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Batteries
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The high reliability and proven ultra-longevity make aqueous hydrogen gas
(H,) batteries ideal for large-scale energy storage. However, the low alkaline
hydrogen evolution and oxidation reaction (HER/HOR) activities of expensive
platinum catalysts severely hamper their widespread applications in H,
batteries. Here, cost-effective, highly active electrocatalysts, with a model of
ruthenium-nickel alloy nanoparticles in %3 nm anchored on carbon black
(RuNi/C) as an example, are developed by an ultrafast electrical pulse
approach for nickel-hydrogen gas (Ni—H,) batteries. Having a competitive low
cost of about one fifth of Pt/C benckmark, this ultrafine RuNi/C catalyst
displays an ultrahigh HOR mass activity of 2.34 A mg~" at 50 mV (vs RHE)
and an ultralow HER overpotential of 19.5 mV at a current density of

10 mA cm~2. As a result, the advanced Ni-H, battery can efficiently operate
under all-climate conditions (from —25 to +50 °C) with excellent durability.
Notably, the Ni—H, cell stack achieves an energy density up to 183 Wh kg™’
and an estimated cost of 249 $ kWh~" under an ultrahigh cathode Ni(OH),
loading of 280 mg cm~2 and a low anode Ru loading of ~62.5 pg cm=2. The

grid-scale energy storage.['?) For this pur-
pose, battery technologies of long cycle life,
low-cost, all-climate feasibility, high energy
efficiency (EE), and risk-free security are
critical requirements to fulfill. The exist-
ing battery technologies, including lithium-
ion batteries, molten-salt batteries, vana-
dium redox-flow batteries, and lead-acid
batteries, can hardly meet the criteria due
to their potential safety issues, high ini-
tial cost, or insufficient cycle life.?] Alterna-
tively, some emerging battery technologies
such as aqueous metal-ion batteries show
unsatisfied energy density and immature
industrial development.®]

Rechargeable hydrogen gas batteries
have been attracting significant research
and industrial interests owing to their
unprecedent long-term cycle stability, high
reliability, and competitive low cost, ren-

advanced beyond-industrial-level hydrogen gas batteries provide great
opportunities for practical grid-scale energy storage applications.

1. Introduction

Currently, there is an urgent call for battery energy storage tech-
nologies to mitigate the intrinsic intermittency of renewables in
the future grid.['!! Considering the demand for all-year-round sta-
ble supply and low price of electricity, the ultralow levelized cost
of storage and high reliability are critical requirements for the
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dering them ideal for large-scale energy
storage. The technology-proven Ni-H,
battery has been deployed as a unique
energy storage system in satellites and
aerospace stations since the 1970s for
over 30 years of service life with guaranteed safety.[] For instance,
the ground testing of Ni—H, batteries at Eagle-Picher has veri-
fied a life of more than 100 000 charge/discharge cycles.[*] There-
fore, the highly reliable and ultralong life aqueous Ni-H, batter-
ies have been considered as a highly attractive technology for the
grid-scale energy storage. The Ni—H, batteries are operated by the
cathode nickel hydroxide/oxyhydroxide (Ni(OH),/NiOOH) con-
version reactions and the anode electrocatalytic hydrogen evolu-
tion/oxidation reactions (HER/HOR) in alkaline electrolytes.’!
The Ni(OH),/NiOOH redox couple has been widely used as a
robust cathode in commercialized alkaline batteries.[>¢] At the
anode, H, evolves from the alkaline electrolyte during charge
and is oxidized to H,O during discharge.l’! Interestingly, the
HER/HOR anode possesses an ultrahigh specific capacity of
2978 mAh g .0y "' and is free of direct wear-out mechanism.**!
However, the HER/HOR activities of platinum group metals
(PGMs) drop x100-fold when changing the electrolyte from acid
to base.l® The sluggish alkaline HER/HOR kinetics of PGMs typ-
ically requires Ptloading >0.5 mg cm~2 in conventional hydrogen
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anodes for space missions, which are unaffordable for grid-scale
energy storage applications.[*°] The renaissance of Ni-H, battery
technology by developing low-cost, durable, and highly active al-
kaline HER/HOR bifunctional catalysts to replace Pt is of great
significance.

In previous studies, Chen et al. synthesized a cost-effective
nickel-molybdenum-cobalt anode by an electrochemical deposi-
tion method, which demonstrated excellent electrochemical per-
formance at low charge and discharge rates for Ni-H, battery.l’!
However, the mass activity of non-noble catalysts need further
improvement for high rate performance of Ni-H, battery.1%1]
Ru is one of the cheapest PGMs with one-third average price
of Pt in the past five years and has attracted extensive atten-
tion in the fuel cell industry recently.'”] The Ru-based alloying
strategies have been demonstrated to be a very effective way
to achieve higher alkaline HER/HOR activity than the bench-
mark Pt.12131 However, the Ru-based catalysts are still not widely
used to industrial fuel cells, which require high power density .
The reason is that the Ru-based catalysts are susceptible to ox-
idation and thus loss of activity at an anode potential of more
than 100 mV versus RHE.['?] Nevertheless, this is not an issue
for the H, battery energy storage application, because it only
requires a sufficiently low overpotential to drive the reversible
HER/HOR. Therefore, the Ru-based catalysts in the H, battery
can be well maintained for long-term durability. There are various
routines including template methods and solvothermal meth-
ods to synthesize highly active PGM-based electrocatalysts (such
as nanowires, nanosheets, and nanocages).'*! However, these
methods generally display low yield and the catalysts can hardly
be mass produced. The thermal treatment is an important indus-
trial approach to achieve metal nanocatalysts from the metal salt
precursors. However, the conventional thermal treatment meth-
ods typically show low energy utilization efficiencies (<10%),
long synthesis duration (>1 h), and slow heating/cooling rates
(<100 K min~"'). The slow heating/cooling rates are prone to gen-
erate uneven reaction conditions, which result in nanoparticle
aggregation.['’] Therefore, it is important to develop an energy-
saving, fast-rate, and effective preparation approach to the fabri-
cation of Ru-based nanocatalysts for Ni-H, battery energy storage
applications.

Here, we utilize a facile and ultrafast electrical pulse method
to develop highly active electrocatalysts for the beyond-industrial-
level H, battery energy storage applications. With a competitive
cost of ~1/5 of the benchmark Pt/C catalyst, the RuNi/C cata-
lyst displays excellent HOR mass activities, which are 7.5 and 10
times higher than the commercial Pt/C and Ru/C at 50 mV in
0.1 m KOH, respectively. Meanwhile, it shows a low HER over-
potential of 19.5 mV at a current density of 10 mA cm~2, which
is much better than 32 mV for Pt/C and 48 mV for Ru/C. The
Ni-H, (RuNi) battery by employing RuNi/C as the H, catalyst
shows a higher EE than the Ni-H, (Pt) battery, and the former
exhibits excellent durability with negligible decay over 1500 cy-
cles. In addition, the Ni-H, (RuNi) battery can efficiently operate
in the all-climate temperature range (—25-50 °C). Excitingly, un-
der an ultralow ruthenium loading of ~62 pgy, cm= for the an-
ode and an ultrahigh areal Ni(OH), loading of 280 mg cm~2 (60
mAh cm~2) for the cathode, the assembled Ni-H, (RuNi) battery
achieves a high cell-level energy density of 183 Wh kg~! with a
high energy efficiency of >85%. The estimated cost of the Ni-H,
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(RuNi) battery stack reaches as low as ~#$49.1 kWh~!. A scaled-
up Ah-level Ni-H, (RuNi) battery is further assembled for practi-
cal demonstration. Benefiting from the excellent comprehensive
performance and potential economic advantages of RuNi/C by
the facile and ultrafast electrical pulse method, this work shows
the development of practical, beyond-industrial-level, and high-
performance hydrogen gas batteries for grid-scale energy storage.

2. Results and Discussion

The RuNi/C catalysts were synthesized by an ultrafast electri-
cal pulse method in Ar atmosphere within 0.5 s (Figure 1a,b;
Figure S1, Supporting Information). First, commercial Vulcan
XC72 was mildly oxidized with nitric acid to introduce oxy-
genated functional groups on the surface. With abundant car-
boxylic acids, Ru** and Ni** can be easily adsorbed on Vulcan
XC72 by forming Ru—Ni carboxylate complexes. Then, the com-
plexes were placed between two tightly attached carbon cloths
and the working temperature of the carbon cloths was adjusted by
the input current of the direct-current power supply. During the
electrical pulse process, the high temperature rapidly reduced the
metal ion into metal nanoparticles, which were tightly anchored
on the carbon black and then cooled rapidly to prevent nanoparti-
cle agglomeration.!"® The morphology, elemental mapping, and
particle size of the catalyst were explored by transmission elec-
tron microscopy (TEM). The TEM images clearly showed that
the RuNi nanoparticles were uniformly anchored onto the car-
bon black substrates (Figure 1c; Figure S2a, Supporting Infor-
mation). Thanks to the ultrafast heating/cooling rates, the RuNi
particle size was distributed in the range of 1-5 nm, and the aver-
age size was ~3 nm (Figure S2b, Supporting Information). The
high-resolution TEM (HRTEM) images of RuNi nanoparticles
are shown in the inset of Figure 1c, in which the lattice fringes
with a spacing of %0.203 nm correspond to the (101) plane of
the Ru-based catalysts (Figure S3, Supporting Information). The
slightly smaller lattice fringe for Ru compared to that of bulk Ru
(0.206 nm) is caused by the incorporation of Ni. The elemental
mapping under energy dispersive X-ray spectroscopy (EDS) indi-
cates the high spatial correlation between Ru, Ni, and O species
and thereby suggests the formation of a uniform alloy with slight
oxidation (Figure 1d,e). The EDS line-scanning profile (Figure 1f)
further confirmed the alloying effect, in which Ni and O are ac-
companied by Ru elements. The metal content of the RuNi/C
catalyst is proven by thermogravimetry (TG) results of 7.5 wt%
(Figure S4, Supporting Information).

The X-ray diffraction (XRD) patterns of the RuNi/C catalysts
are shown in Figure S5 (Supporting Information), indicating that
the catalysts are mainly composed of RuNi alloy, which has sim-
ilar peaks to hexagonal close-packed (hcp) Ru. X-ray photoelec-
tron spectroscopy (XPS) analysis was further carried out to inves-
tigate the detailed elemental composition and surface chemical
state of the sample. As shown in Figure S6 (Supporting Infor-
mation), the Ru 3d XPS spectra can be deconvoluted into four
peaks. The two main peaks located at 280.7 and 285.3 eV can
be assigned to Ru’ 3ds,, and Ru’ 3d;,, respectively, and the two
shoulder peaks at 282.1 and 286.4 eV correspond to Ru** 3d;,
and Ru** 3d, ,, respectively. This result suggests that Ru is par-
tially oxidized, but the majority is still in the metallic state. The
Ru 3p XPS spectra of commercial Ru/C and RuNi/C were also
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Figure 1. Characterization of the RuNi/C catalysts. a) Schematic illustration of the electrical pulse synthesis of RuNi/C catalyst. b) Schematic illustration
of RuNi/C for HER/HOR. ¢) TEM and HRTEM images of RuNi/C. d) High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) images and e) the corresponding elemental mapping images of the RuNi/C catalyst. f) EDS line-scanning profile of RuNi/C, inset: HAADF-STEM
image showing the corresponding line scanned area. g) Ru 3p XPS spectra of RuNi/C and commercial Ru/C catalysts. h) Ni 2p XPS spectra of RuNi/C

and Ni/C catalysts.

shown in Figure 1g. Two similar main peaks located at 462.5 eV
and 485.0 eV can be assigned to Ru’ 2p; , and Ru’ 2p, ,, respec-
tively, which revealed that commercial Ru/C was also inevitably
partially oxidized. Compared with that of commercial Ru/C, the
Ru® 3p binding energy of RuNi/C showed a negative shift of
~0.4 eV, suggesting that Ru was further accommodated electrons
due to the Ni doping effect.'?] Figure 1h shows the Ni 2p XPS
spectra of RuNi/C and Ni/C. The Ni 2p,, peaks at 853.0 eV
and 856.5 eV are attributed to Ni°® and Ni?*, respectively. It is
found that the Ni element on the surface of RuNi/C is completely
oxidized.
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The catalytic activities of RuNi/C toward bifunctional
HER/HOR were first characterized in a standard three-electrode
system with a glassy carbon rotating disk electrode (RDE) in the
H,-saturated 0.1 M KOH electrolyte. The Ru/Ni atomic ratios
of Ru,Ni /C were confirmed by inductively coupled plasma
optical emission spectroscopy (ICP-OES). The optimal Ru/Ni
ratio of Ru,Ni,/C for HER/HOR catalysis was tested to be ~3/2
(Figure S7, Supporting Information). The metal cost of the
Ru;Ni, /C catalyst is ~1/5 of the benchmark Pt/C catalyst. The
HOR polarization curves of the studied catalysts are shown in
Figure 2a. Commercial Ni/C, Pt/C, and Ru/C with the same
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Figure 2. Hydrogen oxidation and evolution reaction activity tests. a) HOR polarization curves of RuNi/C, Pt/C, Ru/C, and Ni/C in H,-saturated
0.1 m KOH with a scan rate of 5 mV s™! at a rotating speed of 1600 rpm. b) Linear current potential region around the equilibrium potential of the
HOR/HER of RuNi/C, Pt/C, Ru/C, and Ni/C. c) HER polarization curves of RuNi/C and Pt/C in Ar-saturated 1 m KOH. d) Schematic diagram of the H,
electrode. e) HER/HOR polarization curves of RuNi/C-GDE and Pt/C-GDE. Galvanostatic cycling curves of the symmetric H, cells using RuNi/C-GDE
(f) and Pt/C-GDE (g). h) Time-dependent voltage profiles of the symmetric H, cell using RuNi/C-GDE.

metal loading of ~#10 pg cm™2 were tested for comparison. The
HOR current densities measured at 50 mV are 2.35, 1.47, and
1.36 mA cm™2 for RuNi/C, Pt/C, and Ru/C, respectively, while
the Ni/C catalyst shows inertness for the HOR. The RuNi/C has
a much smaller half-wave potential of 16.5 mV than Pt/C with
44 mV, which quickly reaches the diffusion-limited current at
a low potential of 89 mV. The exchange current density (j,) of
HOR/HER was obtained from the micro-polarization region
(Figure 2b), which deviates only several millivolts from the
equilibrium potential."®! The obtained j, value of RuNi/C is
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3.11 mA cm2, which is much superior to that of Pt/C with
a j, value of 1.01 mA cm~2. The HOR polarization curves of
RuNi/C under different electrode rotation rates are shown in
Figure S8a (Supporting Information). The limiting current
density grows with the rotating speed due to the promoted H,
diffusion and mass transport. The Koutecky—Levich (K-L) plot
is shown in Figure S8b (Supporting Information). A straight
line was obtained with a slope of 4.56 cm? mA~! s71/2, close to
the theoretical value of 4.87 cm? mA~! s7V/2 for the two-electron
HOR process. We further used the K-L equation to calculate the
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kinetic current density (J,) of the RuNi/C catalyst. At an overpo-
tential of 50 mV, a geometric J, of 16.42 mA cm~? was obtained,
which represents 5.2- and 7-fold increase compared with those
of commercial Pt/C (3.12 mA cm~2) and Ru/C (2.32 mA cm™2)
catalysts (Figures S9 and S10, Supporting Information), re-
spectively. The mass-normalized |, reflects the economy of the
synthesized catalysts based on weight. The mass-normalized J,
values of the RuNi/C, commercial Ru/C and Pt/C catalysts are
shown in Figure S11 (Supporting Information). The RuNi/C
catalysts have an ultrahigh mass activity of 2.34 A mg, ~!, which
is 7.5 and 10 times higher than that of commercial Pt/C (0.31
A mg,, 1) and Ru/C (0.23 A mgg, '), respectively. The HER
polarization curves of RuNi/C, Ru/C, and Pt/C in 1 m KOH
electrolyte are shown in Figure 2c¢, exhibiting that it only needs
an overpotential of 19.4 mV for RuNi/C to deliver a current
density of 10 mA cm™2, which is better than 32 mV for Pt/C
and 48 mV for Ru/C. It is summarized that our as-synthesized
RuNi/C catalysts exhibit superior HER/HOR activities to most
of the previously reported PGM catalysts (Table S1, Supporting
Information).

Based on the excellent HER/HOR activities of RuNi/C, we pre-
pared a hydrogen catalytic electrode by coating the catalyst on a
gas diffusion electrode (GDE). A schematic diagram of the hy-
drogen electrode is shown in Figure 2d. The hydrophobic layer is
conducive to H, transport for the HOR process. The HER/HOR
reversibility of RuNi/C-GDE and Pt/C-GDE was conducted in a
H,-saturated 26 wt.% KOH electrolyte. As shown in Figure 2e,
the RuNi/C-GDE with excellent HER/HOR activities signifi-
cantly reduced the accumulative HER and HOR overpotential
(54.1 mV) to deliver a current density of 15 mA cm~2 compared
to Pt/C-GDE (173.2 mV). This indicates that the electrode can
operate at a high current density and maintain a low overpoten-
tial to achieve the high energy efficiency for the H, battery. In
addition, the H, symmetric cell is constructed by two pieces of
GDE and a separator wetted with 26 wt.% KOH electrolytes. As
shown in Figure 2f,g, the electrode polarization voltages of the
H, symmetric cells were tested at current densities from 5 to
15 mA cm™2, and the corresponding charge/discharge voltage
hysteresis increased almost linearly with the current density. Ob-
viously, the RuNi/C-GDE shows a lower polarization voltage of
~51 mV than the Pt/C-GDE of >150 mV at a current density of
15 mA cm~2. Furthermore, the time-dependent voltage profiles
of the symmetric cells are shown in Figure 2h. The polarization
voltages of the symmetric cell using RuNi/C at a current density
of 15 mA cm~? for both HER and HOR are stable at ~50 mV for
over 150 h, which shows excellent long-term HER/HOR bifunc-
tional durability.

To gain insight into the origin of the RuNi alloying effect for the
HER/HOR under alkaline conditions, density functional theory
(DFT) calculations were performed to simulate the HER/HOR
reaction pathways on Ru (101) and RuNi (101). The H,O adsorp-
tion of the HER was first investigated, and the corresponding dif-
ferential charge density color-filled optimized configurations are
presented in Figure 3a and Figure S12 (Supporting Information).
The surface edge Ru atoms are recognized as the H, O adsorption
sites, and obvious electronic interaction and electron rearrange-
ment occurred after water adsorption on the edge Ru atoms of
Ru (101) and RuNi (101). The H,0 molecules were activated after
chemisorption, with an increase in the H-O bond length and a
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change in the partial density of states (PDOS) of H, O (Figure 3c).
The HER/HOR pathway on RuNi (101) and calculated free en-
ergy diagrams, including H,O adsorption, H,O dissociation,
hydrogen adsorption, and hydrogen generation, are plotted in
Figure 3b and Figure 3d to further understand the difference in
the alkaline HER/HOR reversibility between Ru and RuNi cat-
alysts. The highest free energy climb step during the reversible
HER/HOR was normally considered as the rate-determining step
(RDS). For RuNi (101), the step of desorption of *OH species in
HER is identified as the RDS with a free energy climb of 0.41 eV,
which is the last step of Volmer process.['”] For Ru (101), the des-
orption of *OH species during the HER is also the RDS, which
is much difficult than that of RuNi (101) with a higher free en-
ergy climb of 0.71 eV. Moreover, it is worth mentioning that in
HOR, the step of combining adsorbed *H and *OH to generate
adsorbed *H, O on Ru (101) is much more difficult than that on
RuNi (101). Therefore, the above results show that RuNi (101) can
enable a better reversible alkaline HER/HOR performance from
the viewpoint of thermodynamics. Moreover, the energy barrier
of water activation (E,) was investigated by conducting climb-
ing image nudged elastic band (CI-NEB) calculations (Figure 3e),
which is generally considered as the kinetic barriers that could
affect the overall reaction rates.['®] The reversible HER/HOR is
expected to have much favorable kinetics on RuNi (101) with
transition reaction barriers for H,O dissociation/formation of
0.77 eV, which is much lower than the calculated H,O dissoci-
ation/formation barrier on the Ru (101) surface of 1.32 eV. In
short, the Ru atom on the surface of the RuNi alloy plays a key
role in the entire HER/HOR path in alkaline solution. The Ni al-
loying optimized the electronic structure of Ru and accelerated
the RDS of the HER/HOR. As a result, the intrinsic activities of
HER/HOR at Ru sites were greatly improved.

A schematic diagram of the Ni-H, battery and its redox reac-
tions during the charge and discharge is shown in Figure 4a.
The Ni-H, battery was constructed with a H, GDE anode, a
commercial Ni(OH), cathode, and aqueous KOH solution as the
electrolyte (Figure 4d).[') Based on previous work, a concen-
tration of 26 wt.% is beneficial in reducing the occurrence of
Ni(OH),/NiOOH swelling in operation, thereby improving the
cycle life of the cell."! The Ni(OH), electrode (Figure S13, Sup-
porting Information) with high areal capacity and tap density is
known to be highly stable for commercial alkaline batteries, en-
abling our Ni-H, battery to reach industrial level requirements.[®’
The SEM image shows the compactly packed Ni(OH), cath-
ode (Figure 4b), which is remarkably different from the porous
and uniformly distributed RuNi/C nanocatalysts on the anode
(Figure 4c). After the battery fabrication, the two charged Ni-H,
Swagelok batteries connecting in series can light up a light emit-
ting diode display screen with a power of 15 mW (Figure 4e).

Figure 4f shows the galvanostatic charge-discharge curves
of the Ni-H, batteries, which are assembled by coupling
the RuNi/C-GDE (0.121 mg,, c¢m™2) anode or Pt/C-GDE
(~0.45 mgp, cm~?) anode with a Ni(OH), cathode (mass load-
ing of 70 mg cm™2, areal capacity of 15 mAh cm™2), at a cur-
rent density of 15 mA cm™2. The Ni-H, (RuNi) battery shows
a much lower overpotential than that of the Ni-H, (Pt) battery,
where the former delivers a high energy efficiency of ~86.5%
as compared to the latter (=75%). The Ni-H, (RuNi) battery ex-
hibits excellent rechargeability with negligible decay of discharge
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capacity after 500 cycles (3000 h) at a current density of 5 mA
cm™ (Figure 4g). Figure S14 (Supporting Information) shows the
largely overlapped 50th and 500th cycles of galvanostatic charge-
discharge curves of the Ni-H, (RuNi) battery, implying its excel-
lent durability. The slight EE decay from 88% to 86.5% is mainly
due to the detachment of the cathode active materials, which can
be observed from the SEM imaging (Figure S15, Supporting In-
formation). The Ni-H, (RuNi) battery was also tested at various
current densities with 66.7% depth of discharge (DoD) for rate
performance. As the current density increases from 10 to 50 mA
cm~2, the Ni-H, battery still shows well-retained discharge ca-
pacities and slightly decreased voltage efficiency after 1500 cycles
(Figure 4h,i). For example, a relatively high EE of > 75% can be
achieved even at a high current density of 50 mA cm~2. In con-
trast, the Ni-H, (Pt) battery demonstrates obviously worse rate
performance and higher cost than that of the Ni-H, (RuNi) bat-
tery (Figure S16 and Table S2, Supporting Information). Mean-
while, the Ni-H, (RuNi) battery shows a high cell-level energy
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density of 130 Wh kg™! and an estimated energy cost of 107.8
$ kWh! based on the cell stack but excluding the Swagelok gas
storage vessel (Table S3, Supporting Information).

Given the strict operational environment of grid-scale energy
storage, we further studied the charge-discharge performance
of the battery at temperatures from —25 to 50 °C (Figure 4j-1).
Impressively, even at a low temperature of —25 °C, the Ni-
H, (RuNi) battery still possessed well-retained 100% DoD ca-
pacities with only slightly decreased energy efficiency (~86.5%)
at 5 mA cm~2, indicating its excellent low-temperature elec-
trochemical performance (Figure 4j). Furthermore, the battery
can work well at a high temperature of 50 °C with high
energy efficiencies (>85%) at current densities from 15 to
45 mA cm™? in 80% DoD (Figure 4l). Consequently, the Ni-
H, (RuNi) battery can efficiently operate at a wide tempera-
ture range, which covers most residential areas on the Earth,
demonstrating the all-climate capability of our hydrogen gas
batteries.

© 2023 Wiley-VCH GmbH
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Figure 5. Electrochemical performances of Ni-H, batteries under high areal capacities. a) The galvanostatic charge-discharge curves of the Ni-H,
(RuNi) battery with 30 mAh cm™2 and 60 mAh cm~2 at a current density of 5 mA cm™2. b) The corresponding cycling stability of the Ni-H, (RuNi)
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of the pouch-type Ni-H, (RuNi) battery. f) The cell stack energy density and cost of the Ni-H, (RuNi) battery compared with Ni-H, (Pt) battery. g)
Performance comparison of the Ni-H, (RuNi) battery with LIB, VRFB, and LAB in terms of the key requirements of grid-scale energy storage, including
affordability, safety, energy density, energy efficiency, all-climate adoptability, and cycle life.

Considering the high specific capacity and fast kinetics of the
RuNi/C GDE anode, two Ni-H, batteries with higher areal ca-
pacities and lower Ru loadings of 62 ugg, cm™ are assembled
for demonstration (Figure 5a). The Ni-H, (RuNi) batteries with
an ultrahigh cathode loading of 280 mg cm™2 (areal capacity of
60 mAh cm™) showed high energy efficiencies of ~85% at
5 mA cm™? and negligible decay of discharge capacity and en-
ergy efficiency after 50 cycles (Figure S17, Supporting Informa-
tion). Besides, the Ni-H, (RuNi) batteries with a cathode loading
of 140 mg cm~? (areal capacity of 30 mAh cm~2) also showed high
energy efficiencies of ~86.5% at 5 mA cm™ and excellent dura-
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bility after 250 cycles (Figure 5b). With the increase in capacity
and reduce in catalyst loading, the cost proportion of the cata-
lysts in the whole battery decreases significantly, reaching as low
as x14.7% under 60 mAh cm~? as compared to ~47.6% under
15 mAh cm™ and ~22.8% under 30 mAh cm~? (Figure S18, Sup-
porting Information). The Ni-H, (RuNi) battery (60 mAh cm~2)
has an ultrahigh cell stack energy density of 183 Wh kg™! and an
attractive estimated cost of 49.1 $ kWh~!, surpassing the United
States Department of Energy (US DOE) target of 100 $ kWh~!
for large-scale energy storage applications (Table S4, Support-
ing Information).l”) For comparison, the Ni-H, (RuNi) battery

© 2023 Wiley-VCH GmbH
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(30 mAh cm™2) has a cell stack energy density of 152 Wh kg™!
and an estimated cost of 62 $ kWh™' (Table S5, Supporting In-
formation). An Ah-level Ni-H, pouch cell was further assembled
for practical energy storage applications (Figure 5c; Figure S19,
Supporting Information). Excellent battery performance with an
EE of ~84.5% can be obtained at a current density of 200 mA
(Figure 5d,e). Therefore, it is rationalized to achieve high battery
energy density and low battery cost by replacing the platinum cat-
alyst with a low-cost ruthenium-based catalyst, further by reduc-
ing the amount of RuNi catalyst and increasing the cathode mass
loading (Figure 5f).

Besides, it should be noted that the hydrogen pressure main-
tained in our prototype battery is less than 0.2 MPa, although it
is verified that the battery shows better discharge performance
under higher pressure (Figure S20, Supporting Information).
In fact, the H, pressure in commercialized Ni-H, batteries is
1-2 orders of magnitude lower than that of the fuel cell H,
tank with several tens of MPa, showing much less dependent of
our batteries on the H, storage vessel with improved safety.l?’]
Based on the further optimized hydrogen gas pressure, elec-
trode structure, and solid-liquid-gas three-phase interface,?!] the
Ni-H, battery based on the RuNi/C catalyst is believed to show
higher energy efficiency and lower cost.>?? In short, based on
the low-cost and high-activity RuNi/C catalyst, the Ni-H, battery
showed unprecedented comprehensive performance. Compared
with the lithium-ion battery (LIB), vanadium redox-flow battery
(VRFB), and lead-acid battery (LAB), which are the most promis-
ing battery technologies for grid-scale energy storage thus far, our
advanced Ni-H, (RuNi) batteries showed all-around advantages
with no obvious shortcoming in fulfilling the key requirements
for grid-scale energy storage, including affordability, safety, en-
ergy density, energy efficiency, all-climate adoptability, and cycle
life (Figure 5g).

3. Conclusion

In summary, low-cost and high-mass-activity electrocatalysts
were synthesized by an ultrafast electrical pulse method for
beyond-industrial-level Ni-H, batteries. This method demon-
strated extremely high energy conversion efficiency with ul-
trashort synthesis duration of ~0.5 s. The synthesized RuNi
nanoparticles of ~3 nm were uniformly and tightly anchored
onto the carbon substrates, which displayed excellent HER/HOR
performance in alkaline electrolytes with a catalyst cost of ~1/5
that of commercial Pt/C, for example a low HER overpotential of
19.5 mV ata current density of 10 mA cm~2 and a high HOR mass
activity of 2.34 A mg~!. The remarkable HER/HOR activities of
the RuNi nanocatalysts were confirmed by the DFT theoretical
calculations, revealing that the Ni alloying optimized the elec-
tronic structure of Ru and accelerated the RDS of the HER/HOR.
Advanced Ni-H, batteries based on the low-cost RuNi/C catalysts
achieved high energy efficiency (>85%), high cell stack energy
density of 183 Wh kg~!, well-maintained performance in the all-
climate temperature range (—25-50 °C), and excellent durability
with negligible energy efficiency decay. In addition, the estimated
cost of the cell stack reaches as low as ~49.1 $ kWh~!, superior
to the US DOE target of 100 $ kWh~! for large-scale energy stor-
age applications. This work provides opportunities to the explo-
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ration of practical beyond-industrial-level hydrogen gas batteries
for grid-scale energy storage.

4. Experimental Section

Pretreatment of the Carbon Black:  First, 5 g carbon black (Vulcan XC-
72, Fuel Cell Store) was dispersed in 250 mL concentrated nitric acid, and
then the reaction vessel was placed in an oil bath at 80 °C under reflux for
5 h. After cooling to room temperature, the reaction mixture was poured
into deionized water, and the precipitants, oxidized carbon black, were col-
lected by suction filtration.

Synthesis of RuNi/C:  The Ru/Ni ratio of the obtained RuNi/C can be
controlled by the ratio of the Ru and Ni metal sources. First, actived car-
bon black (CB) was mixed with metal salt precursors by fully immersing
12 mg CB into 0.3 mL 0.03 m RuCl;-3H,0 (Sigma—Aldrich) and 0.02 m
Ni(NO;),-6H,0 (Sigma—Aldrich) mixed aqueous solution. After drying,
the CB coating with metal salts was placed between two tightly attached
carbon cloths (1cm X 2 cm) to conduct the ultrafast electrical pulse treat-
ment. The high temperature rapidly decomposed these precursor salts
into metal nanoparticles to anchor on the carbon black and then cooled
rapidly to prevent nanoparticle agglomeration. The current pulse flowing
through the carbon cloths was 20 A for ~0.5 s. The resulting RuNi/C was
then collected and stored in the oven for testing.

Materials Characterization:  X-ray diffraction patterns were collected on
a Philips X’Pert PRO SUPER X-ray diffractometer equipped with Cu K, ra-
diation in a 26 range of 30°-90°. Transmission electron microscopy (JEM-
F200) and energy-dispersive spectral mapping images were employed to
visualize the morphologies and element distribution of the samples. The
chemical states of the samples were analyzed by X-ray photoelectron spec-
troscopy (Kratos Axis supra™). The ICP-OES results were taken by an Op-
tima 7300 DV instrument. Thermogravimetry (TG) analysis of the samples
was carried out on a NETZSCH TG 209F1 Libra instrument at a heating
rate of 10 °C min~" from 25 to 800 °C in an air atmosphere.

Electrocatalytic Measurements: The electrocatalytic measurements
were conducted on a VMP-3 multichannel workstation (Bio-Logic Science
Instruments, France) with a three-electrode system. The catalyst-loaded
RDE (5 mm diameter, Pine Instruments, USA) or GDE (1 cm?) was used
as the working electrode, and the Ag/AgCl electrode and graphite rod were
used as the reference electrode and counter electrode, respectively. The
electrolyte for the HER tests was Ar-saturated 1.0 m KOH, and the elec-
trolyte for the HOR tests was high-purity H,-saturated 0.1 m KOH. The
catalyst inks of RuNi/C, Ru/C (20% Ru on Vulcan XC-72, Premetek, USA),
and Pt/C (20% Pt on Vulcan XC-72, Premetek, USA) of ~10 ug ,, cm~2
were prepared by dispersing the catalysts in water/ethanol (1:3, v/v) with
Nafion (5 wt.%) under ultrasound sonication. The ink was drop-casted on
the glassy carbon (GC) electrode to form a homogeneous catalyst film. The
LSV curves of HER and HOR were collected at a scan rate of 5 mV s™1. All
LSV polarization curves for HER and HOR were iR-corrected (E o rected =
Emeasured - iRs). The catalysts and polyvinylidene fluoride (PVDF) binder
with a mass ratio of 9:1 was coated on a gas diffusion layer (GDL) for the
H, GDE tests. The exchange current density (jy) can be calculated by fitting
Ji into the B-V equation in the micro-polarization region.

Battery Performance Measurements:  The electrochemical properties of
the batteries were measured using Swagelok cells and cylindrical testing
cells, which were reported in previous studies.[”2] A polymer separator
(FS2225-33, Freudenberg Performance Materials SE & Co. KG) wetted with
26 wt.% KOH electrolyte was used between the H, anode and Ni(OH),
cathode (Hunan Corun New Energy Co., Ltd.). The symmetrical H, cell
was fabricated by using the catalyst coated GDL as both positive and nega-
tive electrodes. The cell performance of the batteries was tested on a VMP-
3 multichannel workstation (Bio-Logic Science Instruments, France) and
battery test systems (LandHe and Neware).

DFT Calculations:  DFT calculations were carried out using the Vienna
ab initio Simulation Package (5.4.4 VASP) within the generalized gradi-
ent approximation (GGA) as formulated by the Perdew—Burke—Ernzerhof
(PBE) functional.?? To avoid interaction from nearby layers, different
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surfaces with nine atom layers of Ru (101) and RuNi (101) were modeled
with a 20 A vacuum space. The final set of energies for all calculations
was computed with an energy cutoff of 520 eV. The convergence criteria
for energy were set to 107> eV, and the residual forces on each atom were
decreased by more than 0.02 eV A~". Brillouin zone integration was per-
formed with 2 X 3 x 1T'-centered Monkhorst-Pack k-point meshes for ge-
ometry optimization calculations. All the isosurface values for the charge
density difference analysis were set to 0.003 eV A=3, and cyan and yellow
colors represent the charge depletion and charge accumulation zones, re-
spectively. The free energy results of the HER/HOR process were obtained
by referring to the computational hydrogen electrode (CHE) model pro-
posed by Narskov et al.[?*] The minimum kinetic energy barrier of water
dissociation was obtained by means of the climbing image nudged elastic
band (CI-NEB) method.[?’]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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