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Low-overpotential overall water splitting
by a cooperative interface of cobalt-iron

hydroxide and iron oxyhydroxide

Pravin Babar,"? Komal Patil,® Javeed Mahmood,? Seok-jin Kim,"? Jin Hyeok Kim,>*

and Cafer T. Yavuz'-24*

SUMMARY

Interface engineering is a powerful strategy for modulating elec-
tronic structure and enhancing intrinsic activity of electrocatalysts
for water splitting. Here, we grow two-dimensional cobalt-iron hy-
droxide (CoFe-OH) nanosheets on nickel foam substrates and depo-
sit FeEOOH nanoparticles in a rapid and scalable wet chemical
approach. The CoFe-OH@FeOOH nanocomposite features abun-
dant active sites and high surface area, allowing fast kinetics for
electrochemical water splitting. The electrode has a low overpoten-
tial value of 200 mV at 50 mA cm 2 for oxygen evolution. When
used as both anode and cathode for overall water splitting, CoFe-
OH@FeOOH provides a low cell voltage of 1.56 V to deliver
10 mA cm 2 current density. The synergistic activity is presumed
to be from the seamless interface of CoFe-OH and FeOOH,
improving conductivity and mass transfer. We envision that this
simple approach may offer a new direction for designing efficient
electrodes for energy conversion applications.

INTRODUCTION

Hydrogen is a key ingredient for current industrial processes such as synthesis of
ammonia and refining of petrol, and a promising fuel for a renewable and sustain-
able future.’~* Considering its promise in carbon-free and renewable characteristics,
hydrogen is an ideal next-generation energy carrier, if it is produced by electro-
chemical water split’cing.‘l'7 Water electrolysis, therefore, has attracted widespread
attention despite being energy intensive.®”'? To lower the electrolytic cost, the po-
tential required for the two half-cell reactions of water electrolysis, anodic oxygen
evolution reaction (OER) and cathodic hydrogen evolution reaction (HER), ought
to be lowered.”* "> The OER and HER processes involve complex multielectron
transfer mechanisms, resulting in high anodic and cathodic overpotentials.'®"®
Precious-metal-based electrodes have so far been benchmarks for HER and
OER."""?? However, the high cost, low availability, and inferior durability prohibit
large-scale applications.””*> Thus, developing an inexpensive, earth-abundant
electrocatalyst with high efficiency and stability in overall water splitting is desirable.

Currently, water-splitting research is mainly focused on enhancing electrochemical
performance with low overpotential while reducing the fabrication costs using
earth-abundant electrode materials. The transition-metal-based electrodes are pref-
erable alternatives to noble metals, and considerable efforts have been made to
explore cobalt-iron (CoFe)-based materials as bifunctional electrocatalysts for water
electrolysis. At present, the CoFe-based electrode materials mainly include oxide,
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hydroxide, nitride, and phosphide.?*~** Among these candidates, 2D CoFe hydrox-
ide (CoFe-OH) has attracted widespread attention. Such growing interest is associ-
ated with its abundance of active sites, rich redox chemistry, and synergy between
Co and Fe metal ions.** The synergic effect in bimetallic hydroxide (CoFe-OH) could
also provide a better coordination environment and effective interaction with Co
and Fe ions and improve charge transferability to enhance catalytic perfor-
mance.?'*? However, the catalytic activity and stability of CoFe-OH remain far
from ideal compared with noble-metal-based catalysts, demanding further perfor-
mance improvement. Recent strategies include improving the catalytic activity of
CoFe-OH by optimizing chemical composition, enhancing conductivity by including
carbon-based supporting materials, or exfoliating the nanosheets.**~*% Despite
these advances, CoFe-OH electrocatalysts still require a significant overpotential
for overall water splitting. To achieve a low overpotential for overall water splitting,
modification of the surface properties of the electrode materials is essential.*” The
efficient catalysts should have a surface with optimal adsorption energetics, which
is neither too weak nor too strong.***" In this regard, interface engineering provides
an excellent tool to regulate surface properties.*”** Another effective way to
improve the electrochemical performance of the catalyst would be to grow the elec-
trode materials on a 3D conductive nickel foam (NF) (2D nanosheets), which, in turn,

could provide a high density of active sites and robust mechanical structure.***>

In combination with all these key discoveries, we herein prepared a composite elec-
trode by anchoring FeOOH nanoparticles onto CoFe-OH nanosheets to construct a
CoFe-OH@FeOOH interface structure for overall water splitting. In this simple and
scalable fabrication of the heterogeneous interface electrocatalyst, the electronic
environment is optimally modulated for enhanced electrochemical activity. The
new CoFe-OH@FeOOH electrocatalyst revealed remarkable electrocatalytic activity
toward OER with a low overpotential of 200 mV to deliver 50 mA cm~2 current den-
sity with high stability for at least 50 h at a constant current density of 50 mA cm™2.
Furthermore, the cell voltage for overall water splitting of CoFe-OH@FeOOH at
10 mA cm~? current density was 1.56 V, much lower than that for all other CoFe-
based catalysts.

RESULTS AND DISCUSSION

Synthesis and characterization

The synthesis of CoFe-OH@FeOOH involves two steps as illustrated in Figure 1. In
the first step, CoFe-OH nanosheet arrays are uniformly deposited on the NF sub-
strate by a simple chemical bath deposition (CBD) at 90°C for 2 h. FeOOH is depos-
ited on the CoFe-OH nanosheets through a simple wet chemical method in the sec-
ond step, as described in the experimental procedures. The CoFe-OH films were
initially characterized by X-ray diffraction (XRD) to confirm the formation of the struc-
ture. Figure 1A shows the powder XRD patterns of CoFe-OH@FeOOH and CoFe-
OH. The peaks (20) at 44.5°, 52°, and 76.3° arise from metallic Ni of the NF substrate
corresponding to (111), (200), and (220) lattice planes (JCPDS 04-850).%¢ The diffrac-
tion peaks located at 11.3°, 23.2°, 34°, and 60.4° can be assigned to the (003), (006),
(012), and (113) planes of CoFe-OH (JCPDS 50-0235).%” After FefOOH deposition on
CoFe-OH, the diffraction peaks of CoFe-OH@FeOOH are the same as those of
CoFe-OH, suggesting that FeOOH deposition does not change the crystal structure
of pre-deposited CoFe-OH. But the intensity of the CoFe-OH peaks was not as high,
suggesting the less crystallized nanostructure of CoFe-OH@FeOOH, and the slight
shift of the peaks was also noted to lower the 20 values. To further examine the crys-
tallinity of the FeOOH species alone, a control NF film with only FeOOH deposition
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Figure 1. Synthesis and characterization of CoFe-OH@FeOOH

(A) Schematic illustration of the fabrication process for CoFe-OH@FeOOH electrode.

(B) XRD patterns of CoFe-OH and CoFe-OH@FeOOH.

(C-E) High-resolution XPS spectra of (C) Co 2p, (D) Fe 2p, and (E) O 1s for CoFe-OH and CoFe-OH@FeOOH.

was examined with powder XRD. As shown in Figure S1, no new peaks specific to
FeOOH were observed, demonstrating that no crystalline FeOOH nanoparticles
could be detected in the electrocatalysts studied in this work.

The electronic interaction between CoFe-OH nanosheets and FeOOH nanoparticles
was investigated using X-ray photoelectron spectroscopy (XPS). The high-resolution
XPS spectra of CoFe-OH and CoFe-OH@FeOOH are shown in Figures 1C-1E. The
binding energies of Co 2p3,, and Co 2pq,, in CoFe-OH are located at 781.4 and
797.5 eV, respectively, along with their satellite peaks. After CoFe-OH@FeOOH for-
mation the binding energy of Co 2p3,, (781.7 eV) shows a positive shift in contrast to
pure CoFe-OH (Figure 1C), suggesting a strong interaction between CoFe-OH and
FeOOH. Also, the peak fitting reveals the co-existence of Co?* (784.3 eV) and Co>*
(782.9 eV) in both films. Meanwhile, the CoFe-OH@FeOOH has higher Co?*/Co®*
peak intensity compared with CoFe-OH, indicating that more Co?* is present in
the CoFe-OH@FeOOH.***? Similarly, the Fe 2p3/2 of CoFe-OH@FeOOH (712.7
eV) shows a positive shift in binding energy compared with CoFe-OH (712.2 eV).
The peak fitting of Fe 2p for as-prepared CoFe-OH indicates two distinct Fe species,
at 712.2 (Fe 2p3/2) and 725.6 eV (Fe 2p;,,) (Figure 1D). However, the Fe 2p3,, peak
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was at 712.8 eV for CoFe-OH@FeOOH. This positive shift in Fe 2p3,, indicates the
increase in electron density around the Fe atoms in CoFe-OH@FeOOH as opposed
to CoFe-OH due to elevated oxygen vacancy.”® The high-resolution O 1s spectrum
further confirms oxygen vacancies in CoFe-OH@FeOOH. The O 1s spectrum shows
prominent characteristic peaks at 530.2, 531.8, and 533.2 eV corresponding to
metal-oxygen (M-O), oxygen defects (OH™), and water molecules absorbed on the
surface (H,0), respectively (Figure 1E).°" The O 1s spectrum in CoFe-OH@FeOOH
shows decreased peak intensity for OH™ and increased intensity for absorbed water,
which further reinforces the presence of oxygen vacancies.””>* The peak shifts in
XPS spectra reveal the electronic structure modification of the electrocatalyst, which
relies on strong electronic interplay between CoFe-OH and FeOOH. The strong
electronic interaction indicates the synergistic effect between CoFe-OH and
FeOOH, which is known to assist during interface events (e.g., water adsorption)
to enhance OER and HER efficiency.”*>°

Figure 2A shows the field emission SEM (FE-SEM) image of CoFe-OH, which indicates
that nanosheets are grown vertically on the NF substrate, and the interconnected nano-
sheets have smooth surfaces. The transmission electron microscopy (TEM) image (Fig-
ure 2B) further demonstrates the distinct nanosheet morphology of CoFe-OH. The
high-resolution TEM (HR-TEM) image as shown in Figure 2C of CoFe-OH indicates
well-resolved lattice fringes with an interplanar spacing of 2.6 nm, corresponding to
the (101) plane of CoFe-OH. The selected-area electron diffraction (SAED) pattern
shows the crystalline nature of the CoFe-OH film (inset in Figure 2C). Figure 2D displays
the energy-dispersive X-ray spectroscopy (EDX) mapping images of CoFe-OH demon-
strating the presence of Co and Fe throughout the nanosheet. After FeOOH deposition
on CoFe-OH, the FE-SEM image (Figure 2E) indicates that the surface of nanosheets be-
comes rough with nanoparticles anchored on, compared with the pristine surface of
CoFe-OH. The TEM image of CoFe-OH@FeOOH further confirms that the nanopar-
ticles are immobilized on the CoFe-OH surface (Figure 2F). The HR-TEM images reveal
the lattice disturbance, suggesting the low crystallinity of CoFe-OH film (Figure 2G). The
SAED pattern shows the weak diffraction ring, which further confirms the low crystallinity
of CoFe-OH@FeOOH. EDX-mapping images of CoFe-OH@FeOOH (Figure 2H) reveal
the uniform distribution of Co and Fe throughout the heterostructures, further indicating
the successful preparation of CoFe-OH@FeOOH. From the analysis thus far, we
conclude that the surface of nanosheets has been notably changed while preserving
the main crystalline nature of CoFe-OH without forming any new, crystalline phases.

To gain an insight into the formation of CoFe-OH@FeOOH, we varied the FeOOH
deposition time (Figures 3 and S2). When the reaction time is only 5 min, nanosheet
surfaces are a little rough compared with the plain nanosheet morphology of CoFe-
OH. Subsequently, when the synthesis time is 10 min, the nanosheets are observed
to have nanoparticles anchored on the surface. With further increase in the reaction
time, the nanoparticles are uniformly deposited on the surface of nanosheets
(20-40 min). Furthermore, the powder XRD pattern (Figure S2) shows that the
peak intensity of CoFe-OH decreases with increase in reaction time, and peak loca-
tions are slightly shifted to lower 26 values. We can thus expect that CoFe-OH@
FeOOH could improve the electrochemical performance of overall water splitting
by boosting intrinsic activity.

OER activity

To understand how interface engineering affects the OER performance of CoFe-
OH@FeOCOCH, the electrochemical properties of the catalysts were investigated in
a three-electrode system in a 1 M KOH electrolyte. For comparison, CoFe-OH,
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Figure 2. Electron microscopy characterization of the electrocatalysts
(A-D) (A) FE-SEM, (B) TEM, (C) HR-TEM (inset, SAED), and (D) EDX mapping of CoFe-OH.
(E-H) (E) FE-SEM, (F) TEM, (G) HR-TEM (inset, SAED), and (H) EDX mapping of CoFe-OH@FeOOH.

FeOOH, RuO;, and bare NF films were also tested under the same experimental
conditions. The linear sweep voltammetry (LSV) curves with iR correction are dis-
playedin Figure 4A. The LSV curve reveals that CoFe-OH@FeOOH delivers the high-
est current density and lowest overpotential among the controls, achieving current
densities of 50 and 100 mA cm~2 at low overpotentials of 200 and 230 mV, respec-
tively. These values are much lower than those of CoFe-OH (230 and 255 mV),
FeOOH (255 and 270 mV), and RuO, (250 and 275 mV) at the same current densities.
The as-prepared CoFe-OH@FeOOH nanosheet arrays also exhibit better OER per-
formance than that of other recently reported non-precious-metal electrocatalysts
(Table S1).

Tafel slopes of all tested catalysts are shown in Figure 4B, indicating a significant
improvement in the OER kinetics, consistent with the OER performance of the new cat-
alysts. The Tafel slope of CoFe-OH@FeOOH was 48 mV dec™", which is much smaller
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Figure 3. FE-SEM images
FE-SEM images of CoFe-OH@FeOOH after various FeOOH deposition times.

compared with CoFe-OH (73 mV dec™), FeOOH (86 mV dec™"), RuO, (83 mV dec™ ),
and bare NF (114 mV dec™"), suggesting the kinetically favored nature of the CoFe-
OH@FeOOH film.® These results indicate that the OER efficacy of CoFe-OH remark-
ably improved after the construction of the CoFe-OH@FeOOH interface.

The OER performances of CoFe-OH@FeOOH, CoFe-OH, FeOOH, RuO,, and bare NF
are compared in Figure 4C. Although CoFe-OH, FeOOH, and RuO; show good OER
performance, with 255, 270, and 275 mV to achieve 100 mA cm~? current density,
respectively, their combination, CoFe-OH@FeOOH, demonstrates even more
enhanced OER activity, with a lower overpotential of 230 mV at the same current den-
sity. In addition, the OER activity of CoFe@FeOOH at a different reaction time with
FeOOH was also studied (Figure S3). The CoFe@FeOOH at 30 min FeOOH deposition
shows excellent catalytic activity, with low overpotential and Tafel slope compared with
other electrocatalysts. In the multistep chronopotentiometry curve of CoFe-OH@
FeOOH in 1 M KOH (Figure 4D), the current density increases from 80 to 170 mA
cm 2 with increments of 10 mA cm ™2 per 500 s. The potential immediately levels off
and remains constant for 500 s, indicating excellent mass transport, mechanical robust-
ness, and good conductivity of the CoFe-OH@FeOOH electrode.”” Taking it further, we
studied the long-term durability of CoFe-OH@FeOOH for 50 h at a high current density
of 50 mA cm™2. Figure 4E shows the activity of the CoFe-OH@FeOOH catalyst remain-
ing stable during a 50-h continuous OER electrolysis, while the LSV polarization curves
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Figure 4. Electrochemical OER performance

(A) iR-corrected polarization curves in 1.0 M KOH solution.

(B) Tafel plots derived from the corresponding polarization curves.
(C) Comparison of the overpotential and Tafel slopes.

(D) Multicurrent process of CoFe-OH@FeOOH (without iR correction).
(
(

)
A

before and after the long-term stability test are almost overlapping each other
(Figure S4). At a higher current density of 500 mA cm ™2, the as-prepared CoFe-OH@-
FeOOH also shows excellent stability (Figure 4F).

HER activity

The HER activity of the CoFe-OH@FeOOH catalyst was also conducted in the same
electrolyte (1 M KOH), for consistency and the goal of providing overall water-split-
ting performance. As expected, bare NF has poor catalytic activity for HER (Fig-
ure 5A). The LSV polarization curve of CoFe-OH@FeOOH exhibits a low overpoten-
tial of 145 mV at 10 mA cm 2 compared with CoFe-OH (185 mV), FeOOH (205 mV),
and bare NF (247 mV) at the same current density. Noticeably, the cathodic current
induced by CoFe-OH@FeOOH largely surpasses that of CoFe-OH and FeOOH.

The Tafel slope determines the inherent kinetics of the HER cathode. The CoFe-
OH@FeOOH catalyst possesses a Tafel slope of 51 mV dec™', even smaller than
those of CoFe-OH (58 mV dec™"), FeOOH (65 mV dec™"), and bare NF (86 mV
dec™), implying more favorable kinetics of CoFe-OH@FeOOH during the HER pro-
cess (Figure 5B). The electrocatalytic HER performance of CoFe-OH@FeOOH is bet-
ter than or comparable to that of the recently reported HER catalysts (Table S2).
Moreover, the multicurrent step curve of CoFe-OH@FeOOH at current densities
from 80 to 170 mA cm™2 was also checked with increasing 10 mA cm™2 current den-
sity for 500 s (Figure 5D). The potential of CoFe-OH@FeOOH increases and stabi-
lizes at all ranges of current densities. This fast response indicates the excellent

Cell Reports Physical Science 3, 100762, February 16, 2022

E) Chronopotentiometry stability test of CoFe-OH@FeOOH over 50 h at a constant current density of 50 mA cm~? (without iR correction).
Chronopotentiometry stability test of CoFe-OH@FeOOH over 48 h at a constant current density of 500 mA cm ™2 (without iR correction).
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Figure 5. Electrochemical HER performance

A) iR-corrected polarization curves.

B) Tafel plots derived from the corresponding polarization curves.
C) Comparison of the overpotential and Tafel slopes.

(

(

(

(D) Multicurrent process of CoFe-OH@FeOOH (without iR correction).

(E) Chronopotentiometry stability test of CoFe-OH@FeOOH over 50 h at a constant current density of 50 mA cm~2 (without iR correction).
(

)
F) Polarization curves of CoFe-OH@FeOOH before and after 50-h stability test.

mechanical stability and mass transfer of the electrocatalyst.”® Another critical
parameter, the long-term stability of the CoFe-OH@FeOOH catalyst, was investi-
gated by a continuous potential cycling at a constant current density of 50 mA
ecm ™2 (Figure 5E). It was observed that CoFe-OH@FeOOH maintained almost the
same potential even after 50 h. During the 50 h of testing, CoFe-OH@FeOOH ex-
hibited a slight potential fluctuation at 50 mA cm~2 current density (Figure 5F).
Furthermore, the CoFe-OH@FeOOH catalyst was analyzed by FE-SEM and XPS after
a long-term durability test. The FE-SEM images of CoFe-OH@FeOOH under
different magnifications clearly suggest that the morphology of the nanosheet struc-
ture was preserved (Figure S5). After the long-term durability test, the XPS spectra of
Co, Fe, and O indicate similar binding energies without any peak shift (Figure Sé),
which signifies that the CoFe-OH@FeOOH catalyst has excellent electrochemical
stability.

The combination of robust intrinsic activity and the abundance of exposed active sites of
catalyst enhances the efficiency of a catalyst.>? In electrocatalysis, inherent activity and
the amount of exposed active sites can be calculated using turnover frequency (TOF)
and electrochemical surface area (ECSA).?° TOF value is estimated by taking the exact
number of electrochemical accessible sites using a cyclic voltammetry (CV) curve (Fig-
ures 6A and S7). The TOF values of all the studied catalysts were calculated at various
potentials (Figure 6B). The TOF value of CoFe-OH@FeOOH was 144 s™" at the potential
of 1.50 V versus reversible hydrogen electrode (RHE), which is higher than both CoFe-
OH (104 s~ ") and FeOOH (92 s ") at the same potential (inset in Figure 6B). The ECSAis
directly proportional to the double-layer capacitance (Cg) of the catalyst, which is
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Figure 6. Calculation of active sites and TOF

(A) Backward CV of CoFe-OH@FeOOH for charge integration and calculation of electrochemically
accessible sites.

(B) TOF values at various potentials for CoFe-OH@FeOOH. Inset: TOF values for CoFe-
OH@FeOOH, CoFe-OH, and FeOOH at 1.5V versus RHE.

(C) Linear fit of the capacitive current versus scan rates for CoFe-OH@FeOOH, CoFe-OH, and
FeOOH.

(D) Nyquist plot of NiFeCo layered double hydroxide (LDH)/NF and NiFe LDH/NF.

calculated from CVs at different scan rates (Figure S8). As shown in Figure 6C, the Cgy
value of CoFe-OH@FeOOH was 17.64 mF cm™2, which is more than those of CoFe-
OH (9.58 mF cm~?) and FeOOH (2.78 mF cm™2), owing to the exposure of more active
sites from the vertically aligned structures. The TOF and ECSA results imply that inter-
face-engineered CoFe-OH@FeOOH significantly increases intrinsic activity and the
number of active sites. Electrochemical impedance spectroscopy (EIS) is used to eval-
uate the charge transfer across the electrode-electrolyte interface and other physio-
chemical processes. The Nyquist plot shows that the CoFe-OH@FeOOH electrode pos-
sesses a small R (0.59 Q) value compared with CoFe-OH (0.77 Q) and FeOOH (0.81 Q).
This implies lower charge transfer resistance and faster kinetics, both of which make
great contributions to enhancing the electrochemical performance (Figure 6D). The in-
crease in ECSA and decrease in resistance of CoFe-OH@FeOOH compared with CoFe-
OH and FeOOH are consistent with OER. In addition, the HER performance that indi-
cates interface engineering facilitates highly active site exposure with fast electron
transfer.

Overall water splitting

The electrochemical measurements reveal that interface coupling of FeOOH and
CoFe-OH significantly enhances the electrochemical activity for OER and HER.
Thus, we assembled a full water-splitting cell using CoFe-OH@FeOOH as both an
anode and a cathode. The CoFe-OH@FeOOH requires low cell voltages of only
1.56 and 1.72 V to reach current densities of 10 and 50 mA cm ™2, respectively, which
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Figure 7. Full electrochemical cell study for overall water splitting

(A) Polarization curves without iR compensation of CoFe-OH@FeOOH and CoFe-OH for overall
water splitting in 1.0 M KOH electrolyte.

(B) Comparison of this work and the recently reported bifunctional electrocatalysts at the current
density of 10 mA cm™ in a two-electrode water-splitting system.

(C) Long-term stability test of CoFe-OH@FeOOH at 25 mA cm 2 for 50 h. Inset: the polarization
curves before and after the long-term stability test.

(D) Amount of Hj theoretically calculated and experimentally measured and faradic efficiency
versus time for CoFe-OH@FeOOH during overall water splitting.

are noticeably lower than those of CoFe-OH (1.62 and 1.78 V) for the same current
density (Figure 7A). The performance of CoFe-OH@FeOOH for overall water split-
ting also surpasses most of the recently reported water-splitting cells (Figure 7B
and Table $3).°"°” The full-cell electrocatalytic stability of CoFe-OH@FeOOH was
also investigated at 25 mA cm ™2 for 50 h (Figure 7C), showing outstanding stability.
The LSV polarization curves were almost identical after 50 h of long-term stability
(inset in Figure 7C), which further confirms the remarkable stability of the CoFe-
OH@FeOOH electrode (Figures S? and S10). The amount of H, evolved during over-
all water splitting was determined quantitatively by gas chromatography at a cell
voltage of 1.8V for 2 h (Figure 7D). The faradic efficiency, calculated from transferred
charges and experimental measurements, reached 92%.

Figure 8 reveals the comparative activities of CoFe-OH and CoFe-OH@FeOOH for a
comprehensive performance evaluation. The higher enclosed area means that the cata-
lyst system has broad catalytic activity. The catalytic activity of CoFe-OH@FeOOH is
substantially better than that of CoFe-OH. This remarkable catalytic performance of
CoFe-OH@FeOOH could be ascribed to the following considerations: (1) the strong
interaction between CoFe-OH and FeOOH could modulate the electronic structure
and manipulate the catalytic behavior of Co?* to improve electrochemical performance.
(2) CoFe-OH@FeOOH nanosheet-nanoparticle assembly leads to wider active-site
exposure and enhances mass transfer. (3) The conductivity and intrinsic activity are
enhanced after depositing FeOOH on CoFe-OH, thereby boosting electrochemical
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performance. (4) CoFe-OH@FeOOH has a crystalline-amorphous interface and could
modulate the CoFe-OH electronic structure, which could help optimize the adsorption
energy to improve intrinsic electrocatalytic activity. (5) The direct growth of CoFe-OH@-
FeOOH without any binders offers efficient binding between the electrode material and
the NF substrate, providing good mechanical stability. Our investigations continue, to
understand these mechanisms and beyond, for the ultimate goal of developing a sus-
tainable electrochemical cell for overall water splitting.

In conclusion, we have designed a simple method to enhance the electrochemical
performance of CoFe-OH nanosheets by decorating them with FeOOH nanopar-
ticles. The positive effects of heterointerface and synergy generated between
CoFe-OH and FeOOH allowed the CoFe-OH@FeOOH electrode to exhibit excellent
electrocatalytic performance for overall water splitting. Significantly, the CoFe-
OH@FeOOH electrode required an overpotential of only 200 mV to reach 50 mA
ecm~2 current density for OER. Using the bifunctional CoFe-OH@FeOOH, the two-
electrode full electrochemical cell required only 1.56 V to deliver 10 mA cm™2 cur-
rent density. Furthermore, after 50 h of continuous electrocatalytic stability tests,
the catalytic performance of CoFe-OH@FeOOH remained almost the same, sug-
gesting the excellent stability of the catalyst. This interface engineering approach
could be extended to prepare low-cost and highly efficient electrodes for electro-
chemical energy conversion and storage application.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to,
and will be fulfilled by, the lead contact, Cafer T. Yavuz (cafer.yavuz@kaust.edu.sa).

Materials availability
This study did not generate new unique reagents.

Data and code availability

The authors declare that data supporting the findings of this study are available
within the article and the supplemental information. All other data are available
from the lead contact upon reasonable request.
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Materials

Cobalt nitrate hexahydrate (98%), iron nitrate nonahydrate (98%), urea (99%), hydro-
chloric acid (37%), and potassium hydroxide (KOH, >85%) were purchased from
Sigma-Aldrich, USA. Solvents were used as received. Deionized water (DI) was
collected from Milli-Q (18.2 MQ-cm at 25°C). NF substrates were acquired from
Alantum (thickness, 1.6 mm; surface density, 420 g cm 2.

Synthesis and characterization

Full experimental procedures are provided in the supplemental experimental
procedures.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2022.100762.
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