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ABSTRACT: Scalable production of electrocatalysts capable of performing high-current water SIS
splitting is crucial to support green energy utilization. We adopted acidic redox-assisted deposition
(ARD) to realize the continuous roll-to-roll fabrication of a strongly adherent cobalt manganese
oxyhydroxide (CMOH) film on Ni foam under ambient conditions in water. The as-fabricated
products show uniform CMOH coverage and oxygen evolution activities with dimensions as large
as S m length by 0.25 m width. Also, we converted CMOH into a metallic form (denoted as CM) \=’ & 8 ‘g?
with the preserved high adhesion to serve as a high-current hydrogen evolution electrocatalyst. -t ’
Our results reveal that the insufficient adhesion of powder forms electrocatalysts (i.e., Pt and RuO,

as benchmarks), even with the binder, at high-current electrolysis (>1000 mA) can be solved using the fabricated CMIICMOH cell.
With an active area of 1 cm X 1 cm assembly in anion exchange membrane (AEM) electrolyzers, we observed the remarkable record
of alkaline electrolysis stably at S000 mA. This result established a new benchmark record on the high-current water splitting
research.

Jj High Current
5000 mA
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1. INTRODUCTION conditions is needed.”” Our prior research has presented the
possibility of utilizing acidic redox-assisted deposition (ARD)
to accomplish thickness-controllable deposition of multinary
metal oxide thin films, which exhibit strong adhesion on
generic substrates, for diverse applications, such as anti-
bacterial, Li-ion battery, and so on.*'®"” The mechanism
studies show a critical role of metal-containing oxidants (e.g.,
MnO,”, FeO,>”, etc.) in corroding top surfaces of the
substrate, recognized as “adhestaining” characteristics, to
achieve strong adhesion.'* " After the adhestaining behavior
(also known as surface corrosion) of permanganate to yield the

Massive-scale energy storage is urgently needed for the
commercialization of green energy (e.g, wind and solar
power) to achieve the goal of carbon neutralization by
2050.'~* Reversible hydrogen cycle mediated by water splitting
and hydrogen—oxygen recombination by fuel cells have
become a promising sustainable approach toward massive
energy storage capable of buffering the intermittent supply of
green energy.” ® To effectively capture peak outputs of green
energy, high-current water splitting is, therefore, needed.” The

application of this technology remains difficult due to intensive verv first base laver. the sub nt erowth formation of th
gas bubbling at the electrode water—electrocatalyst interfaces ery st base fayer, the subsequent gro ormation of the

. . Co—Mn network connected by the oxygen bridge continues
(also known as the triple-phase boundary region), generally 17,18 :
resulting in electrocatalysts peeling off from the electrodes.”” the ﬁbllm gEoleth. iti Furthegrri:re, was sho}x;nzl to .se
Benchmark electrocatalysts for water splitting like IrO,, RuO,, capabie Of depositing cobalt manganese oxyhydroxide

and Pt are in powder form and require binders (e.g., Nafion) to (CMOH) on a wide variety of substrates, such as rigid glaiss,
gain proper adhesion on electrodes.'”"' In a high-current poly(ethylene terephthalate) (PET), wood, copper foils,

water splitting situation, however, high amounts of binder  <"oon cloth, and glassy carbon clectrodes (GCEs). These
would be needed to ensure enough electrocatalyst adhesion lh 18,22 P p §

. o tests. The amorphous structure of the resultant films also
and prevent peeling off. As such, significantly decreased helps with strong adhesion.”® The redox feature of ARD does
electrocatalytic performance is anticipated with too much P & :

. Co . not require the substrates to be conductive, in contrast to in
amount of nonconductive organic binders covering the . . . -
situ growth techniques via electrodeposition. These features

electrocatalysts.'”'® The critical criteria for high-current

electrolysis should first focus on realizing strong electrocatalyst —

adhesion on electrodes without using binders. Received:  November 2, 2022 i
Scalable production of electrocatalysts is, of course, also an Accepted:  January 27, 2023

essential part of realizing the commercialization of hydrogen Published: February 8, 2023

energy."* Continuous roll-to-roll fabrication of a thin film is
one of the simplest scaled-up methods, however, the capability
of conducting liquid phase deposition under ambient
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Figure 1. SEM images reveal the surface features of (a) blank Ni foams, (b) CMOH-1x, (c¢) CMOH-3x, (d) CMOH-5x, and (e¢) CMOH-7x

electrodes.

enable ARD to easily accomplish multimetal incorporation in
an individual single-oxide sample and thus highly suitable to be
adopted in roll-to-roll fabrication for massive production of
sought-after multinary electrocatalysts with strong adhesion.

Recently, most of the water splitting research has reached a
range of 500—1500 mA cm™?, categorized as a high-current
density benchmark,”>***” particularly for those involving
thin-film electrocatalysis. These research works concen-
trate on achieving performance improvements, such as smaller
onset and overpotentials at a certain current density of
electrocatalysts with small dimensions/sizes.”””” Although an
ultrahigh current density (2.4—25 A cm™>) was achieved, the
practical application of most electrocatalysts with small active
areas (e.g, 0.09—0.45 cm?®) toward massive scale electrolysis
remains doubtful.>*" Some reported catalysts run up to 8 A
current with a 20 cm? catalyst area but the obtained overall
current density of 0.4 A cm™ is still relatively small.*”
Demonstration of continuous and scalable fabrication of active
electrocatalysts for both hydrogen and oxygen evolution
reactions (HERs and OERs, respectively) has not yet been
recognized in the literature. Key discussions regarding
principles and guidelines to achieve high-current electrolysis
of water are also absent.

In this work, cobalt manganese oxyhydroxide (CMOH) and
cobalt manganese alloy (CM) thin-film electrocatalysts active
for OER and HER, respectively, are fabricated by a scalable
roll-to-roll process via ARD at room temperature. An alkaline
anion exchange membrane (AEM) electrolyzer assembly of
CMIICMOH can handle 5000 mA cm™ current density
operating with an actual current of 5000 mA and operate stably
for 30 h. The scaled-up uniform fabrication of these
electrocatalysts on nickel foam (Ni foam) electrodes with
massive dimensions of up to 5 by 0.25 m was successfully
realized and demonstrated. We utilized the strong adhesion
properties of CMOH for the OER side and its metallic form,
CM, for the HER side, to obtain durable electrocatalysts that
can withstand high-current water splitting. Intrinsically strong
adhesion of electrocatalysts formed using ARD eliminates the
need for organic binders that suppress the surface-active sites.
Our results and comparison studies highlight that the
insufficient adhesion of benchmark electrocatalysts (e.g., Pt
RuO,) needs to be addressed before high-current water
splitting can be achieved.

22,28

9232

2. RESULTS AND DISCUSSION

Amorphous cobalt (Co™) manganese (Mn"') oxyhydroxide
films can be prepared by a simple ARD process through an
aqueous reaction of cobalt(Il) acetate and potassium
perman%anate(VII) under ambient conditions without external
heating.'® Single dipping of the substrates (i.e., Ni foam) into
the aqueous mixture for 15 min is sufficient to complete the
deposition. A deposition time of 15 min was chosen for
optimal product deposition since, according to previous
research,'® extending deposition time to 60 min showed no
significant changes in the OER activity. These synthesis
conditions are referenced and extended to the roll-to-roll
fabrice}gion later in this article. The main reaction is shown
below

9C0%:C—l) + 3MnVHO4_(aq) + 14H20(l)

11

— Cog ' Mn} O,¢H,5(,) + 1SH{,,

(1)
This redox reaction leads to a highly homogeneous distribution
of metal cations in the oxide products.”> To realize a highly
reliable roll-to-roll process, we kept the process temperatures at
room temperature but varied the precursor concentrations to
optimize the electrocatalyst performance since our earlier
studies have shown the product irreproducibility highly
sensitive to the temperatures of the ARD reaction bath,
particularly above 40—50 °C. We defined the reaction mixture
of 20 mM Co* and 6.7 mM MnO,  precursors as the
reference basis (the product denoted as CMOH-1x) and
increased the concentrations of both precursors to three times
(3x), five times (5x), and seven times (7x), with the
corresponding products denoted as CMOH-3x, CMOH-5x,
and CMOH-7x, respectively (see the Method Section in the
Supporting Information).

2.1. Concentration-Dependent Deposition of Electro-
catalysts. ARD is known to produce thin films of CMOH
with amorphous characteristics for OER electrocatalysis.'® The
scanning electron microscopy (SEM) images of the resulting
film show different characteristics as the concentration of the
precursors changes (Figure 1). Figure 1b shows that CMOH-
1x has continuous flake-like features on the Ni foam surface.”
In CMOH-3x (Figure 1c), the flake-like features disappear, and
only the bumpy surface of the deposition can be observed. In
CMOH-5x and CMOH-7x (Figure 1d,e), no appreciable
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feature is visible despite the difference in concentrations of
precursors. All of the products show a similar Co/Mn ratio of
2:1 based on the inductively coupled plasma mass spectros-
copy (ICP-MS) results (Table 1), indicating the successful

Table 1. ICP Result in Different Precursor Concentrations
of the CMOH Film

sample Co“ Mn“ Co/Mn (molar ratio)
CMOH-1x 3.68 ppm 1.88 ppm 2:1
CMOH-3x 2.4S ppm 1.24 ppm 2:1
CMOH-5x 2.49 ppm 1.12 ppm 2:1
CMOH-7x 1.36 ppm 0.79 ppm 2:1

“Concentration was measured in 10 mL of acid solvent.

deposition in both CMOH-5x and CMOH-7x, even with no
visible features in the SEM images. Yet, the increased
concentrations of precursors gradually decrease the total
amounts of deposited cobalt and manganese (see Table 1).
Together with the SEM results, a higher concentration of
cobalt(II) acetate leads to thinner coatings. The presence of
acetate anion from the precursor inhibits the film growth due
to its capability of coordinating to cobalt, consistent with the
previous studies."® This inhibition would be even more
prominent with the presence of ethylenediaminetetraacetic
acid (EDTA) anions. This inhibition effect of acetate anion
allows a controllable growth of film thickness. Furthermore,
acetate anions can act as a buffer to limit possible pH changes
if the great amount of precursors was used to conduct ARD. In
CMOH-7x, the concentration of the acetate anion is too high,
and thus, the film is barely deposited. The deposited thin films
were subjected to X-ray photoelectron spectroscopy (XPS) to
reveal the oxidation states of Co and Mn in the film products
(Figures S2 and S3). The presence of Co(III) was observed in
all samples based on the XPS peaks at 795.4, 780.1, and 789.8
eV corresponding to Co 2p;,, Co 2p;,,, and Co 2p;), satellite
peaks, respectively. The manganese present in all of the thin-
film samples exists as Mn(IV) species based on the XPS results
of Mn 2p;,, and 2p, /, at 642 and 653.5 eV, respectively. These
XPS results confirm the conversion of Co(I)/Mn(VII) in the
precursor solutions to Co(III)/Mn(IV) during the formation
of CMOH coating, following eq 1.*'*** Energy-dispersive X-
ray (EDX) mapping was used to analyze the cobalt and
manganese distribution on Ni foam. The results show a
uniform distribution of cobalt and manganese over the entire
coated area (Figure S4).

We conducted all of the electrochemical tests in this work on
Ni foam using iron-purified KOH.>**° The linear sweep
voltammetry (LSV) measurement of the deposited samples
was carried out in a three-electrode system first to evaluate the
alkaline OER performance (Figure 2a). The bare Ni foam
substrates show no significant OER activity up to 1.55 V, while
the CMOH samples exhibit obvious OER activities. The
overpotentials at 10 mA cm™ are 310 mV for CMOH-1x, 310
mV for CMOH-3x, 300 mV for CMOH-5x, and 320 mV for
CMOH-7x, as shown in Figure 2a. The sequence shows that
CMOH-5x gives the strongest OER activities (the smallest
overpotential), followed by CMOH-3x, CMOH-1x, and
CMOH-7x. From the result on the Tafel slope of these films
(Figure S5), CMOH-5x shows the lowest slope (42 mV/
decay) compared to the others (CMOH-3x < CMOH-1x <
CMOH-7x), showing that electrocatalytic kinetics of OER in
CMOH-5x is superior to all of the others. The electrochemical
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Figure 2. Electrocatalytic performance of the CMOH samples
prepared in different precursor solution concentrations. Comparison
of the linear sweep voltammetry curves in (a) the three-electrode
system and (b) the AEM device with 1 X 1 cm? electrode active area
(in 1 M iron-purified KOH electrolytes). (c) Impedance curve of the
film-coated gold substrate (in 0.1 M iron-purified KOH).

active surface area (ECSA) also shows an increasing trend of
CMOH-7x < CMOH-1x < CMOH-3x <« CMOH-5x (Figure
S6 and Table S2). One sees that CMOH-5x has the highest
ECSA value while that of CMOH-7x is the smallest. Since the
amounts of active sites usually are proportional to the loading
mass, this data suggests that CMOH-5x has the highest
quantity of active sites but not possessing the highest loading
mass (see Figure 1). Thus, the higher precursor concentrations
do not necessarily yield increased amounts of active sites.
The impedance curves (Figure 2c) indicate that CMOH-S5x
possesses the smallest charge transfer resistance (CMOH-5x <
CMOH-3x < CMOH-1x < CMOH-7x), even though all of the
samples show similar elemental compositions. Compared to
CMOH-1x and CMOH-3x, the relatively thinner thickness of
CMOH-5x most likely contributes to such impedance results.
Accordingly, CMOH-7x with the lowest film loadings should
exhibit the smallest charge transfer resistance, but that goes to
CMOH-5x, revealing that a certain level of electrocatalyst

https://doi.org/10.1021/acsami.2c19710
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deposition enhances the charge transfer at the heterojunction
sites between the film and the substrate. The higher ECSA and
more rapid charge transfer in CMOH-5x make the catalyst
outperform the others. Taking into consideration all of these
results, CMOH-5x is selected to be the optimal condition for
roll-to-roll large-scale fabrication and high-current water
splitting applications discussed later in this work.

Mechanisms for the enhancement of electrocatalyst perform-
ance can be recognized from various points of view, such as
high catal;rst loading, high catalyst density, or hydro-
philicity.”””® Based on our previous in situ Raman study of
CMOH, the layered hexagonal CoO, was found and that
corresponds to Co®"/Co*" activation in OER.® Amorphous
characteristics of CMOH lower the OER activation barrier,
compared to the crystalline counterparts. Another reason that
also enhances the activity is the Mn** substitution by Co®" or
Mn>* which, as a result, creates cation vacancies due to the
need for charge compensation in the structure. These defects
and the homogeneous distribution of constituent metals in the
structure could increase material conductivity and thus
improve catalytic activities. A further advantage of the
CMOH thin-film catalyst is the thickness that can be
controlled to reach an optimal level that leads to a low
interfacial barrier, facilitating better charge transport during
electrocatalysis.'®

The composition of Co/Mn of the product (based on the
ICP data), regardless of the concentration of the precursors, is
lower than that (Co/Mn = 3/1) prepared by a batch reactor at
80 °C in the earlier work."® The lowered Co/Mn ratios should
be due to the room temperature conditions. The optimal Co/
Mn ratios have been systematically studied in the precursor
ranges (Co/Mn) of 9:1 to 1:3, and the optimal composition
should lie between Co/Mn of 4:1 to 5:1. Yet, our studies also
reveal that the elemental compositions are not the only
concern in achieving the highest OER activities. Other
properties dependent on the compositions such as electrical
resistivity, adhesion, surface area, and thickness are also critical.
According to the ICP results of CMOH films, the equation
that corresponds to the product composition is shown below

2+ VII ~—
9C0(aq) + 3Mn O4(aq) + SHZO(I)

— Cog'Mnj O,0H, () + 3Co(i) + 6H{, @)
Since the precursor ratio that we used is 3:1, there is a certain
amount of free Co®" in the solution that is not incorporated
into the CMOH film during the formation. The free Co** may
be chelated by the acetate ligands in the solution."®

2.2. Large-Scale Roll-to-Roll Fabrication. Roll-to-roll
processing was adopted for mass production of the electro-
catalysts in a large quantity and continuous manner. As
illustrated in Figure 3a, Ni foams are used as continuous
substrates to pass through the reaction mixture (ie. the
CMOH-5x recipe) under ambient conditions. A video clip
demonstrating the whole rolling process is provided (see
Movie S1). The roll-to-roll setup was built with dimension
details as shown in Figure S14. In our demonstration, 5 m
(length) by 0.25 m (width) pristine Ni foams experienced a 15
min contact with the precursor solution at room temperature
(28—30 °C). The detailed process is explained further in the
Method section.

Since the precursor concentrations of the reaction bath
would gradually become lower, the reaction rates also become
slower. However, the presence of acetate ions can also

9234

a

/ﬁer

wash

CMOH coated

Bare nickel nickel foam

foam

Dry using
dryer

eact'\o“\ { !
"
bath Rolling direction

< Position 1
250
E Position 2 22
< Position 3 ol
200 o
E’ Position 4 z
=
£ Position 5 = 2.0
2 150 é
: 100 £ 184 —— Position 1
H & —— Position 2
= 164/ —— Position 3
S % ’ ( Position 4
Position 5
0= T T 1.4 T T
14 15 1.6 500 1000 1500
Potential (V) Current density (mA cm™)

Figure 3. Large-scale production of the CMOH film. (a) Scheme of
the roll-to-roll process for large-scale CMOH production. (b)
Photograph of CMOH-5x deposited on a Ni foam (§ X 0.25 m?)
using the large-scale roll-to-roll method; the 1 to S positions labeled
on the photograph indicate the different sampling locations for
material characterization and OER tests. The OER catalytic
performance of the 1 to S positions is shown in panel (c). (d)
Water splitting results using samples of the 1 to S positions in an AEM
device with 1 X 1 cm? electrode active area. These electrochemical
and water splitting tests are all measured using 1 M iron-purified
KOH.

effectively slow down the reaction rates, as indicated by the
reduced deposition rates. Such behavior gives a wide window
of deposition time, during which the changes in precursor
concentrations are small. Thus, a long deposition time is
needed for obvious concentration decay of the precursors. This
can be supported by the nearly identical OER activity by
sampling the entire 5 m long CMOH after the 2 h deposition.
Detailed study of the precursor consumption rates of the roll-
to-roll process requires a prolonged time.

Figure 3b shows the photographs of the products after the
roll-to-roll process. Five different spots (locations 1 to S) were
selected for inspection and characterization to ensure the
uniformity of the product. The SEM images of these spots
(Figure S7) show a highly similar appearance to each other and
also to that of CMOH-5x obtained by the batch synthesis
(shown in Figure 1d). In addition, the results of their OER
performance are nearly identical from spot to spot (Figure
3c,d) and are also close to the batch-synthesized products
(Figure 2a,b). The uniformity in the SEM images and OER
performance among the inspected five spots shows that,
despite the simplicity of the setup of the manual rolling
process, the acetate—ligand coordination and the resulting self-
limiting growth in ARD still enable a highly reliable film quality
control. A small variation in the electrochemical activity
between the samples made by the batch-type and roll-to-roll
fabrication is likely due to the different cleaning processes of
the Ni foam substrate.
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Figure S. Comparison of the AEM operation stability at a high current of water splitting. (a) Comparison of stability performance of CMIICMOH-
5x and PtICMOH-5x at 3000 mA cm ™ for 150 min. The SEM images of (b) Pt and (c) CM before and after the i—t stability test at 3000 mA for
150 min; insets show the photographs of the corresponding electrode (scale bar = S mm).

2.3. Electrocatalyst Adhesion under Large Current
Electrolysis. To highlight the crucial roles of electrocatalyst’s
adhesion properties for high-current electrolysis, we conducted
the comparison of CMOH-5x to the benchmark binder-applied
and binder-free RuO, (Figure 4a). The current density of the
binder-free RuO, was significantly decreased by 20% after
3500 s by starting at 400 mA cm™?, while that of the binder-
applied RuO, shows a small decrease of 3%. As expected,
powder form RuQO, relies on binders to acquire proper
adhesion to exhibit electrochemical activity but the use of too
much amount of binders is shown to weaken the intrinsic
electrocatalytic activity (Figure S8). On the other hand, thin-
film-form CMOH-5x shows a highly stable current under the
same conditions without the need for any binders, emphasizing
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the importance of strong adhesion toward high-current water
splitting.

We further conducted the adhesion tests in AEM cells. The
two cells were assembled with CMOH-5x and binder-applied
RuQ, at the OER side and commercial Pt at the HER side for
both cells; these cells are denoted as PtICMOH-5x and Ptll
RuO,, respectively. With the cell operation starting at 1000 mA
cm™?, the currents of PtlIRuO, cells gradually decrease by more
than 30% in 180 min, while CMOH-5x continues to perform
stable water splitting without appreciable current decay (Figure
4b). The RuO,-loaded electrode of PtllRuO, shows a
significant color fading (see the appearance comparison before
and after 180 min operation of water splitting, as the inset in
Figure 4c). The SEM image comparison (Figure 4c) also
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Figure 6. Performance and stability of CMIICMOH-5x on the AEM device. (a) Linear sweep voltammetry comparison of PtIRuO, and CMI|
CMOH-5x in the AEM cell. (b) Stability of CMIICMOH-5x on the AEM device under different high-current conditions. (c) Long-term stability
test of CMIICMOH-5x under 5000 mA cm ™ for 30 h. These electrochemical and water splitting tests are all measured using 1 M iron-purified

KOH.

exhibits a significant loss of RuO, powder after the 1000 mA
operation exposing the bare Ni foam surface. These results
verify that the superior adhesion of CMOH-5x on the OER
side is critical to realizing high-current water splitting.

The same adhesion issue shall also impact the hydrogen
evolution reaction (HER) under high-current water splitting.
Pt loss may be observed in the tests of Ptl[RuO, and Ptll
CMOH-5x at higher currents. To overcome this issue, our
strategy was to utilize the strong adhesion of CMOH by
turning CMOH into its reduced form, since, in principle, HER
generally requires reductive electrocatalysts. After having
CMOH-5x reduced in a H, atmosphere at 1000 °C (see the
Supporting Information for the detailed procedure and
characterization), the product denoted as CM is likely to
have an alloy phase (also see Figure S9 for the appearance after
the reduction). The XRD patterns (Figure S10a) show a high
similarity of crystal parameters between metallic cobalt and
manganese phases corresponding to Co’ (JCPDS 89-4307)
and Mn” (JCPDS 88-2327). Such features generally suggest an
easy formation of a homogeneous solution solid between Co
and Mn. The residual signals corresponding to manganese
monoxide (JCPDS 02-1158) were noticed. The spectra of X-
ray absorption near-edge structure (XANES) for Co and Mn
K-edge in Figure S10b,c also show a metallic form of cobalt
with peaks at 7707, 7712, and 7725 eV*’ and manganese with
peaks at 6541, 6546, and 6555 eV.*” The LSV of CM (Figure
S10d) shows the improved electrocatalytic activity toward
HER, as compared to the bare Ni foam substrate.

2.4. AEM Cell Performance at High-Current Water
Splitting. To test the adhesion of the as-generated bimetallic
alloy CM, two AEM cells of CMIICMOH-5x and PtICMOH-
Sx were fabricated (see the Supporting Information) and
operated at an ultrahigh current of 3000 mA cm™ for a clearer
comparison. Figure Sa shows a stable operation of the CMII
CMOHS-5x cell in the 150 min performance stability test while
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the PtIICMOH-5x cell shows an electrocatalytic decay
characterized by the observed potential increase of 0.5 V.
Inspecting the appearance of the Pt electrode of the cell after
the operation clearly shows many faded areas/spots over the
entire sample, as compared to the sample’s color before the
test (inset of Figure Sb). The SEM images further support the
Pt peel-off from the Ni foam during the test (Figure Sb). On
the other hand, both the CM and CMOH-5x electrodes in the
CMIICMOH-5x cell show no appreciable changes after the
3000 mA tests as indicated in both the SEM image and
photograph appearance (Figures Sc and S11). These results
indicate that the strong adhesion of both CM and CMOH is
highly essential for high-current water splitting at 3000 mA or
above. The high Faraday efficiency (>98.5%) of the CMII
CMOH-5x cell also suggests negligible side reaction or catalyst
decomposition (Figure S12).

We also compared the full cell performance between CMI|
CMOH-5x and benchmark Ptl[RuO, as shown in Figure 6a.
The noble metal group-free CMIICMOH-5x cells exhibit a
nearly comparable (yet, still slightly weaker) electrolysis
activity to PtllRuO,. The observed trend is that CMIl
CMOH-5x shows superior performance beyond a high-current
region (>800 mA cm™?). At a large current density (1000 mA
cm™?), our CMOH-S5x exhibits a potential of 2.2 V. To test the
maximum current density of water splitting that the CMI|
CMOH-5x cell is capable of, we systematically increased the
current density from 3000 to 6000 mA cm ™ with an interval of
1000 mA cm™% Figure 6b shows the steady operation of the
cell up to 5000 mA cm ™2 for 80 min, while a gradual increase
of the operation potential is observed at 6000 mA cm™2 The
results suggest a maximum, durable operation current for CMI|
CMOH in between 5000—6000 mA cm™>, an electron density
that even the benchmark electrocatalysts like RuO, and Pt
cannot handle. The strong adhesion electrocatalysts achieve
the durable water splitting capability for a total current as high
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as 5000 mA, superior to most of the current literature using
first-transition metal oxides in powder forms.'”*" A longer
stability test at 5000 mA cm™* showed that the CMIICMOH-
Sx cell can run up to 30 h without significant change in its
performance (Figure 6¢). In addition, the LSV result for the
cell that was subjected to 6000 mA cm > shows highly similar
results to that before the high-current tests (Figure S13). The
ICP analysis of the iron-purified KOH electrolyte after the
high-current tests (from 5000 to 6000 mA) shows no sign of
Co or Mn dissolution into the electrolyte (Table S1). These
data together suggest that CM and CMOH-5x almost remain
intact after such high-current tests. Before a detailed
investigation, the maximum current of 5000 mA is most likely
limited by other parts/operation conditions of the AEM cells
(such as membrane, flow rates, conductivities, etc.),” rather
than any forms of the degradation of CM or CMOH-5x. The
possibility of achieving an even higher current toward
electrolysis is promising through the further improvement of
the weak components of AEM cells. Furthermore, CMI|
CMOH possesses strong adhesion on both the anode and
cathode, giving the advantage to avoid electrocatalyst peel-off
against high-current electrolysis.

3. CONCLUSIONS

In summary, strong adhesion CMOH and CM thin-film
electrocatalysts have been demonstrated to be crucial for
achieving high-current electrolysis >5000 mA cm™ The
nature of ARD enables the success of adopting roll-to-roll
fabrication for scalable production of CMOH and CM on the
Ni foam substrate. The combination of high-current
electrolysis and mass production of electrodes represents a
promising future for green hydrogen commercialization.
Through modified versions of the ARD approach, undoubt-
edly, one can easily produce complex multimetal oxide films
that are more advanced than CMOH. In addition to the
electrochemistry field, this ARD approach may also bring
revolutionary impacts on all of the related subjects involving
metal oxide semiconductors.

4. METHODS

4.1. Large-Scale CMOH Fabrication Using Roll-to-Roll
Process. Large-size nickel foam (Ni foam) with S m length by 0.25
m width dimensions was precleaned (using the procedure mentioned
in the Supporting Information) but without the O, plasma treatment
step. The precursor mixture used in the CMOH-5x synthesis (all of
the CMOH batch synthesis is mentioned in the Supporting
Information) was adopted for this roll-to-roll fabrication, in which
210 mmo] of cobalt acetate and 70 mmol of potassium permanganate
were dissolved in 2100 mL of deionized (DI) water. The Ni foam was
placed onto the setup of roller bars with a certain part of the loaded
Ni foam directly in contact with the precursor mixture in the pool
(see the demonstration in Movie S1). We built a rolling device using
1/2” diameter poly(vinyl chloride) (PVC) pipes to fit a 25 cm width
by S m long rolled Ni foam as the substrate (shown in Figure S14).
The loaded Ni foam belt translated with a speed of 4 + 1 cm/min.
The products were collected on the opposing side (see Movie S1).
Every spot of the loaded Ni foam experienced a 15 min contact with a
reaction bath at room temperature (about 28—30 °C). After the roll-
to-roll process, the powder samples generated in the reaction mixture
of the pool were also collected as alternative reference samples used in
the reduction process to CM (the CM synthesis procedure is
mentioned in the Supporting Information) in Section 2.3.
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