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ABSTRACT. Electrochemical water splitting to produce clean hydrogen fuel provides a route to
store electrical energy based on intermittent renewable energy sources. Oxygen evolution
reaction (OER) is an essential reaction in water splitting process and requires efficient
electrocatalyst to lower the overpotential. However, current electrocatalysts are limited by the
complicated synthetic protocols, especially long synthesis time, along with poor intrinsic
catalytic activity. Here we report a low-cost and scalable electrochemical method to synthesize
efficient water oxidation electrode via potential pulses. In a two-electrode setup, two water
oxidation electrodes are synthesized in merely 10 s. These two electrodes need overpotentials of
240.7+6.8 mV and 239.5+3.4 mV to catalyze OER at 10 mA/cm’ current density normalized by
geometric area. Remarkably, when normalized by electrochemically active surface area, the
intrinsic catalytic activity outperformed the state-of-the-art catalysts. And the electrode is durable
to catalyze OER at 100 mA/cm’, even after repeated ultrasonication treatment, the overpotential
only shift 25 to 51 mV. We postulate that the highly disordered defective sites of nickel
hydroxide modified with iron species are the most active OER catalytic sites. In addition, The
attempt to synthesize 10 water oxidation electrodes using this concept is very successful, further
reducing the cycle time to 1 s per electrode. The super facile synthesis procedures, as well as the

excellent catalytic performance make these materials highly suitable for large scale applications.

1. Introduction



Searching for suitable materials to drive electrochemical water splitting process under low
overpotential is a very hot research topic in recent years, especially the materials that can
catalyze sluggish oxygen evolution reaction (OER).[1-8] To achieve economic feasibility of the
electrochemical water splitting process, not only the activity and stability of catalysts must be
high enough, but also the synthesis strategies matter.[9-11] In terms of the method to synthesize
water oxidation electrode, it must at least satisfy the following criteria: fast, facile, scalable and
environmentally friendly. Among these factors, the synthesis time used to fabricate the catalyst is
of essential importance as it can influence the production efficiency and determine the
applicability of synthetic method for practical applications. Reducing the synthesis time of the

overall synthetic process can not only improve the productivity, but also reduce the cost.

Because of the importance of reducing synthesis time, a growing attention is being paid on
developing ultrafast strategies. Various methods of preparation, including but not limited to
microwave assisted method, solution based chemical treatment, thermal treatment,
electrochemical method, were reported to synthesize OER electrocatalysts in relatively short
time. For example, Xu et al reported a method to convert metal organic framework
(MOF)/graphene into (FeNiP)/P-doped graphene composites via microwave assisted thermal
treatment in 20 s. But the synthesis of MOF/graphene precursor still required multiple steps and
quite a long time.[12] Regarding to the solution based chemical treatment, Zou et al. found that
amorphous NiFe bimetallic hydroxide films can be coated on Ni;S, nanosheets supported on
nickel foam in 5 s at 100 °C, but it’s a two step process and the first step also required 5 h
hydrothermal reaction in an autoclave to grow Ni;S, nanosheets on the surface of nickel
foam.[13] Recently, an ultrafast protocol is reported to synthesize S-doped NiFe (oxy)hydroxide
in 5 min at room temperature for alkaline seawater splitting.[14] The synthesis involves the

immersion of nickel foam into the solution of Fe(NO;);*9H,O and Na,S,0;-5H.O for 5 min.



Another method was reported to synthesize amorphous NiFe nanosheets on iron foam by
addition of cleaned iron foam into the solution of H,O./Ni(NO;).,/Fe(NOs); for 200 s.[15] High
temperature can generally accelerate the formation of catalytic active materials, for instance, a
mercaptoethanol solution was dropped directly on nickel foam, followed by annealing at 300 °C
for 50 s to synthesize nickel sulfide film on nickel foam for overall electrochemical water
splitting. The resulting catalyst can catalyze OER at a current density of 10 mA/cm’ with 312
mV overpotential.[16] In another example, Hu ef al reported a method to synthesize
CoS/graphene composite material by high temperature treatment at ca. 2000 K in milliseconds
for overall water splitting, however, there are several steps required prior to the thermal shock
treatment.[17] Electrochemical methods, featured with the merits of fast and simple setup, have
great potential to decrease the synthesis time. For example, NiFe layered double hydroxide can
be synthesized on nickel foam via electrodeposition in 300 s.[18] Another pulsed
electrodeposition method was reported by using sequential 2 s cathodic current pulses at -10
mA/cm’ for 2 to 20 cycles, and there’s 10 s stirring between each pulse.[19] However, these
methods are both expensive - involving high cost reagents - and / or time consuming to

synthesize.

Reducing the synthesis time is advantageous to lower the cost of materials used to fabricate the
water electrolyzer, and this is one-time capital cost. To make sure the electrolyzer can run on
small operating cost, the electrocatalyst must be capable to drive high catalytic current density at
low overpotential. Both of these two factors are of equal importance. We summarized the
synthesis time and the overpotential required to catalyze 10 mA/cm’ current density of some
representative materials in Fig. 1. As we can see, most of the reported catalysts fail either one of

the criteria. The challenge to synthesize materials in very short time while maintaining their high



catalytic activity is still immense. Therefore, it’s urgent to develop novel method to synthesize

water oxidation electrodes that can satisfy both requirements.
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Fig. 1. Comparison of overpotential required to catalyze 10 mA/cm’ OER current density and the

synthesis time for different reported OER electrocatalysts: 1-amorphous NiFe on iron foam;[15]
2-Cu oxides micro/nano-structures;[20] 3-CoS@few-layer graphene;[17] 4-NiCo-LDH on
stainless steel mesh;[21] 5-S-doped Ni/Fe (oxy)hydroxide on nickel foam;[14] 6-amorphous
NiFe metal oxyhydroxide on nickel foam;[22] 7-amorphous Fe-Co-Ni hydroxide on nickel
foam;[23] 8-Ni;S, films on nickel foam;[16] 9-NiFe LDH on nickel foam;[24] 10-
NiFeP/graphene heterostructure;[12] 11-NiFe LDH on nickel foam;[18] 12-amorphous NiFe
hydroxide on Ni;S;[13] 13-boronized NiFe alloy sheet;[25] 14-NiCo LDH on CuO
nanowires;[26] 15-CoFeCr nanosheet on nickel foam;[27] 16-Co-doped FeNi carbonate
hydroxide on nickel foam;[28] 17-tannin NiFe complex film on carbon fiber paper;[29] 18-
Ag@Co(OH)x;[30] 19-hexagonal close - packed NiFe@N-doped -carbon;[31] 20-

FeNiRedox.[32] All of the OER evaluations were performed in 1.0 M KOH.

In our previous report, we have demonstrated that iron plate after consecutive oxidation and

reduction process in NiSO; electrolyte via cyclic voltammetry (CV) potential cycling can lead to



highly active water oxidation electrode.[32] But the potential cycling method takes as long as 30
min, still far away from our expectation. In order to address the aforementioned challenges, we
present an ultrafast (10 s), scalable and green electrochemical method to synthesize amorphous
water oxidation electrodes by applying pulsed potentials between two iron plates in an aqueous
NiSO; solution. The synthesis process in a two-electrode cell is systematically studied. The
obtained two iron-based water oxidation electrodes can catalyze OER at 10 mA/cm’ geometric
current density at the overpotential of 240.7+6.8 mV and 239.5+£3.4 mV, respectively. Because
the synthesis time is very short, after the deposition of nickel hydroxide, there’s no sufficient
time for iron to fully diffuse into the lattice of nickel hydroxide, instead, iron prefer to
incorporate at the defected sites or edge sites, which actually endow the materials with higher
catalytic activity. Considering both catalytic performance and fabrication time, our catalyst
outweighs previously reported catalysts. Additionally, we constructed a ten-electrode setup to
demonstrate that the design can be used to synthesize ten water oxidation electrodes in 10 s. This
work provides important insights on ultrafast synthesis of active electrodes for various

electrochemical applications.

2. Experimental Section

2.1. Solution Preparation

18.2 MQecm water, supplied by Aquaplore, was used to prepare solutions. A stock
solution of 0.1 M NiSO4+6H20 (99.9% metals basis, Shanghai Aladdin Biochemical Co.,
Ltd.) was prepared as the electrolyte to synthesize water oxidation electrodes. A solution
of 0.05 M Fe2(SOa4)3 (AR, Fe 21-23%, Shanghai Macklin Biochemical Co., Ltd) was
prepared. Another solution of 1 M KOH (99.99% metals basis, Shanghai Aladdin

Biochemical Co., Ltd.) was prepared to evaluate the electrocatalytic OER activity.



2.2. Pulsed Potential Synthesis

A fine sandpaper (3M) was used to polish the surface of iron plate (thickness: 0.3 mm,
Qinghe Guantai Metal Materials Co., Ltd.), and ethanol was used to clean the surface by
ultrasonication. Afterwards, the cleaned iron plate was cut into strips (size: 0.5 cm x 5 cm)
and covered with hot melt glue to expose ca. 0.2 c¢cm? area for immersion into the

electrolyte.

For the two-electrode setup, two identical iron plates were placed in parallel in 0.1 M
NiSO4 solution, one of the iron plates was connected with the banana plugs of WE and
sensing electrode (SE), the other iron plate was connected with the banana plugs of RE
and CE (Fig. 2a). A pulsed potential program was applied between two electrodes. The
potential value started at +2.4 V for 5 s and changed to -2.4 V for another 5 s. After 10 s
synthesis, both electrodes were taken out of the solution and cleaned by ultrapure water.
Depending on which banana plugs they connected, the as-synthesized electrodes were
named as IronWE and IronCE, respectively. In addition to above mentioned synthetic
condition, the synthesis was performed under other different potential values and times to
get more insights of this method. The synthesis was performed in the temperature range

of 25+1 °C.

A scalable fabrication setup is shown in Fig. S1, several pairs of iron strips were placed
in parallel, half of them were connected with the banana plugs of WE and SE cables and
the other iron plates were connected with RE and CE cables. The same pulsed potential

program of £2.4 V was used for the synthesis in 10 s.

2.3. Electrode Characterizations



The surface of electrode was observed by a field emission scanning electron
microscope (SEM) (Hitachi, SU 8220). The total nickel content after pulsed synthesis was
probed by inductively coupled plasma atomic emission spectroscopy (ICP-OES) (Agilent
720ES). X-ray diffraction patterns were measured on a Bruker D8 Advance
diffractometer. The surface compositions of electrodes were measured by X-ray
photoelectron spectroscopy (XPS) (Thermo Fisher Scientific K-Alpha, with mono Al Ka).
The peak of C 1s (at 284.8 eV) corresponding to adventitious carbon was used to calibrate

the energy scale.
2.4. Electrochemical Measure ments

The OER catalytic activities of the as-synthesized iron-based electrodes were evaluated
by using a PARSTAT MC electrochemical workstation (Princeton Applied Research) in a
three-electrode cell, in which the Hg/HgO electrode, graphitic carbon rod, as-synthesized
electrode served as RE, CE and WE, respectively. All electrochemical measurement was
conducted at room temperature (25+1°C). Cyclic voltammetry (CV) curves were
measured at a scan rate of 10 mV/s. Linear sweep voltammetry (LSV) plots were
recorded at a lower scan rate of 1 mV/s to minimize the effect of capacitive current. The
equation below was used to convert the measured potential to RHE scale and compensate

the system resistance:
ErRHE = EHgHgo +0.925 V — 85% x i X Rs Q)

where —0.925 V is the potential found at zero current value during the calibration of
Hg/HgO RE,[32] iis the recorded current (A) and Rs is system resistance (), which was

determined by the AC impedance data. AC impedance data was collected at a potential of



1.5 V vs. RHE by using the following parameters: start frequency = 10% Hz; end

frequency = 102 Hz, amplitude =5 mV. The range of Rs was 1.8-3.5 Q in this report.

To compare the catalytic activity, geometric current density was calculated by

normalizing the measured current with geometric surface area.
2.5. Electrochemically Active Ni Sites

The amount of electrochemically active Ni sites can be determined by integration of the
Ni reduction peak in CV curves. An example is shown in Fig. S1. The following equation

is used to calculate the loading of active Ni amount on the surface:
Active Ni=Q/(AxmxF) 2

where Q equals the charges for Ni reduction peak, A is the geometric area of the
electrode, m is the number of electrons transferred to reduction one nickel cation and it’s

assumed as 1 in this paper, Fis Faraday constant (96485 C/mol).
2.6. Double Layer Capacitance

The double layer capacitance (Ca) was measured by recording the CV curves at a
series of scan rates (0.1, 0.08, 0.06, 0.04, 0.02 and 0.01 V/s) in a non-Faradaic potential
window from 0.1 to 0.3 V vs. Hg/HgO in 1 M KOH. Half of the differences of anodic and
cathodic current values (mA) at 0.2 V vs. Hg/HgO were plotted against the scan rates
(VIs). The resulting slope of the fitted line was Ca. The electrochemical active surface

area (ECSA) was calculated according to the following equation:

ECSA = Ca / (0.04 mF/cm?) ()



where 0.04 mF/cm? represent the specific capacitance of the materials.[26] The
intrinsic catalytic activity or specific activity was calculated by normalizing the measured

current with ECSA.

The Ca density, normalized by the geometric area of the electrode, was calculated

based on the following equation:
Cal density = Ca / A (4)

where A represents the geometric area of the electrode. The Ca density is related with
the effective ECSA and can be used to compare the effective surface area or roughness

factor of each electrode.
2.7. Turnover Frequency (TOF) Calculations
The following equation was used to calculate the TOF:
TOF =i/ (4 xF xn) )

where i is the current recorded during the OER, 4 is the number of electrons required to
produce one oxygen molecule, F is the Faraday constant (96485 C/mol), and n is the
number of active sites (mol) in the catalysts.[33] Two different strategies were used to
determine n. For the first one, total nickel content was probed by ICP-OES, and iron
amount was calculated based on nickel/iron atomic ratios measured by XPS. The
calculation will yield TOFan because it’s under the assumption that all the deposited
nickel and iron are the active sites. However, this could underestimate the intrinsic
catalytic activity because some deeply buried atoms are not accessible to the electrolyte.
Another method was only based surface nickel/iron sites, where nickel content was

derived from the N?*/Ni3* reduction peak in the CV by assuming one electron transfer

10



per nickel, and iron amount was still deduced from nickel/iron atomic ratios. This will
result in TOFsuface as only electrochemically accessible surface nickel+iron sites were

considered as active centers.

3. Results and Discussion

3.1. Electrode Synthesis and Structural Properties

Detailed experimental procedures are described in experimental section. In a two-electrode
setup as shown in Fig. 2a, iron strips and NiSO, solution together construct an electrolyzer, in
which the oxidation reactions and reduction reactions proceed at the same time but on different
locations, namely, anode and cathode. Anodic current is observed when the applied voltage was
+2.4 V (Fig. 2b), indicating that oxidation reaction happened on IronWE, which could be
associated with the oxidation of iron to iron species with high oxidation number. Concurrently,
the reduction reaction must happen on IronCE. This is further verified by the observation of gas
bubbles on IronCE due to hydrogen evolution reaction (HER). The Ni*" in the electrolyte can
react with OH™ generated from HER, producing nickel hydroxide on the surface of iron. As the
voltage changes to -2.4 V, cathodic current is recorded because reduction reaction happens on
IronWE and also proved by the rapidly evolved hydrogen bubbles. Besides HER, the reduction
of highly oxidative iron species may contribute to some cathodic charges. Meanwhile, oxidation
reaction should happen on IronCE, and the produced Fe’/Fe’ can easily be doped into nickel
hydroxide structure. These major reactions are illustrated in Fig. 2a. To study the influence of
these two voltage segments, two additional electrodes, namely, IronWES5s and IronCESs, were
synthesized by applying +2.4 V between two iron strips for 5s (Fig. 2c). During this time,

oxidation reaction happens on IronWE and reduction reaction happens on IronCE.

11



After the synthesis, CV curves were recorded in 1 M KOH electrolyte at 10 mV/s to quickly
check the nickel content on the surface by integrating the reduction peak area of Ni*'/Ni"~ and
assume that the reduction is one electron process (Fig. S1).[34] After first 5 s, the
electrochemically accessible Ni is 0.12 + 0.05 pmol/cm’ for IronWESs, significantly lower than
that of 1.07 + 0.35 pmol/cm’ on IronCES5s. This means the primary reaction on IronCE is nickel
hydroxide cathodic deposition in the first 5 s, whereas small amount of Ni** from the electrolyte
can also be trapped on the surface of IronWE during this period. After additional 5 s at -2.4 V,
IronWE10s and IronCE10s have close surface nickel content of 0.69 + 0.19 and 0.86 + 0.14
umol/cm’, respectively, indicating that nickel hydroxide is deposited on the surface of IronWE in

the second 5 s period.

12
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To further study the chemical composition and local structure of these four electrodes, X-ray
photoelectron spectroscopy (XPS) measurements were performed. The core-level spectra of Ni
2p (Fig. 3a) confirm that all of the surfaces are composed of Ni(Il) bonded with hydroxide
species, as evidenced by the characteristic peaks at binding energies of 855.5 eV (Ni 2ps.) and
873.3 eV (Ni 2pi»).[35] In terms of the Fe 2p XPS spectra (Fig. 3b), the Fe 2p;» signal of
IronWESs is located at lower binding energy of 710.3 eV, compared with 712.2 eV for other
three electrodes. This means that most of the Fe(Ill) species in IronWES5s exist in oxide form,
while Fe(Ill) primarily bind with hydroxides in the electrode of IronCESs, IronWE10s and
IronCE10s.[35] This conclusion is further proved by the O 1s XPS spectra. As shown in Fig. 3c,
only IronWES5s displays a shoulder peak at 529.6 eV due to the presence of metal-oxygen bond,
whereas other three electrodes exhibit a single peak at 531.2 eV corresponding to the metal-
hydroxide moiety.[36, 37] It should be noted that even IronCESs has only experienced cathodic
reduction process, it also contains 11% of Fe(IIl) based on XPS analysis (Fig. 3d). With the iron
plate serving as the substrate, we believe doping of iron into nickel hydroxide is inevitable under
such condition, possibly due to the corrosion process.[26] Moreover, in terms of IronWESs, the
electrochemical oxidation of iron can produce Fe®" cation, which could further be oxidized
electrochemically or chemically to Fe™', in the latter case, dissolved molecular oxygen serves as
oxidant (O, + 2H,O + 4¢ = 40H’) and generates a locally high alkaline environment. Ni** from
the electrolyte can be precipitated in such condition. But [ronWESs still has the lowest amount of
nickel compared with other three electrodes, this further confirms that nickel hydroxides
predominantly come from cathodic deposition. In summary, a general formula of Fe.Ni,O,H.

can be used to describe the composition of surface coating after pulsed synthesis.

14
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The morphologies of iron electrodes after pulsed synthesis were identified with scanning
electron microscopy (SEM) and the results are displayed in Fig. S2 and Fig. 4. After first 5 s,
both Iron WESs and IronCESs electrodes show nanosheet morphology. After the next 5 s, there
are many additional nanoflower particles on IronWE10s, the nanoflower particles are also
constructed by nanosheets. The Energy Dispersive Spectrometer (EDS) mappings indicate that
nickel elements are primarily distributed at the nanoflower sites, suggesting that these
nanoflowers are produced during second 5 s and associated with the cathodic electrodeposition
of nickel hydroxide. In terms of IronCE1O0s, it still predominantly contains nanosheets, but

several round areas with clear boundaries are observed on the surface. The nonuniformity of
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electrodes synthesized after 10 s is because they were treated under two different potential

values, which triggered reduction and oxidation reactions separately.

To get further insights about surface dynamic change during the pulsed potential synthesis, an
optical microscope is used to observe the surface of iron plate. The setup is shown in Fig. S3 and
the optical images of iron plate during the synthesis are shown in Fig. S4. For [ronWE10s, in the
first 5 s, the surface becomes rougher and new structures appear with different contrast, this
could be related with iron oxidation, in the next 5 s, some of the structure motifs disappear,
which may due to the reduction of oxidized iron species, but some still retain, indicating that new
films are coated on the surface. In terms of the IronCE10s, in the first potential loop, new
structures quickly evolve on the surface, this is related with the electrodeposited of nickel
hydroxide as well as the HER process. In the subsequent potential loop, this structure preserves.
Because of the resolution limit for optical microscope, it’s difficult to look at detailed structures
in nanoscale resolution. However, in combination with SEM images, these results at least prove

that the formation or generation of new coatings on iron surface is very fast.

3.2. Evaluation of OER Performance and Intrinsic Activity

The electrocatalytic activities of the above synthesized electrodes towards OER were evaluated
in 1 M KOH solution. The catalytic performance described by the current density normalized by
geometric area is shown in Fig. 5a and 5b. IronWESs has the lowest catalytic activity, giving
much higher overpotential of 273.2 + 11.7 mV to drive 10 mA/cm’ current density. This could be
ascribed to the lowest nickel content on the surface as discussed above. IronCESs has enhanced
catalytic activity and the overpotential is reduced to 241.5 + 4.3 mV, this value is approaching
the performance of IronWE10s and IronCE10s, which reveal the overpotential of 240.7+6.8 mV

and 239.5+3.4 mV to reach the same 10 mA/cm’ current density. These results indicate that the

16



novel pulsed potential method using two-electrode design can be used to synthesize very active

water oxidation electrodes in very short time, namely 5 s per electrode, which successfully meet

—_— p——

both criteria of high acfivity + ultrafast.

Fig. 4. (a) Low magnification and (b) high magnification SEM images of IronWE10s. (c¢) The
electron microscope image of IronWE10s used for elemental mapping and the corresponding
mapping for (d) iron, (e) nickel and (f) oxygen. (g) Low magnification and (h) high
magnification SEM images of [ronCE10s. (i) The electron microscope image of [ronCE10s used

for elemental mapping and the corresponding mapping for (j) iron, (k) nickel and (I) oxygen.

For comparison purpose, electrodes synthesized with longer time of 60 s and 360 s were

prepared by conducting the potential pulses for 6 and 36 loops. As shown in Fig. S5, repeated

17



anodic and cathodic current was observed during the synthesis, suggesting that
oxidation/reduction reactions happened on the surface alternatively. The resulting electrodes are
named as IronWE60s, IronCE60s, IronWE360s and IronCE360s, respectively. Extending the
synthesis time significantly increases the electrochemical active surface area (ECSA), which is
evidenced by the trending up of Cq density (Fig. S6 and S7). Aside from ECSA, the catalyst
loading also increases, for example, according to Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) analysis, the total nickel content for IronCE10s, IronCE60s and

IronCE360s are 1.89, 3.21 and 8.28 umol/cm’. It's generally accepted that increasing the catalyst

18



loading can increase the geometric current density, and improving ECSA can also lead to high
catalytic activity because the electrode can expose more active sites for catalysis.[38, 39]
However, from 10 s, to 60 and 360 s, the overpotential values required to reach 10 mA/cm’
geometric current density are close with each other regardless of the increasing of catalyst
loading and ECSA, suggesting that there are some other key parameters that determine the
catalytic activity (Fig. 5a and 5b). The current density normalized by ECSA can avoid the impact
of catalysts' surface area on the catalytic performance and it’s one of the strategies to represent

the intrinsic catalytic activity.[40] The ECSA normalized linear scan voltammetry (LSV) curves

19



(Fig. 5¢) indicate that IronCE10s has the highest intrinsic catalytic activity. Moreover, the

average overpotential required to reach 10 mA/cm’-ecsa is below 300 mV for electrodes

synthesized after 5 s or 10 s (Fig. 5d), especially for [ronCE10s, which only requires 261.3 + 6.2

Current Density (mAIcmz-GeoP

Current Density (mA/cmZ-ecsa)(’

Intensity (a.u.)

=
o
=3

Ren

<)
=3

- - IronWE5s I - - WE (10 mA/cm?)
IronCE5s I’ —s— CE (10 mAlcm?)
801 - - ronWE10s ! <360 - 0= WE (50 mA/cm?)
—— IronCE10s ,’ S I —e— CE (50 mAlcm?)
= 2
604 — - 'lronWE60s = 320 N - 4~ WE (100 mA/cm?)
—— IronCE60s 2 % S ——CE(00mAlm)
IronWE360s ' o) -
40 IronCE360s g 280
' 1]
2
20 /) O 240
0 — 200
130 135 140 145 150 155 5s 10s 60s 360s
E-iR (V vs. RHE) Synthesis Time (s)
30 n 350
- - IronWESs . I WE 10 mA/cm?
IronCE5s ' [ ce normalized by ECSA
- = -lIronWE10s f <
20{ — IronCE10s ' E
- - ‘IronWE60s = 300
IronCE60s b=
- = IronWE360s %
~—— IronCE360s
10 5250
>
o
o1 200

130 135 140 145 150
E-iR (V vs. RHE)
10 20 30 40 50 60

1.55

5s 10s
Synthesis Time (s)

f

7030 40 50 g

IronCE60s

IronCE60s

IronCEBOS  fenj hydroxide]

IronCE360s

1onCE360s _ Ni(200)

012) (101)

ironCE360s

)
e

IronCE10s

Intensity (a.u.
Intensity (a.u.

IronCE10s

INWE10s  Fe (110) Fe (200

IronWE10s

L4506

10 20 30 40 50 60 7030 40 50
‘t] Two Theta Two Theta Two Theta
% 29T jroncETos
p LR u
Ng 15| GREERTE - IronCE360s
X2 RS SH*H
S = L QRO
> Zio{m ™ IronCE60
20 . .
2 ‘N_, A ;A O
O ©
[a) 54 ‘%
< o
5 »
3 o -
0 50 100 150 200 250 300 350

Synthesis Time (s)

mV overpotential to reach 10 mA/cm’-ecsa, such performance far exceeds many of the reported

F57%

XPS

Fe%

F22%

electrocatalysts (Table S1). In contrast, when the pulsed synthesis time was increased to 60 s and

360 s, the intrinsic catalytic activity actually tumbled significantly. For example, at the

overpotential of 261.3 mV, IronCE60s and IronCE360s can only achieve 1.25 and 0.35 mA/cm’-

ecsa (Fig. 5c), which decreased around 87.5% and 96.5% compared with IronCE10s. These
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results prove that longer synthesis time would endow the electrodes with lower specific catalytic

activity.

Fig. 5. (a) LSV curves (1 mV/s) recorded in 1.0 M KOH of iron based electrodes synthesized by
using 5, 10, 60 and 360 s. (b) Comparison of the overpotential required to catalyze 10, 50, 100
mA/cm’normalized by geometric areas for electrodes synthesized at various times. (c) Current
density normalized by ECSA for electrodes synthesized at different times. (d) Comparison of
overpotential required to reach 10 mA/cm’ normalized by ECSA for IronWE/CESs and
IronWE/CE10s. (e) XRD patterns and (f) and (g), enlarged XRD curves for IronWE/CE10s,
IronCE60s and IronCE360s. (h) The correlation of specific activity trend represented by the
current density normalized with ECSA when overpotential = 261.3 mV and surface iron content

measured by XPS for [ronCE synthesized at 10, 60 and 360 s.

The structures of electrodes synthesized by various times were further investigated by XRD to
understand the intrinsic catalytic activity difference. As shown in Fig. Se, besides the two
primary peaks at 44.7° and 65.0°, ascribed to iron substrate, there are no other major peaks. The
enlarged area from 20° to 55° (Fig. 5f) displays two minor peaks at 34.2°, due to (012) / (101) of
nickel/iron hydroxide, and 51.1°, indexed to metallic nickel for ironCE60s and IronCE360s. On
the contrary, these peaks are almost negligible for lronWE10s and IronCE10s. The results
suggest that after very short synthesis time, the Fe.Ni,O.H,, metal hydroxide film on the surface
predominantly contains highly disordered amorphous phase, which is beneficial for enhancing
OER specific activity.[41-44] With longer continuous potential pulses, the crystallinity increases,
causing diminished intrinsic catalytic activity. Besides the alteration of crystallinity degree, the
surface Fe/Ni atomic ratios also changed with different synthesis time. Based on XPS analysis

(Fig. S8 and Fig. 5g), the iron content increases with the increasing of synthesis time. After 360
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s, the surface of [ronCE360s becomes dominated with iron. When the synthesis time is only 10 s
for IronCE10s, we propose that iron prefer to incorporate into nickel hydroxide phase at the
defective sites or edge locations, while after prolonged synthesis time, iron can finally
incorporate into the bulk phase of nickel hydroxide and therefore the percentage of iron content
increases. The former structure is more active for OER compared with the latter one. On the
basis of these results, we conclude that iron doped amorphous nickel hydroxide sites are the most
active species for OER. This observation is similar with previous reports concluding that the
location of iron in nickel hydroxide could impact OER performance and the surface iron plays

more important role for OER catalysis.[45, 46]

Except for the catalytic activity normalized by ECSA, turn over frequency (TOF) was
calculated to study the intrinsic catalytic activity precisely (Fig. 6). For IronWE/CESs and
IronWE/CE10s, TOF results calculated based on total transition metal hydroxides indicate that
IronCE10s has the highest catalytic activity of 0.195 s™ at 300 mV overpotential. This represents
the lower limit of TOF as not all the transition metal sites are accessible or active. When TOF is
calculated only based on surface electrochemically accessible transition metal sites, the TOF of
IronCE10s is further improved to 0.429 s”, which is comparable to many state-of-the-art OER
electrocatalysts (Table S2). Of note, the TOF of IronWE is smaller than IronCE, and the gap is
larger in the case of TOF., compared with TOF .., this is because there’s higher portion of non-
accesssible transition metal in IronWE, and the overall catalytic activity is largely dependent on

how many of the active catalytic sites are accessible on the surface.
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Fig. 6. Comparison of TOF for IronWE/CE10s and IronWE/CES5s based on total number the
deposited iron + nickel (a) and based on surface electrochemically accessible transition metal

sites.

3.3. Influence of Pulsed Potential on OER Activity

To further investigate the influence of potential values on the catalytic activity of as-
synthesized iron-based electrodes, apart from the electrodes synthesized under the pulsed
potential of + 2.4 V, several electrodes were synthesized in a two-electrode setup under a series
of potential pulses, namely, + 0.4, + 0.8, + 1.2, + 1.6, + 2.0 and + 4.0 V. As shown in Fig. 7a and
7b, the anodic current values become higher when the potential values increase, and the passed
charges also have positive relationship with the applied potential values. The surface nickel
loading also increased from + 0.4 to £ 2.4 V and then reached a steady state (Fig. 7c). The
catalytic activities of these electrodes were measured in 1.0 M KOH and the results confirmed
that at about + 2.4 V potential value, the performance reached a maximun point for both [ronWE
and IronCE (Fig. S9 and Fig. 7d). The above findings indicate that, in order to synthesize active
water oxidation electrodes on both anodic side and cathodic side, pulsed potential at around + 2.4

V is the optimized condition.
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reduction peaks. (d) Comparison of overpotential required to achieve 10, 50 and 100 mA/cm’

OER catalytic current density for electrodes synthesized at different potentials.

3.4. Study of OER Stability

In order to check the stability of the electrodes, an accelerated method was used. The potential
required to reach 100 mA/cm’ current density was monitored in 1.0 M KOH for one hour, then
the electrode was rinsed with ultrapure water to remove the electrolyte solution and put in 95%
ethanol for 10 minutes’ ultrasonication. Subsequently, the electrode was connected in a three-
electrode cell again and the potential to catalyze OER at 100 mA/cm’ was monitored for another
hour. This process was repeated until 20 hour stability data was collected. As revealed in Fig. 8a
and 8b, IronWE10s and IronCE10s can still catalyze OER, even after consecutive ultrasonic

treatment. From the first hour to last hour, the potential shifted 25 and 51 mV for [ronWE10s and
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IronCE10s, respectively, indicating that the electrode can tolerate ultrasonication and the
majority of active catalysts remained on the surface. This is further verified by SEM images and
elemental mapping results of ronWE10s and IronCE10s measured after the stability test (Fig.
8cdef). Nanosheet arrays were still visible on both electrodes, and the surface was composed of
iron, nickel and oxygen elements. However, the overall morphology and elemental distribution
seems different compared with the observation before OER test as shown in Fig. 4, suggesting
that there’s structure reconstruction during OER. Similar morphology changes of Ni(OH), and
NiossFeoas(OH), were reported previously.[34] During the pulsed potential synthesis, the substrate
iron elements actually participate in the formation of active catalyst, therefore, the new catalyst
coating has strong affinity with the substrate, which renders the electrode with excellent stability.
It’s should be noted that without ultrasonic treatment, the potential kept relatively stable for both

IronWE10s and IronCE10s (Fig. 8a and 8b).

25



Q
(o

164 100 mA/cm? 1.64 ) 100 mA/cm?
w — Stability Test with Ultrasonicat tion w —— Stabiity Test with Ultrasonication
I —— Continuous Stability Test § —— Continuous Stability Test
T 162 s 162
g > (i
2 160 A %160 («M,fff
3 [ s
2 et )] e
5} I (o
o o
el
1.56 1.56
IronWE10s r IronCE10s
0 14400 28800 43200 57600 72000 0 14400 28800 43200 57600 72000
Total Elapsed Time (s) Total Elapsed Time (s)

Nilal2

felal? Nilal,? 0 Karl \

o '.
U
N
A
[ |
fpn

G

Fig. 8. Chronopotentiometric curve of (a) IronWE10s and (b) IronCE10s under continuous

lp= 1 ip=m

measurement or with 10 min ultrasonication between each segments. The SEM images of (c)
IronWE10s and (d) IronCE10s after stability test with repeated ultrasonication. The elemental
mapping of Fe, Ni, O for (¢) [ronWE10s and (f) [ronCE10s after OER durability evaluation with

repeated ultrasonication.

3.5. Scalable Synthesis of OER Electrodes

Based on above data, we have developed a method to synthesize two water oxidation
electrodes, namely IronWE10s and IronCE10s, in merely 10 s, and both electrodes exhibit
excellent water oxidation catalytic activity and stability. However, for large scale practical
applications, it’s appealing to synthesize a number of electrodes in short time. Inspired by the
concept to synthesize two water oxidation electrodes simultaneously, two additional setups were

devised and built to prepare more water oxidation electrodes at the same time. First we prepared
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four electrodes by connecting 4 iron plates in parallel, two of them were connected with WE
cable of potentiastat, another two were connected with RE+CE cable of potentiastat. By applying
a pulsed potential of + 2.4 V (5§ s) and — 2.4 V (5 s), four electrodes were fabricated in 10 s,
which reduces the synthesis time to 2.5 s per electrode. The OER catalytic activity of these four
electrodes were evaluated in 1.0 M KOH solution, and the LSV curves confirmed that they all
had high catalytic activity (Fig. 9a), with the overpotential of 276.4, 286.2, 273.4 and 291.2 mV
to reach 100 mA/cm’ current density for 4-1CE, 4-2WE, 4-3CE and 4-4 WE, respectively. These
overpotential values are roughly comparable with [ronWE10s and IronCE10s, which require
292.8 + 3.9 and 280.9 + 7.2 mV to achieve the same 100 mA/cm’ current density. The setup was
further amplified to synthesize 10 water oxidation electrodes (Fig. S10). By using the same
pulsed potential method, 10 water oxidation electrodes were synthesized in merely 10 s. During
the course of synthesis, in the first 5 s with + 2.4 V applied on WE, the bubble generation due to
hydrogen evolution was clearly observed on the 5 iron plates connected with CE+RE cable.
Conversely, in the next 5 s, when — 2.4 V is applied on WE, the bubbles were seen on the other 5
iron plates connected with WE cable (See supporting video for more information). The LSV
curves confirm that these 10 electrodes have close catalytic activities for OER (Fig. 9b), similar
with above observation, the catalytic performance of IronCE generally surpass that of Iron WE.
This is due to the higher amount of active catalyst loading as confirmed by the electrochemically
accessible nickel loading extrapolated from integration of Ni’'/Ni’" reduction peak in CV curves
(Fig. 9¢). The catalytic activities of these 10 electrodes were further compared by current density
normalized with ECSA (Fig. S11) and all of them can reach 10 mA/cm’-ecsa at the overpotential
below 280 mV. The results are consistent with the two electrode setup. With this ten-electrode
setup, it’s doable to synthesize up to 10 electrodes in 10 s, the cycle time is reduced to merely 1 s

per electrode. What is more attractive is that this proof of concept can be further extended to
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synthesize a large number of water oxidation electrodes and lower the synthesis time below 1 s

per electrode.
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Fig. 9. LSV curves (1 mV/s) of iron based electrodes synthesized by using (a) two-electrode

setup and (b) ten-electrode setup. (c) The comparison of overpotential at 100 mA/cm’ and nickel

loading for electrodes synthesized from scaled setup.

Besides parallel synthesis, we also investigated the possibility to synthesize larger porous
electrode by pulsed potential method. Iron plate was punched with round holes and used as
substrate for the synthesis as shown in Fig. S12ab. + 2.4 V pulsed potential was applied between
two iron nets for six loops (Fig. S13a). After the synthesis, the electrode was cut into small one
to measure the OER catalytic activity at four different locations from each side (Fig. S12c). They
have relatively similar catalytic activities as confirmed by the LSV curves (Fig. S13b),

suggesting that the quality of the electrode is uniform. The OER activities on iron nets are
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slightly lower than electrodes synthesized from smaller sized iron plate (Fig. S13c), which could
be related with the presence of higher percentage of edge areas on smaller iron plate. At least this
indicates that the concept of pulsed synthesis via two electrodes set up is possible to further scale
up, future work should be focused on optimizing parameters of synthesis process to synthesize

even larger electrode for practical application.

4. Conclusions

In summary, we have developed a new method to synthesize active water oxidation electrodes
at ambient room temperature, by applying a pulsed potential between two iron strips in NiSO,
solution for just 10 s. As both iron and NiSO, reagents are readily available materials, the
described ultrafast method should offer a scalable route to synthesize efficient water oxidation
electrodes in large scale. The resulting two water oxidation electrodes can catalyze OER with
high catalytic activity—requires 240.7+6.8 mV and 239.5+3.4 mV to reach 10 mA/cm’ geometric
current density, and durable to catalyze OER even after repeated ultrasonication treatment.
Considering both the synthesis time and catalytic performance, the ronWE10s and IronCE10s
are among the best materials reported to date. Thanks to the presence of highly disordered
amorphous structural motifs, [ronWE10s and IronCE10s requires less than 300 mV overpotential
to reach 10 mA/cm’ current density normalized by ECSA, which is significantly better than other
reported materials. In addition, the TOF at 300 mV is comparable to several state-of-the-art

materials.
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