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Bifunctional Substrates: In-situ Ni, Fe co-doped Cobalt
Carbonate Hydroxides for Overall Water Splitting

Yiging Sun*,® Xiongyi Liang*,™ Di Yin,” Yuxuan Zhang,”™ Dong Chen,™ Kaihang Yue,”
Ziyan Cai,” Xiuming Bu,* Xianying Wang,* and Johnny C. Ho*® ¢

Developing highly efficient and stable electrocatalysts with
large current densities for hydrogen and oxygen evolution is
still challenging. Herein, Ni and Fe co-doped cobalt carbonate
hydroxide catalysts were designed in situ on the three-dimen-
sional porous NiFe foam through a facile one-step hydrothermal
strategy. Inductively coupled plasma atomic emission spectrum,
transmission electron microscopy-element mapping, X-ray
photoelectron spectroscopy, and DFT calculations demonstrate
that the three-dimensional NiFe foam substrate not only serves
as the porous substrate, which enhances the exposed number

1. Introduction

The massive fossil energy consumption yields severe environ-
mental pollution problems, necessitating the search for clean
sources."? Electrochemical water splitting is widely considered
a probable pathway to address the above problems by employ-
ing renewable electricity to convert water into hydrogen and
oxygen.P¥ Although noble metals such as Pt and Ru-based
materials are deemed the most active electrocatalysts for the
water splitting reaction, cost and scarcity limited their practical
application.® It is thus critically urgent to explore and design
earth-abundant, low-cost, and highly effective non-noble metal
electrocatalysts for overall water splitting. Especially, the large
current densities > 1000 mAcm™ with high stability are neces-
sary for the practical application.”'" Therefore, designing
efficient non-noble metal-based electrocatalysts with larger
current densities is still challenging.

After several decades of investigations on the electro-
catalysts, the electrochemical performance is mainly governed
by the number of expose active sites and intrinsic activities of
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of active sites, but also enhances the intrinsic activities of single
active sites via introducing Ni and Fe dopants in the cobalt
carbonate hydroxide catalyst during the hydrothermal process.
The obtained hybrid electrocatalyst can be employed as a
highly efficient and stable bifunctional electrocatalyst for the
oxygen and hydrogen evolution reactions, with overpotentials
of 340mV and 371 mV at 1000 mAcm? respectively. In
addition, tests in an alkaline electrolyzer revealed that the
current density could reach 1000 mAcm™ at a voltage of 2V
and maintain stable operation for 100 h.

each site" Bearing this in mind, heteroatom doping is
frequently employed as a technique to modify the electronic
configuration of the active sites at the atomic level, thereby
optimizing the adsorption/desorption ability between the active
sites and intermediate products ultimately achieving the goal of
improving the intrinsic activities enhanced electrocatalytic
performance.>" Normally, there are two main methods for
heteroatom doping in the electrocatalyst community, including
the liquid phase method (introduction of heteroatom-contain-
ing precursors in the mixture solution) and the gas phase
method (introduction of heteroatom-containing active gas at
high temperature)."*'® Another attractive method is the direct
preparation of catalysts on the three-dimensional (3D) porous
and conductive substrate (e.g., nickel foam, nickel-iron foam,
carbon cloth, etc), which can not only increase the contact
between the catalyst and the substrate, but also to ensure the
stability current, at the same time can improve the exposed
quantity of the active sites per unit volume.”*?? Very recently,
we investigated the corrosion and redeposition behavior of the
nickel foam in different situations during the hydrothermal
process under various conditions, such as distilled water, urea,
Fe**, Fe’", Co*™ and Mn”*. The result clearly proves the nickel
atoms in the nickel foam substrate will dissolve in the solution
and then deposit onto the surface of the substrate accompa-
nied by the precursors, thus affecting their electrochemical
characteristics. Meanwhile, the solubility of nickel ions in
solution has a positive relationship with reaction temperature
since metal ion hydrolysis is an endothermic reaction. There-
fore, based on our previous results, it is reasonable to expect
that the composition of the catalyst can be tailored by adjusting
the concentration of escaping ions from the substrate without
adding additional dopant precursors, which would in turn
enhance the performance.

Herein, a straightforward one-step hydrothermal method
was employed to prepare Ni and Fe co-doped cobalt carbonate

© 2023 Wiley-VCH GmbH
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hydroxides in situ on the three-dimensional (3D) porous nickel
iron (NiFe) foam. Inductively coupled plasma atomic emission
spectrum, transmission electron microscopy-element mapping,
and X-ray photoelectron spectroscopy demonstrate the suc-
cessful introduction of Ni and Fe dopants on the cobalt
carbonate hydroxide catalyst. More importantly, the morphol-
ogy and dopant concentration of the cobalt carbonate
hydroxide can be simultaneously modified by optimizing the
processed temperature, which can enhance the active sites’
exposed active surface area and intrinsic activity, respectively.
As a result, the developed Ni and Fe co-doped cobalt
carbonate/NiFe electrode shows superior OER and HER bifunc-
tional electrocatalytic performance, exhibiting overpotentials of
340 mV and 371 mV at 1000 mAcm™2, respectively. In addition,
another alkaline electrolyzer was also built capable of sustaining
a current density of 1000 mAcm™ at approximately 2V over
100 h of long-term operation. The outstanding electrolytic
performance suggests that Ni and Fe co-doped cobalt
carbonate/NiFe electrodes have potential practical applications
in overall water splitting. Moreover, our research provides
experimental evidence for the significant impact of substrate on
the target catalyst during the hydrothermal process, which
introduces a novel approach for catalyst performance modifica-
tion.

2. Materials and methods

2.1. Preparation of Ni and Fe co-doped cobalt carbonate
hydroxides nanowires on nickel-iron foam

In this study, all of the nickel-iron foam (molar ratio of Ni to Fe
is 7:3) underwent the following treatments: acetone treatment,
HCI (2 M), distilled water treatment, and ethonal treatment for
10 min, respectively. The preparation process of Ni and Fe co-
doped cobalt carbonate hydroxide (CCH) nanowires on the
nickel-iron foam was according to previous work with a slight
modification. Typically, 1 mmol Co(NO;),-6H,0 and 250 mg
hexamethylenetetramine were added into 10 mL deionized
water. The homogenous solution and a piece of NiFe foam
were then enclosed in a Teflon-coated stainless steel autoclave,
then the autoclave was heated in an electric oven at 160 °C for
8 h. After allowing the material to cool to room temperature
naturally, the resulting nickel iron foam covered with nanowires
(CCH/NFF-160) was thoroughly rinsed with with deionized
water and ethanol using ultrasound. The material was then
dried overnight in a vacuum oven at 60°C. For comparison, the
samples CCH/NFF-180 and CCH/NFF-200 were prepared accord-
ing to the above preparation procedures and except changing
the hydrothermal treatment’s temperature to 180 °C and 200°C,
respectively. Pure cobalt carbonate hydroxides (CCH) were also
prepared with the same process except adding the substrate.

Meanwhile, the CCH on the Ni plate, Fe plate, Ni foam and
Fe foam were also obtained with the above preparation
process, excepting replacing the NiFe foam substrate with the
Ni plate, Fe plate, Ni foam and Fe foam.
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2.2. Material characterization

Bruker D2 Phaser fitted with the monochromatized Cu-Ka
radiation was used to check the purity and crystalline structure
of the samples. Field emission scanning electron microscopy
(SU-8010, Hitachi, Tokyo, Japan) was used to evaluate the
morphology and dimensions of the samples. A Tecnai G2 F30
(FEI, Hillsboro, OR, USA) with an accelerating voltage of 200 kV
was used for transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM). The metal
ions concentration was investigated by inductively coupled
plasma atomic emission spectrometry. X-ray photoelectron
spectroscopy (XPS) was conducted on an ESCALAB 250 Xl X-ray
photoelectron spectrometer and Thermo Fisher Scientific K-
Alpha (Thermo Scientific Co., USA) with Al Ka radiation.

2.3. Electrochemical measurement

The Gamry 300 electrochemical workstation, equipped with a
typical three-electrode setup, was used for all electrochemical
characterizations at room temperature. A saturated calomel
electrode (SCE), a carbon rod, and the prepared electrocatalysts
were employed as the reference, counter, and working electro-
des, respectively. For the OER and HER experiments, liner sweep
voltammetry (LSV) curves were measured at a scanning rate of
5mVs~'. The potential (versus SCE) was converted into RHE
values using the following equation: Ep,e=Es+0.2415+
0.059xpH. To maintain a stable electrode surface, multiple
cycles of cyclic voltammetry (CV) were performed before
evaluating its electrochemical activity, until the hydrogen
precipitation current exhibited negligible variations. All voltam-
mograms were automatically recorded on the workstation with
iR drop compensation, unless indicated otherwise.

2.4. Density Functional Theory (DFT) Calculations

The Perdew-Burke-Ernzerhof (PBE) functional was chosen to
characterize the exchange-correlation interaction. The calcula-
tions using spin-polarized density functional theory (DFT) were
carried out by Quantum Espresso with the implementation of
projector-augmented wave (PAW) potentials.?** The DFT+U
calculations were used to determine the strong on-site
Coulomb interaction of the localized electrons. The kinetic
energy cut-offs for the wave functions and the density were 40
Ry and 500 Ry, respectively, as given by standard solid-state
pseudopotentials.”®*® The Hubbard correction U for the 3d
orbitals of Co, Ni and Fe was objectively set to 3.32, 6.20 and
5.30 eV respectively. Grimme’s DFT-D3 method was used to
account for van der Waals (vdW) interactions,*”” with a
convergence threshold of 0.02eV/A for total energy and
107° eV for total force. Technical terms were explained when
first used. A 4x4x3 supercell of 240 atoms was constructed and
the gamma point was used to sample the Brillouin zone to
model different metal atom ratios.
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3. Results and Discussion

According to our previous report, the corrosion degree of the
Ni foam substrate increases with increasing temperature during
the hydrothermal reaction, which can be attributed to the
hydrolysis of the precursors and/or oxidation reaction between
the precursor and substrate. Therefore, it is feasible to control
the ratio of cation doping in the target catalyst by adjusting the
processing temperature. Herein, we selected 3D NiFe foam as
the substrate commercially available at low cost® The
scanning electron microscope (SEM) image of bare NiFe foam
with a continuous three-dimensional (3D) porous structure are
shown in Figure S1. Inductively coupled plasma (ICP) atomic
emission spectrometry confirmed the atom ratio of nickel to
iron is 7 to 3. Three different kinds of cobalt carbonate
hydroxide (CCH) based samples were prepared on the surface
of the NiFe foam via changing treatment temperature of the
hydrothermal reaction, including CCH/NFF-160 (160°C), CCH/
NFF-180 (180°C) and CCH/NFF-200 (200°C). The effect of
temperature on the structure and composition was first
investigated by X-ray diffraction (XRD). As shown in Figure 1,
with the exception of the peaks identified as NiFe foam
(indicated by a hashtag), the samples prepared at 160°C and
180°C both exhibit characteristic peaks indexed to cobalt
carbonate hydroxides (JCPDS NO. 48-0084, marked with an
asterisk).”” While the sample is prepared at 200°C, in addition
to the characteristic peaks of CCH, new sharp peaks at 11.6°
and 23.2° can be observed, which can be assigned to the
diffraction of Ni(OH), (JCPDS NO. 22-0444, marked with a circle).
Since the hydrolysis of Co®" is an endothermic reaction (Co®* +
2H,0=Co(0OH), +2H*, AH>0), the rise in temperature
promotes the hydrolysis reaction to move forward, leading to
an elevated concentration of H'. Then, the substrate reacts
with the H* to release a significant quantity of Ni ions and a
minor quantity of Fe ions in the solution mixture. Therefore, the
abundant Ni*" ion will form a new phase with the assistance of
hexamethylenetetramine.

Figure 1. XRD patterns of the cobalt carbonate hydroxide (CCH) samples,
including CCH/NFF-160, CCH/NFF-180, and CCH/NFF-200. The peaks labelled
with a hashtag, asterisk, and circle are indexed to NiFe foam, CCH, and
Ni(OH),, respectively.
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Then, the morphology of these samples was investigated
using SEM and TEM, as shown in Figure 2. Figure 2a and 2b
exhibit that the needle-like nanowires, approximately 20 pm in
length, grew evenly on the NiFe substrate when heated to
160°C. The TEM and HRTEM images in Figure 2c show the
lattice fringe of 0.27 nm, which refers to the CCH (221) facet.
Energy-dispersive X-ray spectroscopy (EDX) mapping was
employed to identify the elements and visualize the distribu-
tions in the CCH/NFF-160 (Figure 2d). Co, Fe, and Ni elements
are detected with uniform distribution on the nanowire. More-
over, the point mode in EDX was used to detect the atomic
ratio of different components on the catalyst surface. The result
shows that the atomic ratio between Co, Ni, and Fe are 95.64 +
0.35%, 3.08+£0.35%, and 1.28+£0.35%, indicating that the
corrosion behavior of NiFe foam has occurred during the
hydrothermal process. However, because of the large detection
depth (about hundreds of nanometers to micrometers) and low
sensitivity of the EDX characterization technique, the proportion
data of nickel and iron atoms collected is higher than that in
the catalyst lattice, which may be mainly due to surface physical
absorption. It should be noticed here that the presence of Fe
ions is not only due to the hydrolysis reaction as discussed
above but also to the redox reaction between the Co?* ion and
Fe metal in the NiFe substrate. After increasing the temperature
to 180°C, CCH/NFF-180 exhibits a similar nanowire structure to
the CCH/NFF-160 (Figure 2e and 2f). The HRTEM and element
analysis of the CCH/NFF-180 in Figure 2g and 2h confirm the
NiFe corrosion behavior again. Compared with the EDX point
mode results of the CCH/NFF-160, the atomic ratio of Ni and Fe
in the CCH/NFF-180 is greatly increased, and the atomic ratio
between Co, Ni, and Fe are 90.67 +0.21%, 7.72+0.21%, and
1.61+0.21%. While increasing temperature, the CCH/NFF-200
nanowires come together and become sparse, implying a
decreased exposed area of active sites (Figure 2i). These results
demonstrated that the process temperature obviously affects
the morphologies of the CCH nanowires. More importantly, in
contrast to the smooth surface of the CCH/NFF-160 and CCH/
NFF-180 nanowires, dense nanosheets were wrapped on the
nanowire surface, as shown in Figure 2j. The HRTEM image
confirms the layer structure of the nanosheets (~8 layers) and a
lattice spacing of 0.25 nm (equivalent to the Ni(OH), (111)
plane), in agreement with the XRD results (Figure 2k). Mean-
while, the atomic ratio of Ni increases exponentially, and the
atomic ratio between Co, Ni, and Fe reaches 78.39+0.75%,
19.60+0.75%, and 2.01+0.75% (summarized EDX data shown
in Table S1). The obviously increased concentration of Ni and Fe
ions on the catalyst's surface suggests that the temperature
increasement accelerates the corrosion behavior of the NiFe
substrate during the hydrothermal process and proves the
possible heteroatom doping in the CCH catalyst.

As discussed above, the high atomic ratio of Ni and Fe ions
on the catalyst surface may be mainly due to surface physical
absorption because of the limitations of the EDX character-
ization technique. Therefore, to further confirm the influence of
NiFe substrate on the CCH catalyst electronic structure, XPS was
utilized to examine the chemical valence of Ni, Fe, and Co in
these catalysts, respectively. As shown in Figure 3a, Ni 2p,,, can

© 2023 Wiley-VCH GmbH

85U80|7 SUOWILIOD BAIIER.D 8|qe![dde 8Ly Aq pausenob ae S9[ole YO 8SN JO S3|NJ 10} A%eid1 78Ul UO /8|1 UO (SUORIPUOO-PUB-SWLBY W0 A8 | 1M AR1q U [UO//:SdNY) SUORIPUOD Pue sWie 1 8y 89S *[¥202/20/50] U0 AkeiqiTauliuo A8|im ‘Buodt BuoH JO eerseAlun AlD Aq #2€T0EZ02 9100/200T 0T/I0p/W0 A8 |ImAeiq 1 ul juo'adone-Ans wayoy//:sdny woly papeojumod ‘v ‘v§0z ‘6685.98T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemCatChem doi.org/10.1002/cctc.202301324

Figure 2. (a) SEM image, (b, c) TEM images, and (d) corresponding element mapping of CCH-160, the inset of (c) is the HRTEM image; (e) SEM image, (f, g) TEM

images and (h) corresponding element mapping of CCH-180, the inset of (g) is the HRTEM image; (i) SEM image, (j, k) TEM images and (I) corresponding
element mapping of CCH-200. The scale bars in the inset panels ¢, g, and k are 2 nm.

be deconvoluted into three peaks: the Ni** peak at 854.5 eV,
the Ni*" peak at 855.6 eV, and the satellite peak at 860.9 eV.™®
Compared with the original NiFe substrate, the increased
binding energy of Ni 2p,, and the Ni**/Ni* ratio were
observed after hydrothermal treatment, indicating the change
of the chemical environment and thus proving Ni is involved in
the deposition of the catalyst on the surface of the substrate
during the hydrothermal reaction.”” The binding energy of Fe
shows a similar trend as shown in Figure S2. Then, the electron
structures of the main active sites of Co were investigated, as
presented in Figure 3b. The ratio between Co®" and Co®"
increases significantly with the increasing process temperature.
Since there are two variable parameters in this experiment,
involving the temperature change and the corresponding
concentration change of the heteroatom, the change in the
chemical valence of Co can be attributed to temperature
increase and/or heteroatom doping. Thus, to check the
influence of temperature changes on the electron structure of
Co, a series of CCH samples were synthesized at different
hydrothermal temperatures without adding NiFe substrate,
including CCH-160 (160°C), CCH-180 (180°C) and CCH-200
(200°C). As compiled in Figure 3¢, the position and area of the
peaks are almost unchanged among these CCH samples. This

ChemCatChem 2024, 16, €202301324 (4 of 9)

observation confirms that the electronic structure changes of
Co atoms in the CCH/NiFe composite result from heteroatom
doping, consistent with the previous report.?® Combined with
the EDX data and XPS analysis, most of the Ni and Fe ions in
the solution are adsorbed on the catalyst’s surface, and only a
small part is doped into the crystal lattice of the CCH catalyst. In
addition, a more accurate atomic ratio between Ni, Fe and Co
was also collected via XPS technique due to a smaller detection
depth than that of EDX, as shown in Table S2. This way, the
chemical composition of CCH/NFF-160 and CCH/NFF-180 are
determined to be Ni and Fe co-doped CCH/NFF, while CCH/
NFF-200 consists of the Co and Fe co-doped Ni(OH),, and Ni
and Fe co-doped CCH hybrid/NFF.

Meanwhile, the projected density of states (PDOS) of main
active sites (i.e., Co in the pure CCH and CCH/NFF-180) were
calculated, as shown in Figure 3d. The intercalated carbonate
anions in the samples were excluded, and the characterized
structures are shown in Figure S3 and Table S3. Obviously, the
valance band and conduction band position move down in the
CCH/NFF-180, indicating the d band center of CCH/NFF-180 is
farther away from the Fermi level than the original CCH.2'*?
Previous reports have demonstrated that the downshift of the d
band center in CCH catalysts may lower the adsorption energy

© 2023 Wiley-VCH GmbH
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Figure 3. a) XPS spectra of Ni 2p for the different samples prepared at various temperatures. b) XPS spectra of Co 2p for b) CCH/NFF and c) pure CCH
prepared at different temperatures. d) DOS of Co 3d orbital and e) corresponding number of electrons in the 3d orbital per Co atoms in pure CCH and CCH-

180.

of H and facilitate the desorption of H on the surface for HER
reaction.®"* |n the alkaline OER process, OH™ is absorbed at
the active center (M—OH), and the OH™ anion directly combines
with M—OH to form the M-O intermediate and H,O. The
subsequent production of M—OOH species takes place before it
decomposes into O,. During this heterogeneous reaction, the
formation of M—OOH has been considered the rate-limited
step.! Compared with the pure CCH, the relative negative shift
in the PDOS profile of CCH/NFF-180 demonstrates that the co-
doping of Ni and Fe reduces the 3d orbital energy of Co and
further enables Co to obtain more electrons. The exact electron
transfer number between the metal cations could be obtained
by integrating the DOS plots, as shown in Figure 3e. Compared
with the pure CCH (the electron number of Co is around 7.238),
the electron number of Co atoms in Ni and Fe co-doped CCH is
around 7.242, consistent with the above XPS analysis. According
to previous reports, the enhanced energy density of the active
center is beneficial for the OOH species absorption.?*** There-
fore, the increased 3d orbital electron density around Co
facilitates the formation of absorbed OOH intermediates after
Ni and Fe co-doping, thus improving the OER performance.

The electrochemical activities of these samples, including
CCH/NFF-160, CCH/NFF-180, CCH/NFF-200, bare NiFe foam, and
commercial RuO,/NFF towards the OER were examined by
obtaining representative iR-corrected polarization curves in a
1 M KOH, utilizing a standard three-electrode system. Figure 4a
displays the cyclic voltammetry (CV) curves for OER. Bare NiFe

ChemCatChem 2024, 16, €202301324 (5 of 9)

foam shows the worst activity, suggesting the substrate is
inactive for OER. After hydrothermal treatment at different
temperatures, CCH/NFF-180 exhibited higher OER performance
than other samples, including commercial RuO,/NFF. Specifi-
cally, the activity performance follows the sequence: CCH/NFF-
180 > CCH/NFF-160 > commercial  RuO, > CCH/NFF-200 > bare
NFF. In addition, to investigate the real active site of the CCH/
NFF, the HMTA/NFF-180 (HMTA: hexamethylenetetramine) with-
out Co(NO,),-6H,0 was also fabricated with the hydrothermal
method. The results show the performance of CCH/NFF-180 is
still higher than that of HMTA/NFF-180, indicating Co plays an
ignorable effect on the superior OER performance. Figure 4b
and 4c provide detailed performance information, showing that
CCH/NFF-180 displays the minimum overpotentials of 186 mV,
256 mV, and 277 mV at 10, 100, and 200 mV cm™, respectively.
The excellent OER performance of CHH/NFF-180 is comparable
to that of other OER catalysts (Table S4). For large-scale practical
applications, we also investigate the overpotential needed for
high current densities. The CCH/NFF-180 electrode requires
only 309 and 340 mV overpotentials to obtain current densities
of 500 and 1000 mAcm ™2 compared to other samples. The
effect of substrate types (Ni plate, Fe plate, Ni foam and Fe
foam) on the catalyst activity were further discussed. As shown
in Figure S5 and S6, the catalyst prepared on NiFe foam with 3D
porous structure has the best OER activity. The results not only
demonstrated that the 3D porous structure exposes more active
sites, but also the co-doping of Ni and Fe on the CCH improves
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Figure 4. OER performance of CCH/NFF and RuO,/NFF operated in 1 M KOH. a) Polarization curves and b) corresponding enlarged curves. c) Comparison of
overpotentials needed at the current densities of 10, 100, and 200 mA cm 2 d) Tafel slopes of CCH/NFF and RuO,/NFF. e) Electrochemical impedance
spectroscopy (EIS) for the samples. R1 and CPE is the electrolyte resistance and constant phase element, respectively. f) Chronopotentiometry curves of CCH-
180 at constant current densities of 500 and 1000 mAcm 2.

Figure 5. HER performance of CCH/NFF and Pt/C/NFF tested in 1 M KOH. a) and b) are the polarization curves recorded at scan rate 5 mVs™', and

corresponding c) Tafel slopes. d) Chronopotentiometry curves of CCH/NFF-180 at constant current densities of 500 and 1000 mAcm >,
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Figure 6. Overall water splitting performance of CCH/NFF-180. a) Schematic illustration of the water electrolyzer setup. b) LSV curves without iR correction and

¢) chronoamperometric curve at 500 mAcm ™2 for 100 h. d) Experimental and theoretical amounts of H, and O, production by CCH/NFF-180 bifunctional

electrocatalyst for overall water splitting.

the intrinsic activity of individual cobalt active sites compared
to single element doping. In Figure 4d, the CCH/NFF-180
electrode also illustrates the minimal Tafel slope 72 mVdec™
among these samples, in contrast to CCH/NFF-160
(101 mVdec™") and CCH/NFF-200 (89 mVdec™"), which is even
smaller than commercial RuO,/NFF electrode (137 mVdec™),
indicating the faster electron transfer progress and intrinsic
high OER performance. In addition, electrochemical impedance
spectroscopy (EIS) has been employed to investigate the
kinetics of OER at the interface between the electrode and
electrolyte, as shown in Figure 4e. The CCH/NFF-180 electrode
has a much lower charge transfer resistance (R.) of 0.329 Q, as
compared to CCH/NFF-160 (0.565 Q), CCH/NFF-200 (0.948 Q)
and bare NiFe substrate (2.671 Q). The smallest R, of CCH/NFF-
180 indicates desirable electron transport and catalytic kinetics,
consistent with the Tafel slope.?**” Moreover, the CCH/NFF-180
electrode exhibits excellent stability during long-term electro-
chemical durability tests. As presented in Figure 4f, the over-
potential required to achieve the current density of
500 mAcm™ is about 0.57V and exhibits negligible change
after 20 h of operation, suggesting that CCH/NFF-180 is a
promising candidate for large-scale practical application.

HER activities of the CCH/NFF electrode, along with the
commercial Pt/C/NFF electrode, were then assessed in the 1M
KOH electrolyte (Figure 5a). As expected, the commercial Pt/C/
NFF electrode exhibited the highest performance. In contrast,
the CCH/NFF-180 electrode performs better than the CCH/NFF-
160, CCH/NFF-200, and bare NiFe electrodes. At a current
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density of 10 mAcm™, the overpotential is only slightly greater
than the 45 mV of the Pt/C/NFF electrode (Figure 5b). Specifi-
cally, this CCH/NFF-180 electrode can yield 10, 100, and
200 mAcm™? with the overpotentials of 92, 240, and 280 mV,
respectively (Figure 5b). In addition, the overpotentials of the
CCH/NFF-180 electrode was 334 and 371 mV at current
densities 500 and 1000 mAcm™2, respectively. Furthermore, the
Tafel plot based on the corresponding CV curve was used to
investigate the HER kinetics (Figure 5c¢). Similarly, the effect of
different substrates was analyzed on HER activity and the
observed phenomenon is consistent with OER (Figure S7 and
S8). The CCH/NFF-180 electrode has the smallest Tafel slope of
68 mVdec™' besides Pt/C/NFF (41 mVdec™), which is lower
than CCH/NFF-160 (114 mVdec™'), CCH/NFF-200 (119 mVdec™)
and bare NiFe electrodes (113 mVdec™), indicating a compet-
itive advantage for practical applications. The electrochemical
stability was further conducted on CCH/NFF-180 at a high
current density, as shown in Figure 5d. As far as chronoampero-
metric durability test, at 500 mAcm™, a negligible decrease was
observed in the overpotential after 20 h of operation.

Because of the exceptional electrochemical performance of
CCH/NFF-180 towards OER and HER, an overall water splitting
test was conducted by employing CCH/NFF-180 as both the
cathode and anode in an anion exchange membrane-based
water electrolyzer as shown in Figure 6a. The CCH/NFF-180 is
capable of attaining a current density of 1000 Acm™ at a
voltage of 2 V (Figure 6b). The performance outperforms many
non-noble bifunctional catalysts, as shown in Table S4. At the
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same time, the CCH/NFF-180 electrode exhibits excellent
stability after a long-term test of 100 h at a current density of
500 mAcm™2 (Figure 6c). Finally, gaseous products of the overall
water splitting by the CCH/NFF-180 electrode were detected by
gas chromatography. The volume ratio between H, and O, is
nearly 1:2, indicating an almost 100% Faradaic efficiency, as
shown in Figure 6d.

In conclusion, cobalt carbonate hydroxides co-doped with
Ni and Fe were in-situ produced on the NiFe foam substrate by
surface hydrothermal technique. It is worth noting that the
dopant concentration and morphology on the catalyst can be
conveniently modified by altering the hydrothermal temper-
ature. Thus, based on various characterization techniques, the
NiFe foam substrate provides the porous structure that
enhances the exposed number of active sites and serves as the
precursor of the dopants, which modifies the intrinsic activity of
the active sites. In fact, the developed Ni and Fe co-doped
cobalt carbonate/NiFe electrode shows superior OER and HER
bifunctional electrocatalytic performance, where an alkaline
electrolyzer can be constructed with these electrodes reaching
a current density of 1000 mAcm™ with a voltage around 2V
over a 100 h of operation. In summary, Ni and Fe co-doped
cobalt carbonate/NiFe electrodes reveal potential commercial
opportunities in overall water splitting. Furthermore, our study
presents experimental evidence of the significant role of the
catalyst substrate in the hydrothermal reaction, offering novel
ideas for improving the catalyst performance.

Appendix A. Supplementary material

Supplementary data associated with this article can be found in
the online version at:
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