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Abstract: The rising H, economy demands active and durable
electrocatalysts based on low-cost, earth-abundant materials
for water electrolysis/photolysis. Here we report nanoscale Ni
metal cores over-coated by a Cr,Ojzblended NiO layer
synthesized on metallic foam substrates. The Ni@NiO/Cr,0;
triphase material exhibits superior activity and stability similar
to Pt for the hydrogen-evolution reaction in basic solutions.
The chemically stable Cr,Oy; is crucial for preventing oxidation
of the Ni core, maintaining abundant NiO/Ni interfaces as
catalytically active sites in the heterostructure and thus
imparting high stability to the hydrogen-evolution catalyst.
The highly active and stable electrocatalyst enables an alkaline
electrolyzer operating at 20 mA cm™? at a voltage lower than
1.5V, lasting longer than 3 weeks without decay. The non-
precious metal catalysts afford a high efficiency of about 15 %
for light-driven water splitting using GaAs solar cells.

H ydrogen (H,) is considered a promising energy resource
because of its high gravimetric energy density and zero
emission of greenhouse gas.!! However, H, production has
largely relied on steam reforming, suffering from dependence
on natural gas, high cost, and low purity.'>? Alternatively, H,
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can be produced by water splitting, which can potentially
benefit from abundant water resources and high H, purity."
An ideal picture depicts a closed cycle of H, production by
water electrolysis/photolysis and H, consumption into water
by H, fuel cells. The current limitation lies in the low
efficiency of energy conversion because of the sluggish nature
of the electrochemical reactions.'*4344 Electrocatalysts are
required to expedite the reactions and increase efficien-
¢y, but the state-of-the-art catalysts (mostly based on
platinum and iridium) suffer from scarcity and high costs.
Existing earth-abundant catalysts used in industry require
a much higher voltage to obtain a similar H, production
rate.5**% In acids, electrolysis currents of 0.6-2.0 Acm™
require 1.75-2.20 V using Pt and Ir.* In alkaline solutions,
electrolysis currents of 0.2-0.4 Acm™ require 1.8-2.4 V.5
Stability is another important criterion for evaluating electro-
catalysts. Although non-precious metal-based catalysts with
high activity have been developed, long-term stability has not
been achieved to meet the standard of commercial electro-
lyzers.Ba’f] To date, active and stable earth-abundant electro-
catalysts fabricated by a facile synthesis are still highly
desired.

We recently showed that a Ni/NiO core-shell hetero-
structure affording similar activity as Pt for hydrogen-
evolution reaction (HER) electrocatalysis.®™® It was suggested
that the NiO/Ni nanointerfaces are unique in expediting HER
by stabilizing H atoms on metallic Ni and releasing the
generated OH™ on NiO. However, the electrolyzer using NiO/
Ni heterostructures exhibited a 20 mV decay per day. Here,
inspired by stainless steel that resists rusting from chemical
corrosion by blocking oxygen diffusion with a surface passive
film of chromium oxide (Cr,0,),l"! we introduced Cr to form
mixed Cr,O; and NiO overcoats on Ni cores (Ni@Cr,O;-
NiO). The resulting electrocatalyst (named “CrNN”) showed
unprecedented high activity and stability towards HER
catalysis for water splitting with or without light assistance.

The catalyst was synthesized by hydrolysis of precursors at
90°C, drop-drying the product to coat a Ni foam followed by
annealing at 300°C (see the Supporting Information). Scan-
ning electron microscopy (SEM) images showed well-coated
Ni wires in the Ni foam by a film of highly dispersed
nanoparticles (Figure 1a), in which Auger electron spectros-
copy (AES) mapping suggested a uniform distribution of Ni,
O, and Cr elements (Figure 1a).

With the catalyst nanoparticles sonicated off from the Ni
foam, scanning transmission electron microscopy (STEM)
imaging showed 5-20 nm nanoparticles (Figure 1b and Fig-
ure S1 in the Supporting Information). Atomic scale electron
energy-loss spectroscopy (EELS) mapping (see the Support-
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Figure 1. a) Low-magnification SEM image of the CrNN catalyst elec-
trode with selected area AES elemental mapping showing uniform
distribution of Ni, O, and Cr. b) High-resolution STEM bright-field
image of the CrNN catalyst with its schematic illustration. c—f) High-
magnification chemical maps by STEM-EELS spectrum imaging for the
spatial distribution of Ni, NiO, Cr,O; and their overlays showing Cr,O;-
blended NiO/Ni heterostructures.

ing Information) revealed 3-10 nm metallic Ni cores coated
by a 1-2 nm thick layer of nickel oxide (NiO,) partitioned by
1-2nm chromium oxide (CrO,) domains (Figure 1c-f).
Depth profiling X-ray photoelectron spectroscopy (XPS)
further confirmed the +2 and + 3 oxidation states of Ni and
Cr, respectively, in the oxide layer, and the inner metallic Ni
core when the oxide layer was removed by insitu Ar
sputtering (Figure S2). Thus, the structure of the catalyst
was nanoscale Ni cores covered by a thin layer of mixed Cr,0;
and NiO phases (Figure 1b). Notably, the metal-foam sub-
strate was found to substantially impact on forming the
catalyst structure (see the Supporting Information).

In Im KOH, the CINN electrocatalyst showed zero
overpotential at the HER onset and 150 mV overpotential
to reach a current density of 100 mAcm * without iR
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Figure 2. a) Linear sweep voltammetry (LSV) curves of the NiO/Ni
heterostructure with and without Cr,O; blending and Pt/C in 1m KOH
(loading of 8 mgcm?) without iR compensation (R~0.5 Ohm).

b) Chronoamperometry curves of NiO/Ni heterostructure with and
without Cr,0; blending with initial current densities of 20 mAcm™2.

c) Chronoamperometry curves of the CrNN catalyst (loading of

24 mgcm?) with 30 wt% Ni powder at constant potential of —0.25 V
versus RHE without iR compensation (R~0.6 Ohm). Inset shows LSV
curves of CrNN catalyst with 30 wt% Ni powder compared to Pt/C
without iR compensation.

compensation, which is similar to commercial Pt/C under
similar loading (Figure 2a). Significant improvement in
steeper rise in the iV curve at high overpotentials was
observed over NiO/Ni heterostructure (Figure 2a), possibly
attributed to larger electrochemical surface area of the CrNN
catalyst as indicated by the larger Ni*"/Ni®" (6 >3) redox
peak area (Figure 3¢ and f).

Cr,0; blending significantly impacts the HER stability of
the CrNN catalyst. Under constant voltage operation, the
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Figure 3. a,b) High-magnification STEM-EELS chemical maps for the spatial distribution of Ni,
NiO and their overlays in the NiO/Ni heterostructure a) before and b) after the stability test
showing severe oxidation of metallic Ni component. c) Cyclic voltammetry curves (second cycle)
of NiO/Ni heterostructure before and after stability test at a scan rate of 10 mVs™' in 1M KOH.
The active metallic Ni species were converted into Ni*" species once biased at positive potentials
(see first cycle in Figure S6). d,e) High-magnification STEM-EELS chemical maps for the spatial
distribution of Ni, NiO, Cr,O; and their overlays in the CrNN catalyst d) before and e) after the
stability test showing intact structure. f) Cyclic voltammetry curves (second cycle) of the CrNN
catalyst before and after stability test at a scan rate of 10 mVs™ in 1m KOH, showing the
formation of an oxidation-resistant Ni species. The catalysts for STEM-EELS mapping were
sonicated off from the Ni foam before and after stability measurement. The catalyst electrode
after sonication showed dramatically decreased activity (Figure S7), suggesting that the HER
activity was mainly from the catalyst and the STEM-EELS mapping result fully represented the
morphology and composition of the catalyst before and after the stability measurement.

NiO/Ni electrocatalyst showed a gradual decrease in current
density suggesting catalyst degradation, while 10% Cr,04
greatly stabilized the catalyst with an initially increasing
current density through an activation phase over 48 h and
a stable current density afterwards (Figure2b). We also
investigated the catalytic activity and stability of CrNN
catalysts with different Cr,O; content. A low Cr,0O; content
of 5% led to a slight decay in the current density over HER
operation but increasing the Cr,0O; content to 20 % decreased
the HER activity possibly by excessive Cr,0O; coating blocking
the HER active Ni sites (Figure S3).

To glean the mechanism of stabilizing effect and initial
activation stage related to Cr,O;, we investigated the
composition, morphology, and structure of the catalyst
before and after long electrolysis tests by STEM imaging
and EELS mapping (Figure 3). The NiO/Ni heterostructures
without any Cr added showed significant particle oxidation
into larger NiO aggregates over 24 h HER operation (Fig-
ure 3a and b), likely by oxygen dissolved in the electrolyte or
oxygen migrated from the counter electrodes. The activity
loss was attributed to the loss of metallic Ni content and active
NiO/Ni interfaces, as H adsorption sites at the NiO/Ni
interface on the metallic Ni side was proposed to be
responsible for a high HER activity of the NiO/Ni catalyst.*
In contrast, the CrNN catalyst showed negligible particle
oxidation with an almost intact NiO/Ni core structure after
48 h electrolysis operation at —60 mV versus reversible
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hydrogen electrode (RHE; 20—

30 mAcm ) through a long stability
test (Figure 3d and e). The intact NiO/
Ni chemical property was further con-
firmed by XPS analysis (Figure S4). As
Cr,0; was chemically stable under the

NiO/Ni

1.1

pH and potential range of the HER
operation according to the Pourbaix
diagram,® the Cr,O; phase served as

5
Potential (V vs RHE)
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excellent protection for the NiO/Ni
heterostructures, preventing oxygen
penetration to oxidize the Ni core and
maintaining the NiO/Ni heterostructure
for active HER catalysis.

CrNN An interesting change in the
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© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

12 13 14 15
Potential (V vs RHE)

detailed chemical structure of the cata-
lyst was that after long HER operation,
the Cr,0; phase showed a tendency to
co-localize with the NiO phase accord-
ing to atomic-scale high-resolution
EELS mapping (Figure S5). This sug-
gested that part of the Cr,O; phase was
possibly blended into the NiO phase to
form NiCrO, surrounding the metallic
Ni nanocores. By comparing the peak
areas of Ni**/Ni®* (6 >3) redox peak
before and after 48 h of HER reaction,
we observed a slightly increased elec-
trochemical surface area by 1.23 times
for the CrNN electrocatalyst (Fig-
ure 3 f), which corroborated with the
activation stage during which re-
arrangement of the oxide layer occurred to form NiCrO,
during HER, allowing for higher accessibility of the Ni
catalytic sites to the electrolyte. In contrast, the NiO/Ni
catalyst without Cr,0O; after long HER operations showed
a decreased electrochemical surface area, which corroborated
with the loss of active NiO/Ni sites (Figure 3b) and con-
sequently the slow decay in HER activity (Figure 2b).

Also interesting was that after long HER electrocatalysis
with the CrNN catalyst, the Ni**/Ni®" (6 >3) redox peak of
the catalyst split into two separate peaks with one of the peaks
shifting to a more positive potential, indicating two distinct
Ni?" species in the CrNN catalyst including a more reactive
one and a more inert or oxidation-resistant one (Figure 3 f).
We attributed the two peaks to Ni*" oxidation from NiO or
Ni(OH), (resulting from oxidation of the metallic Ni phase in
the catalyst) without Cr,O; blending and Ni*" oxidation in the
NiCrO, layer, respectively.

We intentionally added Ni powder during drop drying of
reaction precursors into a Ni foam and obtained improved
electrocatalytic performance. An optimal loading of
24 mgem * CrNN catalyst with 30 wt% Ni powder in Ni
foam could yield a current density of 100 mAcm? at an
overpotential of 115 mV without iR compensation (Figure 2¢
inset and Figure S8). Attractively, the catalyst also exhibited
stable behavior in maintaining current density over
200 mAcm 2 for at least 80h at —250 mV versus RHE
without iR compensation (Figure 2c). With its superior
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activity and excellent stability, the CrNN catalyst holds high
promise as the cathode material for water splitting and the
chloralkali industry.

We paired up the CrNN HER electrocatalyst with a high
performance NiFe layered double hydroxide (LDH) oxygen-
evolution reaction electro-catalyst™ in 1M KOH to make an
alkaline electrolyzer. To match the loading of material on the
HER side, we increased the loading of NiFe LDH to
20 mgem* with addition of 30 wt% Ni powder to improve
the charge transport. At room temperature (RT, 23°C), the
electrolyzer impressively delivered a water splitting current at
an onset voltage of 1.46 V, and a high current density of
200 mA cm 2 at 1.75 V without iR compensation (1.57 V with
iR compensation; Figure 4b). At 60°C, the curves shifted by
100 mV to lower voltages with a 1.39 V onset potential and
1.64 V at the current density of 200 mA cm 2. Our electrodes
outperformed the standard Ni and stainless-steel pair used in
industrial alkaline electrolyzers®! by 510 mV under RT and
370 mV at 60°C, corresponding to 22.6 % and 18.4 % savings
of voltage and energy, respectively (Figure 4b).

The electrolyzer was stable at a current density of
20 mA cm? under a nearly constant voltage of 1.50 V (with-
out iR compensation) over 500 h (Figure 4c). It also showed
negligible decay under a high current density of 200 mA cm >
for 50 h under 1.75 Vand 1.64 V at RT and 60 °C, respectively
(Figure 4¢).

The conversion of solar energy directly into hydrogen
fuels by water photolysis is a promising route of energy
conversion and storage.”) Aimed at water photolyzers with

high efficiency, we employed state of the art thin-film GaAs
solar cells.'” GaAs has a suitable direct band gap leading to
a large open circuit voltage and a high filled factor (Table S1),
which makes it impelling for powering the water electrolyzer.
By connecting our electrolyzer with two GaAs solar cells in
series (Figure 4a), we were able to produce a high current
density of 1210 mAcm™> (Figure 4d) corresponding to
a solar-to-hydrogen efficiency of 14.9% under AMIL.5
100 mW cm 2 assuming a faradaic efficiency of 100% (from
long-term stability). Interestingly, under lower power density
of 20mWecem ™ by LED desk light, the device could still
deliver a current density of 2.45 mA cm 2 (Figure 4d) corre-
sponding to a solar-to-hydrogen efficiency of 15.1 %, which
implies that we can make use of the wasted light energy for H,
conversion at night. Due to the stable behavior of GaAs solar
cell and our electrolyzer, the device was able to maintain
almost the same current density over more than 24 h under
both sun simulator and LED desk light (Figure 4¢).

In conclusion, we discovered Cr,0Os-blended NiO/Ni
heterostructures as highly active HER catalysts with sus-
tained H, production over long operations. The Cr,Oj; on the
surface was found to be essential for maintaining the core
NiO/Ni active sites from oxidation and aggregation. Cr,Os
blended into NiO to form chemically inert NiCrO, during
HER, which improves the HER activity and stability by
inducing larger electrochemical surface area and increasing
oxygen resistance. The CrNN catalyst could afford a current
density of 100 mAcm 2 at 115 mV overpotential with long-
term stability. Pairing of the HER catalyst with NiFe LDH
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Figure 4. a) Schematic diagram of solar-driven water splitting using two GaAs solar cell in series and alkaline electrolyzer with CrNN and NiFe
LDH catalysts. b) LSV curves of the electrolyzer using CrNN catalyst as cathode (24 mgcm ™2, 30 wt% Ni powder) and NiFe LDH as anode

(20 mgecm?, 30 wt % Ni powder) compared to Ni cathode and stainless steel (SS) anode under room temperature (RT, 23°C) and 60°C without
iR compensation (R~0.9 Ohm). c) Chronopotentiometry curves of the electrolyzer with CrNN and NiFe LDH catalysts at constant current
densities under RT and 60°C without iR compensation. d) Solar cell i~V curves of GaAs solar cell under simulated AM 1.5 100 mWcm™* and LED
desk light 20 mWem™? illumination overlapping with electrolyzer i~V curves. e) Current density versus time curve of the GaAs solar-cell-driven

water splitting.
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anode enables water electrolyzer and photolyzer with supe-
rior efficiency and stability.
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