
(v:v 1:1) with aqueous NaNOs as the supporting electrolyte were
used to deposit metal hydroxide films.**** Mass deposition rates
0f29.9 + 1.13 pug cm™ min™ (for Co solution) and 29.0 + 0.37 pg
em? min! (for Co and Ni solution at 1:0.5 molar ratio), were
determined using a quartz crystal microbalance (QCM) and
indicate that the rate of deposition is nearly identical for all

an

Intensity

AN

00-004-0850 Ni

\J

‘ 00-009- 0418 Co,0,

\ 00-020-0781 N|Co 10,

60

10 30 40 50 70'

2-Theta (°)
Fig. 1 a) XRD of Co;04 (top, red) and NiysC0,404 (bottom, blue); b)
Image of (left to right) Ni foil, (as deposited) Co,,Ni(OH),.
x(NO3)x*y(H,O) and (thermally annealed) NipsC0,404 on Ni; ¢) SEM of

80 Ni0_6C02_404 film on Ni foil.
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solutions, Fig. S1 (ESIt). Conversion of the resulting Co,(OH),.
x(NO3)c*y(H,0) or Co;,Ni,(OH), (NO3)*y(H;0) films to the
spinel oxide (i.e. Co304 or Ni,Co3.,0,) was readily achieved by
thermal annealing at 300 °C in air, Fig. 1. Grazing angle X-ray
diffraction (XRD) spectra shown in Fig. la and Fig. S2 (ESIY)
confirms the formation of the spinel phase, indexed to Co3;0,4 or
NiCo,0,; JCPDS file nos. 009-0418 or 020-0781, respectively.
No other phases were detected. This conversion is also observed
as a colour change in the film, from green to black, Fig. 1b.
Scanning electron microscopy (SEM) micrographs shown in Fig.
S3 (ESIY) and Fig. 1c demonstrate the nano-textured surface and
meso-porous nature of the electrodeposited films, and that these
features are retained upon heating. Thermal gravimetric analysis
(TGA) was used to quantify the mass loss (~ 25%) upon
conversion from the metal hydroxide to metal oxide during
thermal annealing in order to determine the mass of spinel
resulting on the film, Table S1 (ESI{).

Acid digestion of films after mechanical removal from the
substrate, followed by elemental analysis with Inductively
Coupled Plasma/Mass Spectrometry (ICP/MS), indicates the
formation of Ni,Co;O, films with a partial stoichiometric
substitution of Ni into the spinel structure. For example, the film
prepared from the 1:0.5 Co:Ni solution ratio gave a resulting
formula of Nij¢Co,,40, as opposed to the theoretical NiCo,0y,
indicating only 59% of the theoretical Ni being incorporated.
59% partial incorporation was also observed for films with less
(Co:Ni ratio = 1:0.25, yielding Niy 4Co, 04) or more (Co:Ni ratio
= 1:1, yielding Niy9Co,;04) Ni in the original solution, Table S2
(ESIt). These values are consistent with the nearly identical mass
deposition rates across all Co:Ni ratios as observed from the
QCM data in Fig, S1 (ESI}) and reasonable given the estimated
solubility for Co*" or Ni** in the electrolyte, Fig. S4 (ESI¥).

Co030, and NiCo;,0, films were then evaluated for their
ability to act as catalysts for reversible oxygen electrochemistry,
as determined from linear scanning voltammetry (LSV)
methods.” Averaged data from Co304, NijCo0,40,, commercial
benchmark standards [20% Pt/C (from E-tek”) and 20% Ir/C
(from Premetek ") along with Ni foil background for the ORR are
shown in Fig. 2a. The Co3;0, film demonstrates good catalytic
activity for the ORR despite having no conductive carbon or
binder, while the inclusion of Ni improves the performance of the
NiC0,404 spinel film relative to Co;04 for the ORR.
Specifically, while the onsets of reduction for the two are nearly
identical (0.88 V vs. RHE), the half-wave potential (and half-
wave current density) [0.768 V (-3.29 mA cm™)] and terminal
current density (-6.57 mA em?) for NiggC0,40,4 is much
improved over Co304 [0.692 V (-2.82 mA em?) and -5.63 mA
em’], respectively. Comparison of ORR activity to commercial
20% Pt/C is also very favorable. While the 20% Pt/C film has a
0.072 V more positive onset, it exhibits a ~ 30% lower half-wave
current density (-2.36 mA cm™) and steady state current density
(-4.72 mA cm?) than the NiygC0,40, spinel film. The
Nip¢C0, 404 film’s current density surpasses the 20% Pt/C at ~
0.8 V vs. RHE. This half-wave potential region is important, as it
is generally the potential range where maximum power can be
extracted from a fuel cell.>** Fig. 2a also demonstrates that 20%
Pt/C is a better ORR catalyst than 20% Ir/C, as expected. A
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Fig. 2 ORR LSVs (@ 2500 rpm) for a) NipsC0,404/Ni (blue, filled
60 squares), 20% Pt/C (black, open circles), CosO4/Ni (red, filled circles),
20% Ir/C (grey, open squares) and Ni foil (orange, filled triangles), b)
Nip6C0,404 on Ni foil (blue, filled squares), 40% NijC0240;
powder/60% Vulcan XC-72 blend (medium blue, filled triangles) and
Nip6C0,.404 (light blue, open triangles); OER LSVs for ¢) Nip¢C0,404/Ni
65 (blue, filled squares), Co3O4/Ni (red, filled circles), Ni foil (orange, filled
triangles), 20% Ir/C (grey, open squares) and 20% Pt/C (black, open
circles); d) Chronoamperometric response for Nip¢C0,404/Ni (blue, filled
squares) vs. 20% Pt/C (black, filled circles) upon CH;OH addition (2 wt.
% final concentration) at 105 min.
70
comparison of the electrocatalytic properties of the NijCo0,404
film on Ni foil, Niy Co, 404 powder removed from the Ni foil and
Nij ¢Co, 40, powder blended with Vulcan™ carbon and Nafion™
binder is provided in Fig. 2b. The data indicates that the high
75 electrocatalytic activity for these films is a result of the
continuous porous high surface area morphology of the spinel
and its intimate contact with the conductive Ni foil substrate. For
example, while the NiyCo,40, powder electrocatalyst displays
an n value (indicating the reaction order)** of 3.9, and low
so peroxide production, Fig. S5 and S6 (ESIY), it is considerably
less effective than the porous NigCo,404/Ni film, even when
blended with Vulcan carbon, Fig. 2b.
The OER data in Fig. 2c demonstrates that the Co;0, and
Nij cCo, 40, films also outperform both 20% Pt/C and 20% Ir/C
ss catalysts for the OER, as studied here. Ni foil is known to be an
OER catalyst in alkaline media; however, the addition of the
spinel film leads to improved onset values:’ 1.58 V/RHE (Co;04)
and 1.57 V/RHE (Nig¢Co0,404) vs. 1.60 (for Ni foil). While 20%
Ir/C displays an earlier onset value (1.51 V), the spinel films
o0 exhibit considerably lower voltages than 20% Ir/C (and 20%
Pt/C) at 10 mA cm with Nig C0, 404 (1.76 V) ~ Co304 (1.76 V)
< 20% Ir/C (1.85 V) << 20% Pt/C (did not reach 10 mA cm™ in
our hands).” 10 mA cm™ is chosen as an OER metric due to its
relevance for solar fuels synthesis.'**® Fig 2¢c. also demonstrates
os that 20% Ir/C is a better OER catalyst than 20% Pt/C, as
expected.
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Ni,Co3.,O4 films also displayed excellent electrocatalytic
selectivity for ORR versus the electro-oxidation of methanol,
unlike the 20% Pt/C catalyst. Fig. 2d shows chronoamperometric
data for 20% Pt/C and NijCo, 40, at their respective half-wave
potentials. Upon the introduction of methanol at 105 min
(resulting solution = 2 wt.% CH3;0H) the 20% Pt/C catalyst
suffers a significant 46% decrease in current density, versus a
modest 6% decrease (determined at 15 min after the addition) in
current density for the Nig Co, 40, film.

10 A more positive voltage and better stability for the ORR was

also observed with Nij¢Co,40, as opposed to 20% Pt/C, under

galvanostatic conditions of -3 mA/cm?, Fig. 3a. -3 mA cm™ was
chosen as an approximate half wave current density for
comparison purposes.'”’ Similarly, a lower voltage with better

OER stability was also observed for NijCo0,40, (~ < 1.8 V) as

opposed to 20% Ir/C (~ > 1.9 V), under galvanostatic conditions

of 10 mA/cm?, Fig. 3b. In fact, 20% Ir/C increases in voltage
during the experiment while Ni, ¢Co, 4O, decreases, likely due to
surface inactivation and activation processes, respectively.

0  Given the observed increase in catalytic activity with Ni
doping, the Ni,Co;_,O, films with more (Nij¢Co,,0,4) or less Ni
doping (Nig4Co;,, 404) than the Nij ¢Co, 4,0, were also analyzed as
electrocatalysts for ORR and OER, Fig. 3¢ and Fig. S7 (ESIt).
Fig. 3¢ shows the surprising result that the most active film for

25 ORR (Nig4Co0,4604) is the one with the least amount of Ni
incorporation. Using the potential at -3 mA cm™ as the ORR
figure of merit,'” we find the ORR activity follows the order of
Ni4C03.5604 > Nig 6C02,404 > Nig9Co 104 > Co304.

Similar OER trends were found with Ni4C0,50, >

30 Nig6C0,404 > Nijg5C0,3.1504 > 1:0 (Co30,), using the metric of
voltage at 10 mA cm2;1%3% however, the differences are small F ig
S7 (ESI}). The difference between the OER and ORR metrics
[A(OER-ORR)] was calculated in order to assess the overall
oxygen electrocatalytic activity, where a smaller difference

35 represents a more ideal reversible oxygen electrode.'” In addition
to outperforming the benchmark catalyst materials studied here,
Nig 4C0,.5604, with A(OER-ORR) = 0.96 V, is competitive with
20% Ir/C [A(OER-ORR) = 0.92 V] and 20% Pt/C [A(OER-ORR)
=1.16 V] values reported in the literature,'® Table S3, (ESI?).

40  In order to evaluate the effect of the mass loading on catalyst
performance, a series of films were prepared with different
masses using the most ORR active Co:Ni ratio of 1:0.25.
Specifically, Nig4Co, 04 catalyst films of 5 pug (25.5 ug cm?),
12.5 pg (63.7 pg cm™) and 25 pg (127 pg cm™) were prepared
and evaluated against 20% Pt/C (of equal masses). Fig. 3d shows
that the Nig4Co, 04 films are equal to or outperform 20% Pt/C
for ORR across all mass loading examined. This data also
indicates, as expected, that the most efficient films from a mass
activity view are those that have the lowest mass.

so  Given that the electrocatalytic activity depends on both
electronic and geometric factors, further considerations were
undertaken in order to try to understand the effect of Ni in
Ni,Co3.,O4. Previous enhancements of electrocatalytic activity
for Ni,Co;,O4 over that of Co3;0, have been assigned to an

ss increase in specific surface area and roughness factor (geometric
effect) and/or increase in conductivity (electronic effect). First,
the electrochemically active surface area (ECSA) was estimated
from the electrochemical double layer capacitance by measuring
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Fig. 3 Galvanostatic stability comparison between: Ni6C0,404/Ni (blue,
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filled circles) at 5, 12.5 and 25 pg total catalysts
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the non-Faradiac capactive current due to double layer charging

from scan-rate dependent cyclic voltammograms,” Fig. S8
70 (ESIT). The data (using a oxide capacitance value of 40 uF cm

)3 suggests that increasing Ni content leads to a higher relative

electrochemical surface area: with Co;0, (42.6 + 1.7 cm?) <

Nig4C0, 604 (69.8 + 7.0 cm?) ~ < Nig 6C0,404 (76.2 + 6.6 cm?) ~

< Nig9C0,,04 (85.4 + 8.1 cm?). Brunauer-Emmett-Teller (BET)
7s surface analysis on powders, after removal from the Ni foil,

indicates Ni inclusion increases surface area with: Co;0,4 (88.7

m’ g') < Nig4C0,,404(99.8 m* g') ~ NigsCo0,404 (942 m* g’') ~

Nig9C0,,04 (101.4 m* g). The high BET surface areas obtained

are comparable to those of recently reported nanowire arrays*®
so and three-dimensional hierarchical structures’ of Ni,Cos O,
Increasing Ni in Ni,Co;,O4 has been reported to lead to an
increase in surface area for spinels, with maxima reported for ~
Nig 60,40, and Ni;C0,0,.” The differences may be attributed
to different methods of preparation.

Scherrer XRD analysis and Raman spectroscopy shown in Fig.
S9 and S10 (ESIY), respectively, also suggest that increasing Ni
content in the Ni,Co;_,O, films results in a smaller crystallite size.
Combined TGA/MS data presented in Fig. S11 (ESIT) also shows
a larger loss of O, upon heating to 650 °C for higher values of x
in Ni,Co;3,O4. These features, which are consistent with the
presence of a higher number of crystalline edge defect sites for
higher x values in Ni,Cos_.,O4, could be expected to correlate with
improved catalytic activity,® unlike the trend observed here.
However, the larger crystallite size of Nig4Co,604 may be
os resulting in a more conductive spinel. It seems that the penalty

induced by the Ni as it concerns conductivity may be larger than
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the “gain” obtained via enhanced (electrochemical) surface area.

Conductivity studies on a series of spinel Ni,Co;.,04 (0 < x <
1) powders,”® prepared from the respective nitrates at similar
temperatures (300-350 °C), shows that the activation energy for

s conduction decreases with x and disappears almost completely
between x = 0.5 and 0.6, near the transition from semi-conductor
to semi-metallic nature of the oxide. The hypothesis that
Nig4Co0, 60, is the most conductive sample here is supported by
the fact that Nij 4Co, 04 had the lowest charge transfer resistance

10 value of 0.44 kQ: e.g. versus NijCo0,40, (0.52 kQ) and Co;04
(0.62 kQ). Subtle changes in metal ion site occupation and
valence with changes in x in the Ni,Co3.,0O, films are known to
affect the conductivity of the spinel oxide.””*® Unfortunately,
XPS analysis of these materials, as shown in Fig. S12 (ESIY),

15 could not discern significant differences in valence of Ni in these
films. An alternative possibility could be the presence of small
discrete NiO crystallite domains at higher values of x, which
negatively effects performance and/or conductivity. While
Raman spectroscopy data provided in Fig. S10 (ESI}) was found

20 to corroborate the spinel phase for all NiyCos O, films, the
presence of NiO cannot be ruled out due to spectral overlap with
the E, and F,, Raman peaks of Ni,Co;_,O, spinels.

In summary, Ni,Cos,0O4 films prepared using a two-step
electrodeposition-thermal annealing process on Ni foil, are

25 promising bifunctional catalysts for use as reversible oxygen
electrodes. This is attributed to their intimate contact with the
underlying Ni substrate, high surface area, mesoporous structure
and improved conductivity over Co304. Given the excellent
electrocatalytic properties for oxygen electrochemistry with

30 Ni,Co3.,0,4 films, further studies are warranted and will be
reported in due course.
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