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Dynamically Reconstructed Fe-CoOOH Semi-Crystalline
Electrocatalyst for Efficient Oxygen Evolution Reaction

Abdul Qayum, Karim Harrath, Rui Li, Abebe Reda Woldu, Paul K. Chu, Liangsheng Hu,*

Fushen Lu,* and Xiangdong Yao

The development of robust and efficient electrocatalysts for the oxygen
evolution reaction (OER) has been the main focus of water electrolysis but
remains a great challenge. Here, the synthesis of a highly active and
ultra-stable Fe-CoOOH electrocatalyst is reported by steering raw cobalt foam
via an in situ solution combustion method assisted by a galvanic replacement
reaction and subsequent electrochemical reconstruction of the CoFeO,
pre-catalyst. In/ex situ electrochemical analysis and physicochemical
characterizations show that the CoFeO, undergoes quick chemical and slow
morphological reconstruction to Fe-CoOOOH nanosheets. The Fe-CoOOH
possesses a semi-crystalline nature with distinct short-range ordering and
outstanding OER activity with overpotentials as low as 271 and 291 mV at
current densities of 500 and 1,000 mA cm~2, respectively. The remarkable
stability under 1,000 mA cm=2 for at least 700 h is achieved. Theoretical
calculations confirm the crucial role of Fe doping in facilitating surface
reconstruction, enhancing OER activity, and improving the stability of the
Fe-CoOOH. Comparative analysis with other transition metals doping reveals
the unique ability of Fe to adsorb onto the COOOH surface, thereby
modulating the electronic density and facilitating faster adsorption of reaction
intermediates. This work represents valuable insights into the surface
reconstruction and doping processes.

1. Introduction

energy insecurity.!! One of the best candi-
dates with the potential to be a future en-
ergy carrier is hydrogen.[?! The most prac-
tical and green method for producing hy-
drogen fuel is water electrolysis,®! as the
required electricity can be harnessed from
green renewable energy sources.l! Hydro-
gen generation from water electrolysis con-
sists of two reactions: the oxygen evolu-
tion reaction (OER) and the hydrogen evo-
lution reaction (HER).°] OER is more chal-
lenging and needs a large overpotential
to break the strong O-O double bond,
which is the rate-determining step in wa-
ter electrolysis. Hence, significant atten-
tion has been dedicated to developing effi-
cient electrocatalysts to minimize the over-
potential and improve the stability of OER
by using transition metal-based oxides,
hydroxides, sulfides, phosphides, nitrides,
and alloy-based catalysts.®} In the mean-
time, some of these electrocatalysts have
surpassed the performance of commer-
cially available RuO, and IrO, catalysts!”]

Co-based catalysts have several advan-
tages for the electrolysis of water due
to their high OER activity, low cost, and

mixed oxidation state, thus enabling the generation of various Co-

based materials, including oxyhydroxides, hydroxides, sulfides,

Renewable energy sources and green fuels are required to miti-
gate the effects of environmental pollution, global warming, and

phosphides, oxides, and perovskite.’l Several studies have re-
ported that the initial state (pre-catalyst) of the electrocatalysts
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undergoes reconstruction under OER conditions, which greatly
influences the OER activity as the performance of the catalyst
is mainly dependent on the reconstructed phase and not on the
initial state.[*] The surface reconstruction of Co-based catalysts
to CoOOOH or Co(OH),, which are OER active electrocatalysts is
beneficial, but their intrinsic low activity and poor stability sti-
fle their applications in water electrolysis.!*#°! Introduction of
iron to Co or Ni hydroxide/oxyhydroxide electrocatalysts has sev-
eral beneficial effects (Fe effects), including optimizing the bind-
ing energy of OER reaction, high conductivity, easing the recon-
struction process, maintaining the intermediate spin state, dy-
namic active site generation and enduring excellent stability.'!]
Another effective strategy to circumvent the sluggish OER ki-
netics is the creation of atomic defects and short-range ordering
through the amorphization process.['?! Due to chemical homo-
geneity, atomic-scale structural flexibility, and an abundance of
defects, semi-crystalline catalysts possess unique characteristics
compared with pure crystalline materials. Although the afore-
mentioned strategies are effective, few studies have explored the
economic ramifications and commercial potential since these
electrocatalysts with significant water-splitting activities and sta-
bility are primarily fabricated by complex and costly procedures.
From a commercial point of view, the method to engineer OER
electrodes must be facile, cost-effective, time-saving, and highly
active, and the synthesized electrodes must be ultra-stable under
large current density OER operations.!**]

Herein, we report a cost-effective, simple, and scalable in situ
solution combustion-based method to rapidly steer raw Co foam
(CF) into an ultra-stable, self-standing, and highly active Fe-
doped CoOOH (Fe-CoOOH/CF) electrocatalyst for large current
water oxidation with extra-long stability. The solution combus-
tion synthesis method is a simple and efficient method to syn-
thesize various types of nanomaterials and fabricate thin film
electrodes in situ on substrates for different applications.['* The
as-constructed Fe-CoOOH/CF electrocatalyst shows excellent ac-
tivities in OER and as an anode in two-electrode water-splitting
systems in alkaline and alkaline seawater electrolysis with ultra-
long stability. Combining the experimental results with density-
functional theory (DFT) calculation, we unveil the unique adsorp-
tion behavior of Fe in comparison to other transition metals (Ni,
Cu), which facilitates the reconstruction process and regulates
the electronic density of the CoOOOH catalyst to optimize the ad-
sorption energy of oxygen intermediates thereby promoting the
OER activity and stability. The performance is on par with or su-
perior to the benchmark high current density (j,cp) reported to
date. This study demonstrates a major step toward the realization
of commercial-level water electrolysis and hydrogen production
and presents a novel way to design efficient electrocatalysts for
electrochemical applications.

2. Results and Discussion

An in situ solution combustion method combined with an elec-
trochemical surface reconstruction strategy is adopted to fab-
ricate the Fe-CoOOH/CF electrocatalyst (Figure 1a). First, the
CoFeO, pre-catalyst nanoparticles are grown on raw CF by the
in situ solution combustion method. To initiate the combustion
reaction, an oxidizer-fuel (Fe(NO,),-ethylene glycol, EG) precur-
sor solution is drop-casted on CF and preheated to 180 °C. Rapid
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combustion of the precursor solution takes place to steer the
CF into porous CoFeO, nanoparticles (pre-catalyst) (Figure 1b;
Figure S1, Supporting Information). No additional precursor is
used for cobalt, but the CF substrate itself acts as a template to
grow the CoFeO, nanoparticles. During the synthesis, the gal-
vanic replacement reaction causes the outer surface of the CF to
dissolve in the combustion solution, mix with Fe, and then re-
deposit as a result of the combustion reaction to yield CoFeO,
nanoparticles. The galvanic replacement reaction is an effective
approach to engineer various metal-based catalysts.['>] As the gal-
vanic replacement reaction and combustion process take place
on the surface of CF, the inner part of the CF remains intact
thus maintaining good mechanical strength and firm connec-
tions between the CoFeO, pre-catalyst and CF substrate. Sud-
den evaporation of the solvent (fuel) generates a highly porous
structure which is beneficial for the gas release during OER.
Thermogravimetry-mass spectrometry (TG-DSC) is carried out
to confirm the exothermic process and combustion reaction. The
weight loss and heat release match well (Figure S2, Supporting
Information).

The transformation of the CoFeO,/CF pre-catalyst to Fe-
CoOOH/CF can be achieved in situ through an electrochemi-
cal reconstruction process carried out under OER conditions.
The electrochemical reconstruction process can be achieved by
both chronopotentiometry (CP) and cyclic voltammetry (CV).
Here, we include the results of the CP test (j =1 A cm™, 48
h) as it is more realistic in practical applications. The CP and
CV tests and their effects on the morphology and OER activi-
ties are described in the next section. The morphology of the
as-reconstructed Fe-CoOOH/CF is examined by scanning elec-
tron microscopy (SEM), which shows that the CoFeO, /CF pre-
catalyst undergoes electrochemical reconstruction. After 48-h op-
eration, the surface is completely converted to thin nanosheets
uniformly grown on the surface (Figure 1c). XRD pattern shows
no obvious peaks for the pre-catalyst and Fe-CoOOH/CF sam-
ples suggesting the existence of amorphous characters (Figure
S1, Supporting Information). The surface reconstruction of the
CoFeO, /CF pre-catalyst is validated by transmission electron mi-
croscopy (TEM), which demonstrates that thin nanosheets are
produced on the surface under OER conditions, consistent with
the SEM images (Figure 1d). Interestingly, the reconstructed
samples exhibit short-range ordering, which is characteristic of
semi-crystalline materials, endowing them with superior cat-
alytic application compared to their crystalline counterparts. Ac-
cording to the HR-TEM image, the apparent short-range order
crystalline phases in the thin nanosheets arise from CoOOH
(PDF # 26-0480), whereas the colored regions show the exis-
tence of amorphous character (Figure 1e). The selected-area elec-
tron diffraction (SAED) pattern of the Fe-CoOOH/CF sample ex-
hibits several diffraction rings, revealing the presence of mul-
tiple phases and a semi-crystallized character, whereas the ex-
istence of a large halo confirms the semi-crystalline nature of
the sample (Figure 1f). Combining the TEM with the XRD pat-
tern further indicates that the catalyst mostly consists of amor-
phous components, hence no obvious XRD peaks can be ob-
served for the Fe-CoOOH sample. The TEM-EDS elemental map-
ping and high-angle annular dark-field (HAADF) TEM image of
the Fe-CoOOH/CF reveal the homogeneous distribution of Co,
Fe, and O in the nanosheets, confirming doping of the Fe in
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Figure 1. a) Schematic of the synthesis process of Fe-CoOOH/CF electrocatalyst, b) SEM image of the CoFeO,/CF pre-catalyst, c) SEM, d) TEM,
e) HR-TEM, and f) SAED images, and g) TEM-EDS mapping of the reconstructed Fe-CoOOH/CF sample taken after the 48-h CP test. The bars in
(g) represent 100 nm. The yellow regions in (e) show the amorphous regions.

the CoOOH structure (Figure 1g; Figure S3, Supporting Infor-
mation). The Co/Fe ratio in the TEM-EDS elemental composi-
tion shows ~1.5% Fe concentration in the Fe-CoOOH/CF struc-
ture, which is lower than that of the pre-catalyst, as some of the
Fe atoms leach to the electrolyte during reconstruction (Figures
S4,S5, Supporting Information).

Electrocatalysts may transform under OER conditions, and
these transformations are sometimes detrimental to the activity
and stability of the catalysts and not desirable. However, if prop-
erly designed, the results can be appealing. Co-based oxide cata-
lyst usually transforms to CoOOH/Co(OH),, which is an efficient
electrocatalyst, but suffers from low activity and poor stability,
particularly at high current densities. Iron doping of Co-based hy-
droxide (CoOOH/Co(OH),) produces great benefits. Hence, we
aim to transform the raw CF substrate into a highly active Fe-
CoOOH electrocatalyst by CoFeO, /CF pre-catalyst synthesis and
electrochemical surface reconstruction (Figure 2a). Two kinds
of reconstruction are observed in our study: the quick chemical
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change of the CoFeO, to Fe-CoOOH catalyst, and the slow mor-
phological reconstruction of the surface to nanosheets. First, to
examine the rapid chemical surface changes and their effect on
OER, CV tests are conducted in the potential range (0.8-1.65 V
vs RHE). Compared to the first CV cycle, the OER activity of the
CoFeO, /CF sample accelerates in the second CV cycle, and then
stays constant for the next 50 CV cycles, suggesting that just two
CV cycles are required for the sample to accomplish surface ac-
tivation and maximum activity (Figure S6, Supporting Informa-
tion). As shown in Figure 2a, a broad and obvious oxidation peak
at ~#1.2 V (vs RHE) associated with the Co?*/Co®* transition ap-
pears in the first CV scan becomes significantly weaker in the
second, and remains unchanged in subsequent CV cycles. This
behavior unveils that the quick chemical surface reconstruction
process from CoFeO, to Fe-CoOOH is mostly achieved in the first
CV cycle. This transformation leads to an initial high oxidation
current density due to the activation of Co?* sites. In the sub-
sequent CV cycles the current density decreases, as most of the
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Figure 2. a) CV curves of the CoFeO, /CF pre-catalyst showing the rapid surface reconstruction; b) In situ Raman data showing the surface changes
CoFeO, /CF pre-catalyst during OER; c) ICP data of Co, Fe concentration in KOH electrolyte during the OER at different times, showing the leaching
effect of Fe from Fe-CoOOH/CF sample; d-h) SEM images showing the surface reconstruction of the CoFeO, /CF precatalyst using CV tests; i—k) SEM
images showing the surface reconstruction of CoFeO, /CF precatalyst using CP tests; |) Schematic demonstration of the reconstruction process of the

Fe-CoOOH/CF electrocatalyst. The scale bars represent 200 nm.

Co?" on the surface has changed to Co®* in the first cycle. Im-
portantly, the onset potential for the oxidation remains consis-
tent at ~1.05 V versus RHE throughout the CV cycles. This sta-
bility indicates that the fundamental electrochemical processes
are preserved despite the observed shifts in peak intensity. This
characteristic shows that the CoFeO, /CF pre-catalyst experienced
an irreversible chemical surface reconstruction.['®! The rapid sur-
face reconstruction of the CoFeO,/CF pre-catalyst is also con-
firmed by in situ Raman spectroscopy (Figure 2b). The in situ
Raman data are recorded from the sample at the open circuit po-
tential (OCP) and OER at different potentials. Compared to the
data at OCP, the peak at 456.7 cm™ related to the Co—O bond of
Co, 0, fluctuates with increasing applied potentials. Additionally,
the peaks at 518.8 and 592.0 cm™! gradually move to higher and
lower wavelengths, respectively, showing the surface reconstruc-
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tion of pre-catalyst and generation of CoOOH/FeOOH species.['”]

Interestingly, there is one common phenomenon in these peaks.
The peak intensity continuously fluctuates, suggesting dynamic
surface reconstruction and active site generation. To further con-
firm this hypothesis, we investigate the existence of Co/Fe metal
ions in the KOH electrolyte at different periods using inductively-
coupled plasma optical emission spectroscopy (ICP-OES), as it
is a common observation that metal ions leach into the elec-
trolyte during electrochemical reconstruction.®<8] As shown in
Figure 2c, the ICP-OES data of the KOH electrolyte collected af-
ter different intervals of OER reveal that maximum Co/Fe leach-
ing and surface reconstruction of the pre-catalyst occur in the
first hour. The leaching of the Co ions from the surface ceases
during the second hour, whereas Fe significantly decreases af-
ter 10 h. This suggests that the surface undergoes significant
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restructuring in the first 10 h and after equilibrium is established
between the leaching and redeposition of the Fe ions on the sur-
face. To further support this argument, the metal ion concentra-
tion in the electrolyte is determined during the 100 h (300-400 h)
operation of the long-term CP test (Figure 2c). The results con-
firm that Co leaching is terminated while a small amount of Fe is
detected. The permanent presence of a small amount of Fe and
the appearance and disappearance of the in situ Raman peaks
support the existence of dynamic surface reconstruction and ac-
tive site generation.[1819]

The slow morphological surface reconstruction of the
CoFeO, /CF pre-catalyst is investigated by SEM and its ef-
fect on OER is studied. The effect of CV on the morphology and
OER activity reveals a slow generation of nanosheets on the sur-
face, and complete surface reconstruction can be achieved after
500 CV cycles (Figures 2d-h). The CV effect on the OER activity
shows that the maximum OER activity is attained in the second
CV cycle, and no obvious change is observed in the subsequent
50 cycles (Figure S6, Supporting Information). After the long-
term CV experiment (500 cycles), the nanosheets become denser
and thinner, but the OER activity slightly decreases (Figure S7,
Supporting Information). The surface transformations are also
investigated by the CP test. The surface of the pre-catalyst com-
pletely changes to Fe-CoOOH nanosheets after 48 h of activity
(Figures 2i-k). Likewise, in CV, the sample quickly reaches its
peak OER activity and afterward becomes independent of surface
variations and maintains its excellent stability. This observation
also supports the dynamic active site generation, as once the
surface transforms to Fe-CoOOH electrocatalyst, the activity
does not decay because of the continuous updating of active
sites. Conversely to the CV test, the generation of nanosheets is
less after the CP test (48 h), but the activity remains unchanged.
This concludes that the CV and CP operations have different
effects on morphology and stability. The CV test obtained more
populated nanosheets than the CP test, but its electrochemical
stability decreases after 500 CV cycles, whereas the stability in
the CP test remains stable. In the CV test, the sample undergoes
repeated oxidation-reduction cycles of the metal ions, whereas
in the CP analysis, it only experiences the oxidation potential.
These repeated oxidation-reduction cycles of the metal ions
in the CV test can lead to structural and chemical changes,
which can negatively impact the activity. To further clarify the
advantageous effect of Fe-doping on surface reconstruction and
OER activity, undoped CoOOH, and Ni and Cu-doped CoOOH
samples are also fabricated by the same method. Compared to
the undoped and Ni, Cu-doped sample, Fe doping significantly
increases the current density in the non-Faradic region, which
is assigned to the surface reconstruction (Figure S8a, Support-
ing Information). Moreover, Fe-doping shifts the onset of the
CV to a much lower potential compared to CoOOH and Ni,
Cu-doped samples, revealing that Fe greatly eases the recon-
struction process thereby accelerating the OER process (Figure
S8a—c, Supporting Information). Combining the SEM/TEM,
CV, CP, in situ Raman, and ICP data, it can be concluded
that surface reconstruction of the CoFeO,/CF pre-catalyst to
Fe-CoOOH/CF electrocatalyst occurs, whereas as a minute
amount of the Fe leaching into the electrolytes continuously
updates the surface to Co(Fe)OOH active species, as demon-
strated in Figure 21. Moreover, Fe plays a vital role in facilitating
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surface reconstruction and enhancing the OER activity and
durability.

The OER properties of the as-fabricated Fe-CoOOH/CF elec-
trode are examined in a three-electrode system in 1M KOH so-
lution. For comparison, the OER activities of the CoOOH/CF,
commercial RuO,/CF, and Co foam are also investigated. A sim-
ilar method like the Fe-CoOOH/CF electrode is employed to pre-
pare the CoOOH/CF catalyst except using the Co(NO),.6H,O salt
instead of Fe(NO;);#9H,0. The CoOOH/CF catalyst has a simi-
lar morphology, semi-crystalline nature, and short-range order-
ing characteristics as the Fe-CoOOH/CF sample (Figure S9, Sup-
porting Information). As shown in Figure 3a, the CoFeO,/CF
pre-catalyst electrode undergoes an in situ surface reconstruc-
tion/activation process and transforms to a semi-crystalline Fe-
CoOOH]/CF electrocatalyst under OER conditions. The activa-
tion process can be achieved very quickly, and the sample
can reach its maximum capacity within 2 CV cycles. No obvi-
ous changes are observed in subsequent operations up to 50
CV cycles. As expected, the OER polarization curve of the Fe-
CoOOH/CF electrode exhibits outstanding characteristics higher
than those of CoOOH/CF, benchmark RuO,/CF, and CF elec-
trocatalysts (Figure 3b). To exclude the impact of the Co?*/Co**
and Co’**/Co** oxidation process on the catalytic current, lin-
ear sweep voltammetry (LSV) is scanned from the positive to
the negative direction of the potential. The Fe-CoOOH/CF elec-
trode has excellent water oxidation activities at large current
densities, demonstrated by the x of 271 and 291 mV at j of
500 and 1000 mA cm™2, respectively, which are lower than that
of the CoOOH/CF, RuO,/CF, and CF electrodes. Impressively,
compared to the RuO,/CF electrodes, the potential required to
achieve j of 1000 mA cm= is reduced by ~ 36% (167 mV)
by the Fe-CoOOH/CF electrocatalyst. The corresponding Tofel
slopes of the OER curve are investigated and Fe-CoOOH/CF
(35.6 mV dec™!) sample shows a smaller slope than that of
CoOOH/CF (40.1 mV dec™'), RuO,/CF (87.7 mV dec™!) and
CF (90.2 mV dec™!) electrodes, suggesting accelerated OER ki-
netics and advantageous industrial application potential of Fe-
CoOOH/CF (Figure 3c). Moreover, the electrocatalyst outper-
forms RuO, /CF at low as well as high current densities and the
Tafel plots also unveil the best kinetics (Figure 3d).

The Nyquist plots acquired by electrochemical impedance
spectroscopy (EIS) and fitted to an equivalent circuit model fur-
ther show that Fe-CoOOH/CF (0.19 Q) electrocatalyst has signifi-
cantly lower charge transfer resistance than CoOOH/CF (0.89 Q),
RuO,/CF (0.35 ©), and CF (2.73 Q), corroborating its excellent
conductivity and suitable OER dynamics (Figure 3e). The elec-
trochemical double-layer capacitance (Cy), which is directly re-
lated to the electrochemical surface area, is investigated by cyclic
voltammetry. As shown in Figure 3f and Figure S10 (Support-
ing Information), the Cy of Fe-CoOOH/CF (5.23 mF cm™2) is
6.8 and 2.9 times higher than the RuO,/CF (0.76 mF cm™?)
and CoOOH/CF (1.77 mF cm™?) catalysts, respectively, demon-
strates superior intrinsic OER activities and much higher ex-
posed surface-active sites. The capability of the Fe-CoOOH/CF
sample to generate high-density active sites makes a crucial con-
tribution to the superior intrinsic OER activity of the electrode.
The excellent activities are further confirmed by multicurrent
chronopotentiometry recorded from 100 to 1000 mA cm™2. The
data are in good agreement with the LSV curve and sustain the
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Figure 3. a) CV activation of the CoFeO,/CF pre-catalyst; b) LSV curves of the Co(Fe)OOH electrocatalyst, commercial RuO,/CF and bare CF (iR-
corrected); c) Corresponding Tafel slopes of OER; d) Comparison of the overpotential at different j and Tafel values; e) EIS data and f) ECSA of the
Fe-CoOOH/CF, CoOOH/CF, RuO, /CF and CF samples; g) Comparison of the OER performances of Fe-CoOOH /CF sample and state-of-the-art reported

electrocatalysts having ji;cp (>1000 mA cm=2).

high activity and mechanical robustness of the Fe-CoOOH/CF
electrocatalyst (Figure S11, Supporting Information). The signif-
icance of the Fe doping is further studied by doping the CoOOH
catalyst with other transition metal metals. In addition to eas-
ing the reconstruction process, Fe better enhances the OER ac-
tivity, and reduces the charge transfer resistance, compared to
Ni, Cu doping (Figure S8b,c, Supporting Information). We be-
lieve that the OER performance reported in this study is among
the best demonstrated in water oxidation electrolyzers, partic-
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ularly at jycp =1000 mA cm™, as compared with recently re-

ported benchmark electrocatalysts having ji,-, and synthesized
on foamy substrates (Figure 3g and Table S1, Supporting Infor-
mation). The OER performance of Fe-CoOOH/CF is comparable
with or even superior to the benchmark j, -, electrocatalysts re-
ported to date. The reproducibility of a method is of utmost im-
portance for real-life applications. Therefore, we synthesize five
samples by the same method and examine the OER activities.
The samples have very similar OER properties, demonstrating
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Figure 4. a) Long-term stability testing of Fe-CoOOH/CF electrocatalyst at different j; b) CV curves of the Fe-CoOOH/CF electrocatalyst before and
after long-term stability test; ¢,d) Comparison of the water splitting properties of the Fe-CoOOH/CF(+)//Pt/Ni-Mo/NF (—) electrolyzer with those of the
benchmark RuO, /NF (+)//Pt/Ni-Mo/NF (-) electrolyzer in 1 M KOH; and 1 m KOH + seawater. €) Stability test of the Fe-CoOOH /CF(+)//Pt/Ni-Mo/NF

() electrolyzer pair in water splitting at j;cp of 1000 mA cm™2 in 1 m KOH.

excellent repeatability (Figure S12, Supporting Information). The
effect of the amount of the precursor solution on OER is also op-
timized, and 100 uL cm~2 delivers the best performance (Figure
S13, Supporting Information).

One of the important factors that determine the possibility of
an electrocatalyst in industrial applications is its stability at el-
evated current density (>500 mA cm2). First, we examine the
stability of the Fe-CoOOH/CF sample at j of 10 mA cm™? for
a single run up to 100 h, and the results show a negligible
decrease (Figure 4a). Next, we increase the current density to
100 mA cm~2 and continue for another 100 h. Impressively, the
sample still maintains its excellent stability. From a commercial
point of view, the large current density is pivotal. Hence, the Fe-
CoOOH/CEF electrocatalyst is employed to carry out OER opera-
tion at j of 500 mA cm~2 for another 100 h, showing remarkable
stability and stable current output. Finally, to reveal the real in-
dustrial application potential of the as-fabricated Fe-CoOOH/CF
electrode, the sample undergoes a durability test at a practical
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Jucp of 1000 mA cm=2. As shown in Figure 4a (brown line),
the catalyst demonstrates exceptional durability and operates at
1000 mA cm™ for a long duration of 700 h without any decay.
The fluctuation in the current density is due to the variation in
temperature (18-25 °C) during the test, as OER is carried out in
a partially controlled environment. The outstanding stability is
further confirmed by the LSV curve obtained after the long OER
operation. The initial and after 1000 h LSV curves show a negligi-
ble decrease in the activity (Figure 4b). The outstanding stability
of the catalyst can be attributed to the synergistic cooperation of
the Fe-CoOOH species and dynamically active Fe(OH), /FeOOH
species as well as the continuous update of Fe-active sites during
dynamic equilibrium. As discussed in the previous section, after
the completion of the reconstruction process and generation of
the FeOOH, Fe-CoOOH active sites on the surface, a very small
amount of Fe dissolves and establishes a dynamic and robust
catalytic interface. The SEM images taken after the 1000 h CP
test display that the morphology of the sample changed slightly
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Figure 5. High-resolution XPS spectra of (a,b,c) Co 2p, (d,e,f) Fe 2p, and (g,h,i) O Ts of the (a,d,g) CoFeO, /CF pre-catalyst, (b,e,h) Fe-CoOOH/CF after

48-h reconstruction, and (c,f,i) Fe-CoOOH/CF after the long 1000-h OER test.

(Figure S14, Supporting Information). This slight alteration may
arise due to the continuous replacement of the electrolyte after
each 100 h operation where a small amount of Fe leaches to de-
velop the dynamic reconstruction process and to maintain the
equilibrium between leaching and redeposition of Fe.

Industrial water splitting is always operated in a two-electrode
system, which is more feasible and simpler. Inspired by the
remarkable OER performance, we further evaluate the capability
of the as-synthesized Fe-CoOOH/CF anode in a two-electrode
set-up and couple it with a Pt/Ni-Mo/NF cathode for overall
water splitting. The Pt/Ni-Mo/NF HER electrocatalyst is pre-
pared following a reported method!?"! and the HER performance
is provided in Figure S15 (Supporting Information). Impres-
sively, robust catalytic performance is accomplished by the
Fe-CoOOH/CF(+)//Pt/Ni-Mo/NF (—) electrolyzer pair, requiring
low cell voltages of 1.48, 1.53, 1.64, and 1.74 V at j of 10, 100, 500,
and 1000 mA cm™2, respectively (Figure 4c). To further demon-
strate the importance of the Fe-CoOOH/CF sample as an efficient
OER catalyst, the commercial RuO, /CF electrocatalyst is coupled
with Pt/Ni-Mo/NF cathode and its water splitting activity is exam-
ined (Figure 4c). Compared to RuO,/CF(+)//Pt/Ni-Mo/NF ()
electrolyzer pair, the Fe-CoOOH/CF(+)//Pt/Ni-Mo/NF(-) elec-
trolyzers deliver dominant performances. To further verify the
outstanding two-electrode performance, multicurrent chronopo-
tentiometry is carried out from 100 to 1000 mA cm~2, and the re-
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sults match the LSV data (Figure S16, Supporting Information).
The possibility of employing the Fe-CoOOH(+)//Pt/Ni-Mo/
NF(-) electrolyzer in alkaline seawater is also tested
(Figure 4d). Encouragingly, the catalytic couple affords 500
and 1000 mA cm~ at low cell voltages of 1.65 and 1.74 V,
respectively, outperforming the RuO,/CF(+)//Pt/Ni-Mo/NF(-)
couple and rendering it a promising candidate for alkaline
seawater splitting. The operational stability, which is a vital
parameter, is investigated for Fe-CoOOH(+)//Pt/Ni-Mo/NF(—)
couple in the two-electrode system at jy, of 1000 mA cm=2.
The catalytic couple shows good durability up to 120 h with
no obvious decline (Figure 4e). To confirm that the current
density produced during the electrochemical testing is generated
from the water splitting reaction, the Faradic efficiency of the
Fe-CoOOH(+)//Pt/Ni-Mo/NF(-) electrolyzers at 100 mA cm™2
is investigated. As demonstrated in Figure S17 (Supporting
Information), H, /O, is generated with an ideal volume ratio of
closely 2:1, and the Faradic efficiency is ~#100% for both H, /O,
gas production.

The surface evolution of the CoFeO,/CF pre-catalyst to Fe-
CoOOH/CF electrode with a focus on electronic structure and
bonding states is monitored by X-ray photoelectron spectroscopy
(XPS) (Figure 5). The XPS survey spectra of the CoFeO,/CF
pre-catalyst and Fe-CoOOH/CF sample after 48-h reconstruction
and long 1000-h OER stability test are presented in Figure S18
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(Supporting Information). All the samples reveal the presence of
Co, Fe, and O. With regard to Co in the pre-catalyst (Figure 5a),
the Co 2p;, and Co 2p,, peaks are fitted with binding energies
of 780.7/796.2 and 782.8/798.5 eV ascribed to Co** and Co?*,
respectively.?!l The Co** and Co?* peaks and their corresponding
satellite peaks show that the Co in the pre-catalyst is present in the
form of inverse spinel Co;0,.[22] The gap between the peaks of Co
2p;, and Co 2p, ), is more than 15 eV, implying the co-existence
of Co** and Co?* oxidation states.®>?!] A small peak ~777.9 eV
can be assigned to the Co® oxidation state which may arise from
the Co foam.!®*] The Fe 2p spectrum is deconvoluted into two
pairs of 2p; , /2p, , peaks at 709.9/722.1 eV and 712.8/725.7 cor-
responding to Fe** and Fe3* species (Figure 5d)1*°], respectively.
The peaks at 715.8 and 718.9 eV represent the respective satel-
lite peaks of Fe?* and Fe**. The O 1s spectrum of the CoFeO, /CF
pre-catalyst consists of three peaks positioned at 528.8, 530.8, and
532.1 eV and can be assigned to the M—O, M—OH bonds and ad-
sorbed oxygen (Figure 5g).

The Co 2p peaks of the reconstructed Fe-CoOOH/CF sample
(Figure 5b) and after the long OER stability test (Figure 5c) be-
come sharper, and the peaks representing Co** and Co?* move
to lower binding energy, suggesting the change in the chemi-
cal environment of the surface and generation of CoOOOH and
Co(OH), electrocatalyst.®><] Compared to the peaks of Co®*, the
intensity of the Co** species increases with continuous OER op-
eration (Figure 5b,c), showing that the surface is mostly trans-
formed to CoOOH electrocatalyst.[®?] Moreover, the intensity of
the peaks associated with Co® decreases after the reconstruction
process and disappears entirely after long-term stability testing.
Furthermore, the noticeable shift in Fe 2p peaks to higher bind-
ing energies, corresponding to Fe?* and Fe**, substantiates the
formation of FeOOH and Fe(OH), species. The presence of these
surface-active Fe(OH),/FeOOH species demonstrates their im-
portant contribution to the OER process (Figures 5e,f).[14<180]
The O 1s peak of the reconstructed Fe-CoOOH/CF sample can
be divided into three peaks at 529.7, 531.2, and 532.6 eV corre-
sponding to M—O, M—OH, and adsorbed O, (Figure 5g).1?}! The
O 1s peaks also become sharper after reconstruction, indicating
the changes in the surrounding chemical bonding (Figure 5h).
Meanwhile, the ratio of the O 1s peak at 528.9 eV associated with
M—O increases after the OER stability test, revealing the dynamic
surface changes at the interface and further supporting the dy-
namic active site generation (Figure 5i). These findings from the
XPS combined with the in situ Raman, SEM/TEM images and
ICP data suggest that the FeOOH and Fe(OH), active species play
an important role alongside Fe-CoOOH, in enhancing the overall
catalytic performance and stability of the Fe-CoOOH/CF catalyst.
This comprehensive understanding aligns with the observed data
and provides deeper insights into the underlying mechanisms
driving the catalyst’s high efficiency and durability.

To gain further insights into the enhanced OER performance
of the Fe-CoOOH catalyst, theoretical investigations are per-
formed based on the computational standard hydrogen electrode
model coupled with the self-consistent theoretical overpotential
method.[2*?] To better identify the OER active species and to
shed light on the capability of doping to influence the electronic
structure and adsorption ability of the CoOOH sample, we exam-
ine the OER activity of CoOOH, Fe, Co,_,OOH, Ni,Co,_,OOH,
and Cu,Co,_,OOH (Figure 6a). Additionally, we explore an al-
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ternative scenario where the dopant metal tends to adsorb onto
the CoOOH surface, forming Fe-CoOOH, Ni-CoOOH, and Cu-
CoOOH. The CoOOH surface exposes two types of local atomic
environments where the metal dopant can bind, referred to as
site A and site B, as depicted in Figure 6b. The calculated bind-
ing energy for each metal on the CoOOOH surface indicates that
site A is more favorable for stabilizing the metal. The binding en-
ergy for Fe, Ni, and Cu at site A is ®—2.37, —1.68, and —1.22 eV,
respectively, while the binding energy decreases to —1.92, —1.09,
and —0.88 eV, respectively, at site B. Consequently, we proceed
with the OER investigation focusing on the OER performance
with the metal adsorbed at site A.

For a better understanding of the stability of the metal dopant
on CoOOH and its electronic properties, we examine the pro-
jected density of states (pDOS) of various metals on CoOOH
sites. As depicted in Figure 6¢, Fe-CoOOH exhibits a higher DOS
near the Fermi level compared to Ni-CoOOH and Cu-CoOOH. It
is well-known that high electron densities near the Fermi level
can enhance the adsorption of OER intermediates. Similarly, for
the CoOOH, Fe, Co,_ OOH, Ni, Co,_,OOH, and Cu,Co,_ OOH
sites, Fe,Co,_,OOH demonstrates a higher DOS near the Fermi
level than the other sites, indicating the increased reactivity to
the intermediates (Figure S19, Supporting Information). Further-
more, the calculated crystal orbital Hamilton population (COHP)
for Fe—CoOOH, Ni—CoOOH, and Cu—CoOOH reveals a strong
bonding near the Fermi energy for Fe—CoOOH in comparison
to Ni—CoOOH and Cu—CoOOH (Figure S20, Supporting Infor-
mation), suggesting its relatively higher stability and promising
high charge transfer.

Subsequently, we delve into the atomic-scale mechanism
of OER on the CoOOH, Fe,Co, ,OOH, Ni,Co,_,OOH, and
Cu,Co,_,OOH sites, as illustrated in Figure 6d. The calculated
overpotentials are 0.73, 0.48, 1.41, and 1.22 V for CoOOH,
Fe,Co,_,OO0H, Ni,Co,_,OOH, and Cu,Co,_,OOH, respectively.
The oxidation of "OOH to O, is identified as the potential-
limiting step for COOOH and Fe Co,_,OOH, while the oxidation
of "OH to *O is the potential-limiting step for Ni,Co,_ OOH, and
Cu,Co,_, OOH. This observation can be attributed to the strong
binding between "OOH and the CoOOH and Fe,Co, ,OOH
sites, as well as the low adsorption energy of “OH intermedi-
ate on Ni,Co,_,OOH, and Cu,Co,_ OOH. Additionally, the poor
tendency of Ni,Co,_,OOH and Cu,Co, ,OOH to be oxidized
makes the formation of O intermediate challenging. However,
as shown in Figure 6e, the adsorption of Ni and Cu on the
CoOOH surface significantly alters the binding of the interme-
diates and weakens the "OH, "0, and "OOH adsorption ener-
gies compared to those on Ni,Co,_,OOH, and Cu,Co,_,OOH.
Consequently, the calculated theoretical overpotentials decrease
to 1.16 and 0.93 V on Ni and Cu metal sites, respectively, while
the calculated overpotential for Fe-CoOOH increases to 1.57 V,
due to the high adsorption energy of the “OOH intermediate.
These results suggest that the modulation of metal site OER
activity is strongly linked to the local atomic environment. Be-
cause of the harsh conditions of OER, we assume that the Fe-
CoOOH undergoes oxidation during the reaction. Consequently,
we investigate the structural stability of Fe-CoOOH with vary-
ing oxidation levels at the specified electrode potential. As shown
in Figure 6f, we construct surface Pourbaix diagrams for Fe-
CoOOH with different OH" and O* coverages. Our observations
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Figure 6. a) Optimized structures and binding energy of Fe, Ni, and Cu atoms anchored on different sites of CoOOH surface; b) Optimized structures
of CoOOH and its derivatives doped with Fe, Ni, and Cu, c) Fe, Ni, and Cu 3d projected density of states (PDOS) in Fe-CoOOH, Ni-CoOOH, and
Cu-CoOOH; d) Free energy diagrams of OER on CoOOH, Fe, Co,_,OO0H, Ni,Co,_,OOH and Cu,Co,_,OOH; e) Free energy diagrams of OER on Fe-
CoOOH, Ni-CoOOH, and Cu-CoOOH; f) Pourbaix diagram of the stability for oxidized Fe-CoOOH surfaces us function electrode potential at pH = 0;
g) Molecular Dynamic simulation of FeO,-CoOOH in presence of water solvent; h) Free energy diagrams of OER on oxidized Fe-CoOOH surfaces;
i) Correlation between potential determining step (PDS) and the Fe bader charge.

indicate that at low electrode potentials, Fe-CoOOH may exist
in the forms of FeO-CoOOH or FeOH-CoOOH. Conversely, at
a high electrode potential (U = 1.20 V), Fe-CoOOH tends to oxi-
dize, forming the FeO,-CoOOH structure. This suggests the for-
mation of a metal oxide, potentially destabilizing the metal on the
CoOOH surface. Subsequently, we assess its stability through a
10 ps molecular dynamic simulation in the presence of water sol-
vent, as shown in Figure 6g. The results demonstrate the relative
stability of the newly formed FeO,-CoOOH structure, indicating
its likely existence under real working conditions. Next, we delve
into the energy profile of OER on Fe-CoOOH and the deriva-
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tive oxidized structures, namely FeOH-CoOOH, FeO-CoOOH,
and FeO,-CoOOH, as illustrated in Figure 6h. Notably, the cal-
culated overpotentials exhibit a significant decrease to 0.87, 0.69,
and 0.44 V for FEFOH-CoOOH, FeO-CoOOH, and FeO,-CoOOH,
respectively. It is worth noting that the oxidation of “OH to O
represents the potential limiting step for FeO-CoOOH and FeO,-
CoOOH. It appears that the oxidation of metal sites contributes to
the enhanced OER activity. This is supported by the Bader charge
calculation for the metal site, as depicted in Figure 6i, where the
oxidation state correlates with the OER activity. In other words,
a higher Fe oxidation state maximizes the OER activity. This can
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be explained by the fact that Fe has an affinity for oxygenating
intermediates ("OH, “O, and "OOH), making them highly ad-
sorbed to Fe, resulting in high overpotentials. Conversely, when
Fe is at a high oxidation state, the affinity for oxygenating in-
termediates decreases, leading to moderate adsorption energy of
OER reaction intermediates. Figure S21a,b (Supporting Informa-
tion) represent the possible OER mechanism on FeO,-CoOOH
and Fe Co,_,OOH, respectively. Overall, according to the DFT
investigation, it can be concluded that both sites are active in the
OER reaction, with a slight superiority for the Fe sites exposed on
the CoOOH surface.

3. Conclusion

A rapid and cost-effective method is designed to fabricate the
self-standing, active, and ultra-stable Fe-CoOOH/CF electrocat-
alyst for OER in alkaline electrolytes. The solution combustion
method is used to grow CoFeO, nanoparticles by steering raw
CF, while the reconstruction of the pre-catalyst to Fe-CoOOH/CF
is carried out in situ under electrochemical OER conditions. A
small amount of Fe leaching establishes the dynamic surface re-
construction to update the surface-rich FFOOH/Fe(OH), electro-
catalyst. The in situ formed Fe-CoOOH electrocatalyst exhibits
superior OER activity with low overpotentials of 271 and 291 mV
at current densities of 500 and 1000 mA cm~2, respectively, and
long-term operational stability of 1000 h. DFT calculations shed
light on the comparative adsorption ability of Fe, Ni, and Cu into
CoOOH structure, revealing that Fe doping has greater ability in
assisting the reconstruction process, optimizing the adsorption
of OER intermediate, and stabilizing CoOOOH species by regulat-
ing the electronic density. Overall, the Fe-CoOOH/CF electrocat-
alyst delivers exceptional performance in both the OER and two-
electrode water-splitting systems. The outstanding properties are
expected to pave the way for large-scale deployment of water elec-
trolysis systems.

Supporting Information

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

All the reagents and materials were used without further refinement. Ethylene
glycol (EG), Fe(NO3)3-9H20, and Co(NO3)2:6H20, Ni(NO3)2.9H20, Cu(NO3)2.6H,0
were received from Shanghai Macklin Biochemical Co. Ltd., and Pt/C, KOH, and RuO»
were bought from Aladdin Industrial Corporation. Co foam was obtained from

TengErHui Co. Ltd.

Fabrication of Fe-CoOOH/CF

A rapid, single-step in situ solution combustion method was employed to
synthesize the CoFeOx/CF pre-catalyst. To carry out the combustion reaction, a
precursor solution consisting of Fe(NO3)3.9H>O (oxidizer) and ethylene glycol
(fuel, solvent) was prepared. Before the combustion process, the CF substrate
(0.5%3x%0.15 cm?) was placed on a hot plate and heated to 180 °C. An optimized
amount of precursor solution (100 uL. cm™, 0.48M) was drop-casted onto the CF,
and a rapid (< 5 min.) combustion reaction was carried out to grow highly porous
and small CoFeOx nanoparticles on the surface of the CF. During the
combustion process, the outer surface of the CF reacted with a combustive

solution and yielded CoFeOx nanoparticles.

The desirable transformation of the CoFeOx pre-catalyst to Fe-CoOOH/CF
electrocatalyst was achieved quickly by the in situ electrochemical reconstruction

process, which was carried out by both cyclic voltammetry (CV) and



chronopotentiometry (CP) under OER conditions. CV was carried out using the
potential range of 1-1.6 V vs RHE at a scanning rate of 5 mV sec™, and the CP analysis
was examined at a current density of 1,000 mA cm2. Two CV cycles are needed to
reconstruct the surface and reach maximum current density, while a few minutes were
required to attain surface rebuilding and maximum OER activity in the CP activation
process. To elucidate the unique beneficial effect of Fe doping in the CoOOH
structure, undoped CoOOH, Ni, and Cu-doped CoOOH catalysts were synthesized by

the same synthesis method and reconstruction protocol as for Fe-CoOOH.

Characterization

Field-emission scanning electron microscopy (SEM, Gemini 300), and
transmission electron microscopy (TEM, JEOL JEM-200) were used to examine the
initial morphology and surface evaluation of the precatalyst and the reconstructed
electrocatalysts.  The chemical states were monitored by X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific K-Alpha). The weight loss and heat
dynamics during the combustion reaction were studied with the aid of the
thermogravimetry-mass spectra (TG-DSC) obtained in air on the NETZSCH
STA449F3-QMS403D. The in situ Raman analysis was conducted on a micro-Raman
(LabRAM HR800) spectrometer, and the Fourier transform infrared (FTIR) spectra

were acquired using KBr pellets (IR 200).



Electrochemical measurements

The electrochemical properties of the Fe-CoOOH/CF electrocatalyst and control
were determined on a CHI760E potentiostat (CH Instruments Inc. China) with a three-
electrode arrangement. The as-constructed Fe-CoOOH/CF electrocatalyst and control
samples were the working electrodes, and a Pt-rod electrode was the counter electrode.
The standard Hg/HgO electrode was the reference electrode and the electrolyte was 1
M KOH. For comparison, a mixture containing 1 mL ethanol-water (v/v = 1:1)
consisting of 50 pL Nafion (5%, DuPont) was utilized to disperse the commercial RuO;
powder to fabricate the RuO»/CF electrocatalyst. (~ 6 mg cm ). The OER, overall
water splitting, and electrochemical properties were recorded with the best practices
using the partial immersion method and epoxy to control the active area of the sample
during the electrochemical test. The OER and water splitting activities were examined
by CV and LSV at a scanning rate of 5 mV sec’. Cai was measured in a non-Faradic
region (£50 mV of open circuit potential (OCP) by recording CV at various scan rates
(1-5mV sec!). Before the measurement, the OCP was stabilized by carrying out the
CP for 5 min at 100 mA cm™ The long stability test (1,000 h) was performed in a
partially controlled environment with temperature fluctuation within 18-25 °C during
the test. The electrolyte was refreshed after each 100 h.  Electrochemical impedance
spectroscopy (EIS) was conducted with an amplitude of 5 mV at 1.55 Vvs RHE in a
frequency range of 100 kHz to 0.1 Hz. To determine the double-layer capacitance
(Ca), the CV curves were recorded at scanning rates of 1, 2, 3, 4, and 5 mV s! in the

non-Faradaic potential window. The LSV, CV, chronopotentiometry, and multicurrent

4



curves in OER and water splitting were iR corrected. The potentials were obtained
with the Hg/HgO reference electrode and later changed to the RHE according to the

standard Nernst equation (Erug) = Engngo) + 0.098 + 0.059 V x pH).
Density-functional theory calculations

The spin-polarized density functional theory (DFT) calculations with the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional! were performed using the
Vienna ab initio simulation package (VASP).? The Hubbard correction of DFT+U was
applied to Co and Fe atoms with a value of 3.5 eV.>* The projector augmented wave
method (PAW) > with a plane-wave kinetic energy cutoff of 400 eV was used, with
the Gaussian smearing of 0.05 eV. The Brillouin zone was sampled by 3x3x1 K-point
for geometry optimization, and 6x6x1 K-point to calculate the PDOS. The supporting
CoOOH (100) surface was modeled by a (2 x 2) supercell and a vacuum layer of 15 A.
All the atoms were allowed to relax during geometry optimization, and the atomic
positions were optimized until the forces were less than 0.03 eV/A. The structure of
the isolated molecules (O2, Hz, and H2O) was optimized within a unit cell measuring
15Ax15 Ax15 A, with only the I'-point utilized.” The effects of van der Waals
corrections were modeled using Grimme's method with Becke—Jonson damping.®®

The binding energy of metal atoms is defined as: E ,’,V{nding = Eiotar —
Esurafce — EM), where Egyrqfce. EM, and Etotq are the energies of the CoOOH
clean surface, M is the atom in the gas phase extracted from the bulk and metal adsorbed

on the surface, respectively. The OER performance of pure and doped pentlandites



systems can be predicted using the Gibbs free-energy (AG) profiles for the following
sequence of elementary OER sub-steps, according to Norskov et al.'’:

Step: OH + * — *OH + ¢~

Step II: *OH + OH — *O + Ho O + ¢~

Step III: *O + OH" — *OOH + ¢~

Step IV: *OOH — *+ O+ ¢

where * represents the bare site, and *OH, *O, *O,, and *OOH denote the surface
featuring different chemisorbed species. The free energy difference for all of the
elementary steps above (AGOH*, AGO*, AGOOH?*) involving electron transfer is
calculated by the equation: AG = AE + AZPE — TAS+ AG U + AG pH, where
AE, AZPE, and AS correspond to the energy difference between adsorption energy,
zero-point energy, and entropy, respectively. The adsorption energies AE were
derived by DFT, and AZPE and TAS were obtained by the vibrational frequency
calculations and DFT: AGU = —eU, where U represents a potential based on a standard
hydrogen electrode, AGpH is the Gibbs free energy correction of the pH. A pH of 0
was used in the computation. The free energy profiles for OER calculated in this work
using the standard hydrogen electrode (SHE) as a reference.

Under ideal conditions, the OER with a total energy change of 4.92 eV can be
driven at 1.23 V, while the free energy of each elementary reaction is divided equally
into 1.23 eV. Therefore, the overpotential # is introduced to represent the additional
required potential and rationalize the catalytic performance of the catalyst, which is

defined in theoretical calculations as 7 = max(AGq.234))/e — 1.23 eV.
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Figure S1. XRD pattern of the CoFeOx pre-catalyst and reconstructed Fe-CoOOH/CF

electrocatalyst.
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Figure S2. TGA and DSC curves of the precursor solution.



Figure S3. High-angle annular dark-field (HAADF) TEM image of the Fe-CoOOH/CF

electrocatalyst.



Figure S4. TEM-EDS elemental composition of the reconstructed Fe-CoOOH/CF

electrocatalyst.
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Figure S5. SEM-EDS elemental composition of the reconstructed Fe-CoOOH/CF

electrocatalyst.
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Figure S6. Cyclic Voltammetry curves of the Fe-CoOOH/CF electrocatalyst.
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Figure S7. Cyclic Voltammetry curves of the Fe-CoOOH/CF electrocatalyst before and

after 500 cycles.

13



Figure S8. (a) Cyclic Voltammetry curves, (b) OER LSV curves, and (c) EIS data of

the undoped and Fe, Ni, and Cu-doped CoOOH samples.



Figure S9.(a — d) TEM images, (¢) HR-TEM image, and (f) SAED pattern of the

CoOOQOH/CF electrocatalyst.
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Figure S10. Raw CV data for the ECSA determination of the the (a) Fe-CoOOH/CF,

(b) CoOOH/CF, (c) RuO2/CF and (d) CF.
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Figure S11. OER multicurrent chronopotentiometry curve of the Fe-CoOOH/CF

electrocatalyst.
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Figure S12. LSV OER curves of five different samples of Fe-CoOOH/CF, showing the

excellent reproducibility of the in sifu solution combustion method.
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Figure S13. Effects of the amount of precursor solution deposited on CF (3 x 0.5 cm?)

on the OER activity of Fe-CoOOH/CF catalyst.
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Figure S14. SEM images of the Fe-CoOOH/CF catalyst after long 100- h OER activity.
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Figure S15. HER LSV curves of the Pt/Ni-Mo/NF catalyst with and without iR

correction.
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Figure S16. Overall water splitting multicurrent chronopotetiometric curve of the Fe-

CoOOH/CF(+)//Pt/Ni-Mo/NF(-) electrolyzer pair.

22



Figure S17. (a) Photograph of the two-electrode water splitting with the Fe-
CoOOH/CF(+)//Pt/Ni-Mo/NF(-) electrolyzers and H»/O; gas generation measured by
the water displacement method; (b) Experimental and theoretical amounts of H»/O»

produced at a current density of 100 mA.cm 2.
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Figure S18. XPS survey spectra: (a) CoFeOx/CF pre-catalyst, (b) Reconstructed Fe-

CoOOH/CF sample, and (c) After long 1000-h OER stability.
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Figure S19. Co, Fe, Ni, and Cu 3d projected density of states (PDOS) in CoOOH,

FexCo1xOOH, NixCo;.xOOH, and CuxCo;xOOH.
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Figure S20. COHP of Fe-CoOOH, Ni-CoOOH, and Cu-CoOOH.
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Figure S21. (a) Schematic showing the OER pathway on FeO,-CoOOH and (b)

Schematic of the OER pathway on FexCo1.xOOH.
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Table S1. Comparison of the OER properties of Fe-CoOOH/CF catalyst with those of

recently reported state-of-the-art electrocatalysts synthesized on foamy substrates with

Juep > 1000 mA cm™.

Catalvst Overpotentials Sr{s[f)?s Stability Ref
atalysts Synthetic methods 2 els.
(mV)@1A cm mV dec”) (h)
BiCoOs Solid-state reaction 402 44 110 13
NiMoN/NiFe Hydrothermal + 266
S 42.2 250 14
LDH Nitridation
NiFeOOH Electrodeposition 315 54.4 100 15
Stirring +
CoFe LDH 310 38 150 16
Solvothermal
Ru-Ni(Fe)PyNF  Hydrothermal + CVD 375 91.6 50 17
Mny 5-NiFe Electrodeposition +
e ooep 340 16.3 250 18
LDH/Feo.64Nio.36 Etching
Cr-FeOOH/FeSe,  Electrodeposition 374 54.5 80 19
R-NiFeOH Hydrothermal 313 44.7 500 20
SR-NiFeMoO Hydrothermal 384 55.1 110 21
KT-Ni(0)@Ni(II)-
(O)@NiIh Hydrothermal 380 - 50 22
TPA
NizN@2M-MoS,  Hydrothermal + CVD 327 38.9 300 23
Electrochemical
S-FeOOH . 528 50.8 1000 24
active
Zn-(Ni/FeOOH) Electrodeposition 330@ 33 1000 25
Ni/Fe;04/1F Hydrothermal 338 44 100 26
NiCoS,Sey Hydrothermal 390 42 100 27
BM/BiFeO.Hy Solvothermal 370 34 1000 28
) Hydrothermal +
MnOy/NiFeP o 346 59.8 120 29
Electrodeposition
FeNiCoCrMnS, Solvothermal 308 39.1 55 30
In situ combustion + 291 This
Fe-CoOOH ) 35.6 1000
electrochemical 307 work

Notes: NSPs, nanospheres; NSs, Nanosheets; NFs, Nanoflakes, CVD; Chemical vapor

deposition.
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