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ABSTRACT

Efficient and robust noble-metal-free bifunctional electrocatalysts for overall water splitting (OWS) is of great importance to realize the
large-scale hydrogen production. Herein, we report the growth of undoped and Cr-doped NiCo,04 (Cr-NiCo.0.) nanoneedles (NNs)
on nickel foam (NF) as bifunctional electrocatalysts for both hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER). We demonstrate that Cr-doping significantly improves activity for HER and OER by increasing the conductivity of NNs and
allowing more active sites on NNs electrochemically accessible. When amorphous FeOOH is electrodeposited on the surface of
Cr-NiCo,04 NNs, the resulting FeOOH/Cr-NiCo,O4/NF exhibits itself as an excellent bifunctional catalyst for OWS. In the two-
electrode cell where FeOOH/Cr-NiCo,0./NF is used both as cathode and anode for OWS, a cell voltage of only 1.65 V is required
to achieve an electrolysis current density of 100 mA-cm™2. In addition, the catalyst shows a very high stability for OWS, the two-
electrode cell can operate at aconsist current density of 20 mA-cm™ for 10 h OWS with the cell voltage being stable at ca. 1.60 V.
These results demonstrate that FeEOOH/Cr-NiCo,O4/NF possesses an OWS performance superior to most of transition-metal based
bifunctional electrocatalysts working in alkaline medium. The excellent bifunctional activity and stability of FeOOH/Cr-NiCo,O4/NF
are attributed to the following reasons: (i) The NN structure provides a large specific surface area; (i) the high conductivity of Cr-NiC0204
enables more active centers on the far-end part of NNs to be electrochemically reached; (iii) the deposition of FeOOH supplies
additional active sites for OWS.
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industrial applications [5, 6, 12]. In the past decades, tremendous

1 Introduction efforts have been devoted to develop the earth-abundant

The increase of both energy consumptions and global environ-
mental issues is stimulating scientists to search for a clean,
eco-friendly and renewable energy resource to replace fossil
fuels [1-3]. Hydrogen (H.) has been frequently advocated as a
promising energy carrier for its high energy density and zero
environmental impact upon combustion [4, 5]. Water electrolysis,
which consists of two half reactions: the hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER) [5-7],
is widely recognized as an ideal and sustainable way to produce
H., especially if the electricity can be converted from renewable
energy sources such as solar, wind and wave energies [4, 5,
8, 9]. Both HER and OER are uphill reactions [10, 11], and
efficient catalysts are necessary to decrease the energy barriers
and improve the overall water splitting (OWS) efficiency
[11, 12]. At present, noble metal-based catalysts, such as Pt for
HER [5, 6], and IrO; and RuO:; for OER [13], are recognized as
the state-of-the-art catalysts for electrocatalytic water splitting,
because they can deliver high current densities at low over-
potentials. Unfortunately, the high cost and intense scarcity of
the noble metals have tremendously limited their large-scale

catalysts, including transition metals (TMs) oxides [14-21],
chalcogenides [22-26], nitrides [27], phosphides [28], and
carbides [6] for HER or OER. Considering the overall efficiency
and the cost of electrolysis system, OWS in alkaline medium is
more promising than in acidic medium, and the catalysts for
both HER and OER in the same electrolyte are preferred for
practical applications [7, 10, 29]. Thus, it is crucial to develop
low-cost and highly efficient earth-abundant bifunctional
electrocatalysts for OWS in alkaline media [9, 10].

Recently, double TM-based oxides, such as NiFeOx [30-33],
NiCoOx [34, 35], FeCoOx [36, 37], have been explored extensively
as efficient catalysts for HER or OER in alkaline media. Few of
them, however, exhibit high activities toward both HER and
OER in the same electrolyte environment. As an exception,
NiCo:0s attracted great attention as a promising catalyst not
only because of its bifunctional activity for OWS but also
because of its low cost as well as ease preparation [34, 35, 38].
NiCo0:0:-based materials could be fabricated into various
nanostructures with high specific surface area, such as NiC0,O4
nanoneedles (NNs) [39], nanoflakes [34] and nanosheets [38].
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Among them, NiCo.04 NNs possessed an extremely high
aspect ratios, which can provide more active surface sites per
mass unit for electrochemical reactions. However, the low con-
ductivity of NiCo,Os NNs seriously hampers their applicability
in the electrocatalytic OWS [39-42], because large amounts of
active sites are not electrically connected to the supporting
electrode due to the high aspect ratio of NNs. Therefore, it is
highly desirable to develop a facile method to improve the
conductivity of NiCo,0Os NNs.

Generally, there are two main strategies to improve the
conductivity of catalysts: (1) enhancing the intrinsic conductivity
in catalysts by inducing dopants into the crystal lattice [7, 17,
43], and (2) employing a well-conductive support that possesses
a high specific surface area [10, 44, 45], such as nickel foam
(NF) [40] and carbon black [46]. To design a highly active
electrocatalyst, it is of great importance to take into account
both strategies mentioned above. Recently, Bo et al. [47] fabricated
Cr doped Ni-Fe layered double hydroxides (Cr-Ni-Fe LDHs)
via a facile co-deposition method. Compared to Ni-Fe LDHs,
the obtained Cr-Ni-Fe LDHs catalyst exhibited an enhanced
activity toward OER in alkaline solution. More notably, Gong [48]
and his co-workers reported Cr-Ni oxides composite that showed
a better HER performance than pure Ni oxides in alkaline
solution. As reported, Cr** cations have special electronic con-
figurations (ts8e#), which is favorable to facilitate electron capture
and charge transfer [49, 50]. As a result, the doping of Cr** cations
into Ni or Co oxides will increase their conductivity [49-51].
Hence, it can be reasonably speculated that incorporation of
Cr’* into NiCo,0. will increase its conductivity, and then
activate more active sites on its surface by electrically connecting
them to the supporting electrode. In addition, if Cr-doping
increases the conductivity of NiC0.O4 NNs, the activity for
OWS can be further improved by modifying the surface of
Cr-doped NiCo0,04 (Cr-NiCo0.04) NNs with highly active HER
and OER cocatalysts.

In this work, we first prepared Cr-doped NiCo0.04 NNs on
NF (Cr-NiCo,04/NF) via a facile hydrothermal route followed
by annealing. Compared to pristine NiCo.O4/NF, the Cr-
NiCo0:04/NF electrode exhibits much higher electrocatalytic
activity toward HER and OER in alkaline solutions. We
demonstrate that the Cr-doping greatly improves the conductivity
of nanoneedles, and enables more non-connected active sites
on the surface of NNs to be electrochemically accessible. We
modified the surface of NNs with iron oxy-hydroxide (FeOOH)
and the obtained FeOOH/Cr-NiCo0,04/NF catalyst exhibits
bifunctional activities not only much higher than NiCo0,O4/NF
and Cr-NiCo:O./NF, but also superior to most of transition-
metal based bifunctional electrocatalysts working in alkaline
media.

2 Experimental section

2.1 Synthesis of the electrocatalysts

NiCo0:04 nanoneedles grown on nickel foam (NiC0.04/NF):
The NiCo0,0./NF sample was fabricated via a two-step process
that was similar to the methods reported in Ref. [52]. NFs (1.5 mm
thickness) were first cut into rectangular pieces (5 cm x 2 cm),
and then ultrasonicated in 1.37 M HCI for 5 min. After rinsed
successively with water (twice), acetone, ethanol, and water

(twice), the cleaned NFs were dried in a vacuum oven at 65 °C.

The Ni-Co precursor solution was prepared by dissolving 435 mg
(1.5 mmol) Ni(NOs)»6H:0, 873 mg (3.0 mmol) Co(NOs):-6H-O,
and 721 mg (12.0 mmol) urea in ultra-pure water (40 mL)
under ultrasonication for 10 min. Then, a piece of fresh NF
was put into a Teflon-lined stainless-steel autoclave (45 mL)
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that was filled with 40 mL Ni-Co precursor solution. The
autoclave was maintained at 180 °C for 3 h, and then cooled down
to room temperature. The sample was rinsed with ethanol and
ultra-pure water for several times, and then dried in a vacuum
oven at 60 °C for 10 h. Finally, the obtained sample was annealed
at 350 °C for 20 min.

Cr-NiCo0:04/NF: The Cr-NiCo,04/NF sample was fabricated
via a facile hydrothermal route that is similar to the one used
to prepare NiCo:04/NF. The only difference was that the
hydrothermal precursor solution contained Cr**. In detail, the
hydrothermal precursor solution was prepared by dissolving
435 mg (1.5 mmol) Ni(NOs)-6H.O, 815 mg (2.8 mmol)
Co(NO:s)56H:0, 57 mg (0.2 mmol) Cr(NOs)s-6Hz0, and 721 mg
(12.0 mmol) urea in ultra-pure water (40 mL) under ultrasonica-
tion for 10 min. Then, a piece of cleaned NF was put into a
Teflon-lined stainless-steel autoclave (45 ml) that was filled with
40 mL precursor solution. The autoclave was maintained at
180 °C for 3 h, and then cooled down to room temperature. The
sample was rinsed with ethanol and ultra-pure water for several
times, and then dried in a vacuum oven at 60 °C for 10 h. Finally,
the obtained sample was annealed at 350 °C for 20 min.

FeOOH/Cr-NiCo.04/NF: The FeOOH layer was electro-
deposited on Cr-NiCo0.04/NF NNs in 0.1 M FeCl; solution in
0.1 M FeClL solution at 0.3 V vs. SCE for 5 min. The sample
was rinsed with ultra-pure water for several times, and then
dried in a vacuum oven at 60 °C for 10 h.

Pt/C/NF electrode: The Pt/C powder (2.0 mg, 20 wt.% Pt)
was dispersed in the mixed solution of ethanol (1 mL) and
Nafion (80 pL) and then ultrasonicated for 15 min to obtain a
catalyst ink with a concentration of 2.0 mg-mL™. A total amount
of 1.0 mg catalyst was loaded onto the surface of NF and the
resulting 20 wt.% Pt/C/NF catalyst was dried at room temperature.

NiCr204 grown on nickel foam (NiCr:04/NF): The NiCr,O4/
NF sample was fabricated via a facile hydrothermal route
followed by annealing. The hydrothermal precursor solution
was prepared by dissolving 435 mg (1.5 mmol) Ni(NO3).-6H.O,
852 mg (3.0 mmol) Cr(NO:;);-6H:0O, and 721 mg (12.0 mmol)
urea in ultra-pure water (40 mL) under ultrasonication for 10
min. Then, a piece of cleaned NF was put into a Teflon-lined
stainless-steel autoclave (45 mL) that was filled with 40 mL
precursor solution. The autoclave was maintained at 180 °C
for 3 h, and then cooled down to room temperature. The sample
was rinsed with ethanol and ultra-pure water for several times,
and then dried in a vacuum oven at 60 °C for 10 h. Finally, the
obtained sample was annealed at 350 °C for 20 min.

The mass of NF and catalyst/NF was measured on a Mettler
Toledo XS205DU microbalance with 0.01 mg sensitivity. The
loading of catalyst (mg-cm™) on NF, which was defined as
the mass of grown catalyst (NiC0,04 NNs, Cr-NiCo.04 NNs,
FeOOH/Cr-NiCo,Oshybrid) per geometric square centimeter, was
calculated from the mass change before and after hydrothermal
synthesis. The loadings of NiC0.04 NNs, Cr-NiC0.04 NN,
FeOOH/Cr-NiCo0:0;hybrid on NF were ~ 1.0 mg-cm™.

2.2 Characterizations

The morphologies of the as-prepared catalysts were characterized
by using field emission scanning electron microscopy (FESEM,
Hitachi S-4800, Japan) operated at an accelerating voltage of
10 kV. X-ray diffraction (XRD) spectra were collected on a
Bruker D8 Advance X-ray diffractometer with filtered Cu Ka
radiation. X-ray photoelectron spectroscopic (XPS) measurements
were carried out on a PHI Quanter a SXM scanning X-ray
microprobe (ULVAC-PHLI, Japan) at a base pressure of < 10~ Torr.
All XPS spectra were obtained with a monochromatic Mg K«
source (1,253.6 V) and a concentric hemispherical analyzer with
a passing energy of 20 eV. Transmission electron microscopy
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(TEM) and high-resolution TEM (HRTEM) measurements
were performed on a field emission JEM-2100F microscope
(JEOL Ltd. Japan) with an accelerating voltage of 200 kV. For
TEM characterization, the samples of NiC0,0O4 NNs, Cr-NiC0,04
NNs, and FeOOH/Cr-NiCo,04 hybrid were scratched off from
their corresponding electrodes and dispersed in ethanol under
ultrasonication. The resulting suspensions were drop-cast
onto copper grid supported carbon film respectively for TEM
characterizations. The conductivities of NiC0.0s and Cr-NiCo0,04
powders were measured by using a four-point probe device
(Shanghai Qianfeng Co., SQ120/2).

2.3 Electrochemical HER and OER measurements in
three-electrode cell

Electrochemical HER and OER measurements were carried
out in a typical three-electrode cell connecting with a CHI660A
workstation (Shanghai CH Instruments Co. China) at room
temperature. The as-prepared FeOOH/Cr-NiCo,04/NE, Cr-
NiCo0,04/ NF and NiCo.04/NF electrodes were used as working
electrodes after cut into a nominal size of 1.0 cm x 1.0 cm
with an electrical contact tail that was sealed with paraffin.
Electrochemical impedance spectroscopic (EIS) measurements
were performed in 1.0 M KOH at overpotential of 0.24 and
0.28 V for HER and OER, respectively, in the frequency range
of 10° to 107> Hz with a potential amplitude of 5 mV. While
for the measurements of H. and O evolution on FeOOH/
Cr-NiCo,O4/NF at constant current, the electrode was cut into
a rectangle of 1.0 cm x 0.5 cm. Pt wire and saturated calomel
electrode (SCE) were used as the counter and reference
electrodes, respectively. Linear sweep voltammetry (LSV) curves
were tested in 1.0 M KOH (pH = 14) aqueous solutions with
95% iR-compensation at scan rate of 5 mV-s™'. Unless noted
otherwise, all potentials reported in this work were calibrated
with respect to the reversible hydrogen electrode (RHE), and
the basic equation was as following

E (Vvs.RHE) = E (V vs. SCE) + 0.241 + 0.0591pH

2.4 Electrochemical OWS measurements in two-
electrode cell

Electrochemical OWS measurements were carried out in a
two-electrode cell connecting with a CHI660A workstation
(Shanghai CH Instruments Co. China) at room temperature.
The as-prepared FeOOH/Cr-NiCo:04/NF electrodes (1.0 cm x
1.0 cm) were used as both cathode and anode. One FeOOH/
Cr-NiCo0,04/NF electrode was connected with CHI660A
workstation as working electrode, and the other was connected
as counter and reference electrode. OWS measurements were
carried out in 1.0 M KOH (pH = 14) aqueous solutions.

2.5 Hydrogen and oxygen evolution measurements

The amount of H, produced on the FeOOH/NiCo,04/NF
electrode at a constant current density of —20 mA-cm™ in 1.0 M
KOH was measured by using gas chromatography (GC, Tianmei
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company, GC7890II) with high purity N. (containing 2%
CH.) as carrier gas. The FeOOH/NiCo0:04/NF electrode had
a geometric area of of 1.0 cm x 0.5 cm. The electrolysis
measurements were carried out in a special three-compartment
electrochemical cell.

The three compartments were connected at the bottom and
the compartment for the working electrode had an air-inlet
tube reaching to the bottom and a top opening that could be
sealed from air with a rubber stopper. Before measurements,
the electrolyte was bobbled with N for 30 min to remove
dissolved oxygen in solution and air in the compartments. The
gas sample was taken from the working electrode chamber
with a gas tight syringe through the sealed rubber cap at
electrolysis time of 5, 10, 15, 20, 25, and 30 min. The evolution
of H, was calculated out by integrating the peak area in GC
spectra. The relationship between the peak area of H, in GC
spectra and the actual H, amount was firstly calibrated using
Pt electrode. The theoretically expected evolution of H, at
constant j of —20 mA-cm™ was calculated according to Faraday’s
law, and the Faradic efficiency for HER at working electrode
was estimated by comparing the measured and calculated
values.

The amount of O, produced on the FeOOH/NiCo0,0./NF
electrode at a constant current density of 20 mA-cm™ in 1.0 M
KOH was measured by using O: fluorescence detector (Ocean
Optics, R-sensor) in the working electrode compartment.
Before measurements, the working electrode compartment was
purged with N; for 30 min. During the oxygen evolution at a
constant j of 20 mA-cm™ for 30 min, the amount of O on the
FeOOH/NiCo0,04/NF was directly measured by the O, sensor.
The theoretically expected evolution of O at constant j of
20 mA-cm ™ was calculated according to Faraday’s law, and the
Faradic efficiency for OER at working electrode was estimated
by comparing the measured and calculated values.

3 Results and discussion

3.1 Morphology and structure of the FeOOH/Cr-
NiCo204/NF catalyst

Scheme 1 shows the schematic diagram of the preparation
of the FFOOH/Cr-NiCo0,04/NF electrode. Briefly, Cr-NiCo0,04
NNs were directly synthesized on commercial NF via a
hydrothermal process followed by annealing treatment. Then,
amorphous FeOOH layer was electrodeposited onto the
surface of as-prepared Cr-NiCo.04/NF to obtain the FFOOH/
Cr-NiCo0:04/NF hybrid. For comparison, undoped NiCo,O./NF
was also prepared via the same method but without adding Cr
source in hydrothermal precursor solution. XRD spectra (Fig. 1(a))
confirm the crystal phase of three examined catalysts is cubic
spinel NiCo,O. (PDF#20-781). Compared to pristine NiC0,04,
Cr-doped sample shows an obvious negative shift in the peak
position of (311) and (440), while the peaks corresponding to
metallic Ni (NF) exhibit no shift. According to the Bragg
equation [53], these peak-shifts toward lower diffraction angle

FeOOH nanodots

== )

FeOOH/Cr—NlC0204/NF

Electrodeposition
in 0.1 M FeCl,

Scheme 1  The procedure for the preparation of the FFOOH/Cr-NiCo,04/ NF hybrid.
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Figure 1

(a) XRD patterns of NiCo:04/NE, Cr-NiCo,O4/NE, and FeOOH/
Cr-NiCo204/NF. (b) Typical SEM images of FeOOH/Cr-NiCo0204.
Inset: local magnification. (c) Typical TEM image of a single FeFOOH/Cr-
NiCo,04 nanoneedle. Inset: HRTEM image. (d) Elemental mapping images
of FeOOH/Cr-NiCo,04 NN.

imply that the lattice spacing of NiCo:0s is increased after
Cr-doping. As is well known, the atomic radius of Cr is larger
than those of Ni and Co [50, 51], and Cr’** has a larger ionic
radius (0.62 A) than Co* (0.52 A). Therefore, the doping of
Cr into NiCo:0. catalyst will lead to detectable structural
distortion and enlarge the lattice spacing. XPS survey spectra
(Fig. S1 in the Electronic Supplementary Material (ESM)) also
confirm the existence of Cr element in doped samples. Figure S2
in the ESM presents the typical SEM images of NiC0,04
and Cr-NiCo:0. grown on NE. We can clearly see that both
NiCo0,04 and Cr-NiCo:04 are composed of NNs standing
vertically to the substrate, in good agreement with previous
studies [34]. This result indicates that Cr-doping did not
influence the needle-like morphology of NiC0,04. To study
their crystal structure, the NiC0,04 and Cr-NiCo0.0. NNs were
scratched off from NF and characterized by HRTEM (Fig. S3 in
the ESM). HRTEM images show that the lattice spacing of (311)
planes in Cr-NiCo,0s is 0.246 nm, which is slightly larger than
that (0.245 nm) of undoped NiCo0,0Os, agreeing well the XRD
result that Cr-doping induced an expanded crystal lattice.
FeOOH, as an efficient OER catalyst [36], was electrodeposited
onto the surface of Cr-NiCo0:04 NNs to prepare the FeOOH/
Cr-NiCo:04/NF hybrid. The XPS survey spectrum (Fig. S1(c)
in the ESM) confirms the appearance of Fe on the resulting
hybrid, indicating the successful deposition of FeFOOH on
Cr-NiCo:04/NF. Figure 1(a) presents the XRD spectrum of
FeOOH/Cr-NiCo0,04/NE, which displays the same diffraction
pattern as that of Cr-NiCo.O4/NF and no diffraction features
of FeOOH are identified. This observation indicates that the
electrodeposited FeOOH has an amorphous nature, which is
well consistent with the previous reports [35, 54]. Figure 1(b)
shows the typical SEM images of FeOOH/Cr-NiCo0:04/NF,
from which it is clearly seen that the NNs grew uniformly
on the whole substrate with high density, implying that the
electrodeposition of FeOOH has little effect the needle-like
morphology of Cr-NiCo:0.. The high-magnification SEM image
(inset of Fig. 1(b)) shows that the hybrid NNs are coated by
numerous nanodots as compared to Cr-NiCo0,04 NNs, which
provides direct evidence for the existence of FeOOH on the
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surface of Cr-NiCo,O.. Typical TEM image of a single FefOOH/
Cr-NiCo,O: NN (Fig. 1(c)) reveals that the NNs are not composed
of a single crystal but composed of small connected domains.
This phenomenon was also observed on the undoped and Cr-
doped NiCo0,Os NNs (see Figs. S3(a) and S3(c) in the ESM).
The HRTEM image (inset of Fig. 1(c)) shows that these domains
are single crystalline grains with a lattice spacing of 0.246 nm,
in good agreement with that of (311) planes of cubic spinel
Cr-NiCo:0.. FeOOH nanodots were hardly identified in TEM
images because of their amorphous nature. To confirm the
presence of FeOOH nanodots, energy-dispersive X-ray
spectroscopy (EDX) elemental mapping was carried out on
FeOOH/Cr-NiCo0,01 NN, and the results are shown in Fig. 1(d).
We can clearly see that the hybrid contains the elements of Ni,
Co, O, Cr and Fe, which is well consistent with the XPS results.
Figure 1(d) also demonstrates the uniform spatial distribution
of each element on FeOOH/Cr-NiCo.0: NNs. Meanwhile, the
EDX spectrum (Fig. $4 in the ESM) provides the precise atomic
ratios of the component elements in FeOOH/Cr-NiCo0,0s NNs.
The atomic ratio of Ni, Co and O elements is 1:2:4, which is
in good agreement with the chemical formula of NiC0,04, and
their total atomic ratios are much larger than that of Cr and Fe
elements. This observation is due to the fact that NiCo.Os was
employed as the base material, and the amounts of Cr and Fe
introduced into NiCo.04 were much smaller as compared to
the base material.

3.2 Electrocatalytic activity of the FefOOH/Cr-NiCo:204/
NF catalyst toward HER

The electrocatalytic activity of all catalysts for HER was
examined using LSV in 1.0 M KOH solution. Figure 2(a) shows
the current density (j) vs. potential (V) curves of NiCo.04/NF,
Cr-NiC0,04/NF, and FeOOH/Cr-NiCo0,O4/NFE. NiCo0,O04/NF
shows a low activity for HER due to its poor conductivity,
which hinders the active sites located on upper ends of NNs to
be well connected to the conductive NF substrate. As mentioned
before, Cr’* cations were doped into the crystal structure of
NiCo0.04/NF to improve its conductivity and then to enhance
the activity. As expected, Cr-doped NiCo,O4/NF exhibits much
higher activity for HER than undoped NiCo.O./NE For example,
NiCo:04/NF has a current density of ca. -18 mA-cm™ at —0.227'V,
whereas after Cr doping, the resulting Cr-NiCo,O4/NF exhibits
a current density of —~100 mA-cm™ at the same potential, which is
over 5 times higher than that on NiCo,O4/NE This observation
suggests that Cr doping can greatly improve the activity of
NiCo0:04 NNs toward HER.

In addition, we also examined the electrocatalytic activity of
Cr-NiCo,04 NNs catalysts with different Cr-doping amount
(see Fig. S5 in the ESM). The activity for HER first increased
and then decreased with the increase of Cr amounts from 0 to
0.4 mmol in hydrothermal precursor solution, and reached
the highest value at the Cr amount of 0.2 mmol. This pheno-
menon is due to the fact that the activity depends on the
number of accessible surface active sites, which is dominated
by the following two factors: (1) high electrochemical surface
area, and (2) excellent conductivity. The moderate Cr-doping
amount in Cr-NiCo,Os NNs will not only improve the con-
ductivity but also retain the needle-like morphology. Whereas,
the excessive dopant amount of Cr in Cr-NiCo0.04 will destroy
the needle-like morphology (see Fig. S6 in the ESM), leading
to a decline in activity for electrocatalytic water splitting. Thus,
in this work, the precursor solution containing 0.2 mmol Cr**
was used to prepare the Cr-NiCo0,04/NF catalysts.

As we aimed at developing bifunctional catalyst, FeFOOH, a
good electrocatalyst for OER [36], was electrodeposited on the
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Figure 2 Electrocatalytic performance of NiC0,04/NE, Cr-NiCo:04/NF, and FeOOH/Cr-NiCo0.04/NF for HER in 1.0 M KOH. (a) LSV curves obtained
at a potential sweep rate of 5 mV-s™'. (b) Comparison of the overpotentials obtained on our and reported bifunctional electrocatalysts to deliver a current
density of 100 mA-cm™ for HER. (c) Tafel plots. (d) EIS spectra obtained at the overpotential of 240 mV in 1.0 M KOH in the frequency range from 10° to
1072 Hz with a potential amplitude of 5 mV. (e) Potential-time curve obtained on FeOOH/Cr-NiC0,04/NF at a constant current density of —20 mA-cm™.
(f) Comparison of the calculated (blue solid line) and the measured (red open triangles) amount of H> on the FeOOH/Cr-NiCo,04/NF electrode with a

geometric size of 1.0 cm X 0.5 cm.

surface of Cr-NiCo:0s to improve the OER performance.
However, to our surprise, the obtained FeOOH/Cr-NiCo,04/
NF hybrid exhibited an unexpectedly improved activity for
HER, as shown in Fig. 2(a). The onset potential of FeOOH/
Cr-NiCo:04/NF is significantly positive-shifted as compared
to those of NiC0.04/NF and Cr-NiCo,O4/NF, indicating that
FeOOH/Cr-NiCo,O4/NF has the highest activity for HER
among all examined catalysts. Usually, the overpotentials (1)
at absolute current density (|j]) of 10, 20, 50, and 100 mA-cm™
(denoted as #1, %20, #s0, Hio0, respectively) are employed to
quantitatively assess the activity of catalysts for HER or OER.
As listed in Table S1 in the ESM, the values of #10, 20, 7150 and
#100 obtained on FeOOH/Cr-NiCo,04/NF are 104, 124, 151
and 175 mV, respectively, which are much smaller than the
corresponding ones obtained on NiC0.0+/NF and Cr-NiCo,O./
NE. For comparison, Table S1 in the ESM also lists the values
of 10, 720, 750 and #1100 reported in literature on other NF
supported bifunctional catalysts [40, 52, 55-69]. To make the
comparison more intuitive, we plotted #i00 of our hybrid and
other typical electrocatalysts in Fig. 2(b). By contrast, FFOOH/
Cr-NiCo:04/NF exhibits the lowest 7100 of 175 mV to obtain
a j value of 100 mA-cm™, providing strong evidence that our
hybrid is one of the most active bifunctional catalysts for
HER [40, 52, 55-69].

Tafel plots were presented to study the kinetics of electro-
catalytic HER on our FeOOH/Cr-NiCo,O4/NF catalyst. Figure 2(c)
shows the linear regions of Tafel plots obtained on all examined
catalysts, from which the Tafel slopes of NF, NiC0.O4/NF,
Cr-NiCo0,04/NF, FeOOH/Cr-NiCo0:04/NF and 20% Pt/C/NF
catalysts are 151, 125, 77, 63 and 41 mV-dec™, respectively. As
is well-known, a smaller Tafel slope means a faster increasing
rate of current density with the increase of overpotential [5].
The Tafel slope of Cr-NiC0,O4/NF (77 mV-dec™) is nearly
one-half of that of NiC0.04/NF (125 mV-dec™), indicating
that Cr-doping greatly improved the conductivity of NiC0.04
and then led to a higher activity toward HER. Moreover,
compared to Cr-NiCo,O4/NF, FeOOH/Cr-NiCo,O./NF possesses
an even smaller Tafel slope of 63 mV-dec™, suggesting that
modifying Cr-NiCo,04 with FeOOH can further enhance the
HER performance. Notably, the Tafel slope of 63 mV-dec™

reveals that HER proceeded via a Volmer-Heyrovsky mechanism
on our FeOOH/Cr-NiCo0,04/NF catalyst.

EIS measurements were performed to investigate the Faradic
charge transfer resistance of HER (R«mer) and the ohmic
resistance (Rohm) of the electrode/solution system. Figure 2(d)
displays the Nyquist plots of the NiC0,04/NF, Cr-NiCo0.04/NF,
and FeOOH/Cr-NiCo0:04/NF electrodes at overpotential of
240 mV. All three electrodes show semicircles in the Nyquist
plots, indicating that Faradic charge transfer process is the
rate-determining step in HER. As is well known, the intercept
of the semicircle with the real axis (Z') in the high frequency
region reflects Ronm that involves the solution resistance (R;) in
series with the electrode resistance (R., resistance of electron
flow from the conducting NF substrate to active sites on
catalyst), and therefore Roum equals to the sum of R, and R.
(Rohm = Rs + Re). As shown in Fig. 2(d), the Cr-doped samples
(Cr-NiCo0,04/NF and FeOOH/Cr-NiCo0,04/NF) have the same
Rohm value of 0.63 ohm-cm™, which is only one-half of the
value obtained on the undoped sample (NiCo.O4/NF). Because
R, kept unchanged during EIS measurements, the smaller Rohm
value of Cr-doped samples provides a direct experimental
evidence that Cr-doping greatly decreased R. by improving the
conductivity of Cr-doped catalysts. In addition, the diameter
of the semicircle in Figure 2(d) reflects the charge transfer
resistance (here, Rc.ngr), and the smaller the diameter, the
faster the charge transfer reaction. The Cr-NiCo,O4/NF catalyst
exhibits a much smaller value of Reener (2.97 ohm-cm?,) than
that (6.36 ohm-cm?,) of the undoped NiCo0.0./NF, indicating
that the activity for HER was greatly improved by Cr-doping.
We believe that the improved activity of Cr-NiCo0,O4/NF comes
from the Cr-doping induced enhancement of conductivity,
which enables more active sites located on far end of NNs to be
electrically connected to the conducting NF substrate. It should
be pointed out, as shown in Fig. 2(d), modifying Cr-NiC0,O./NF
with FeOOH can further reduce Retner to 2.18 ohm-cm? This
observation suggests that the deposited FeOOH nanodots on
Cr-NiCo,O4/NF also offers reaction centers for HER, resulting
in a faster charge transfer reaction. Taken together, these
results provide strong support that FeOOH/Cr-NiCo0,04/NF
electrode displays an excellent activity toward HER.
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Long-term stability is an extremely important criterion for
HER catalysts. To evaluate the long-term stability of our FFOOH/
Cr-NiCo0,04/NF electrode, chronopotentiometric measurements
were conducted in 1.0 M KOH at a current density of —20 mA-cm™
for 20 h, and the corresponding potential-time curve is shown
in Fig. 2(e). It is well-known that, while the electrocatalytic
activity of a cathode decays during galvanostatic reduction,
the potential will increase with reaction time. From Fig. 2(e), we
can clearly see that the applied potential was stabilized at ca.
—0.13 V vs. RHE. Moreover, after the long-term water electrolysis,
we observed that there was no catalyst peeling off from
the electrode in the solution. In addition, continuous cyclic
voltammetric (CV) measurements and large constant current
(=100 mA-cm™2) measurements were carried out to further
examine the stability of the hybrid catalyst for HER, and the
results are shown in Figs. S7(a) and S7(b) in the ESM. We can
clearly see that the LSV curves of the hybrid catalyst before
and after 1,000 cycles of continuous CV sweeps coincide well
with each other, demonstrating high durability of the catalyst
for HER. Moreover, the potential remained stable at ca. —-0.18 V
vs. RHE during the large constant current (-100 mA-cm™)
measurements. These results provide solid evidence that our
FeOOH/Cr-NiCo0,04/NF electrode has an excellent stability
for long-term HER.

The Faradic efficiency for H. evolution is another important
parameter to evaluate the electrocatalytic activity of an
electrode toward HER. We measured the amount of H, produced
at a constant j of —20 mA-cm™ in a sealed electrochemical
cell by using gas chromatography (see Experimental section
for more details). The theoretically expected amount of H, at
constant j of —20 mA-cm™ can also be calculated according
to Faraday’s law, and the result is shown in Fig. 2(f). The good
coincidence of calculated and measured evolution of H.
indicates that almost all current was used to generate Hs, and
the Faradic efficiency for HER on FeOOH/Cr-NiCo0:04/NF
electrode is nearly 100%.

3.3 Electrocatalytic activity of the FeFOOH/Cr-NiCo0204/
NF catalyst toward OER

We also investigated the electrocatalytic activity of the FeOOH/
Cr-NiCo0:04/NF catalyst toward OER. Figure 3(a) compares
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the LSV curves of FeOOH/Cr-NiCo,O4/NF with those of
NiC0:04/NF and Cr-NiCo0,04/NE. The undoped NiCo0.04/NF
shows an OER onset potential of about 1.53 V vs. RHE, while
the Cr-doped sample (Cr-NiC0.04/NF) shows a much smaller
one (1.47 V vs. RHE), indicating that Cr-doping of NiCo.O4/NF
can also greatly improve the activity toward OER. Notably,
decorating Cr-NiCo0,O4/NF with FeOOH can further reduce the
OER onset potential to 1.44 V vs. RHE. This is not surprising
considering that FeOOH is an efficient OER catalyst [36]. As
shown clearly in Fig. 3(a), the three catalysts exhibited activity for
OER in the order FFOOH/Cr-NiCo0,04/NF > Cr-NiCo0,04/NF >
NiCo0.04/NF, which is the same as the activity order for HER.
To quantitatively evaluate the activity, the OER overpotentials
(1110, 20, 50 and #100) obtained on the above examined catalysts
are listed in Table S2 in the ESM, and the corresponding
values reported on other bifunctional catalysts in literature
are also presented for comparison [40, 52, 55-69]. As listed in
Table S2 in the ESM, FeOOH/Cr-NiCo.04/NF exhibits the 710,
120, M50 and #7100 values of 217, 235, 254 and 268 mV to deliver
current densities of 10, 20, 50 and 100 mA-cm™. For an
intuitive comparison, the value of 70 on different bifunctional
catalysts was presented in the histogram shown in Fig. 3(b). By
contrast, the values of 7100 and other overpotentials (#10, 7120 and
#50) are the smallest among the corresponding values shown
in Fig. 3(b) or listed in Table S2 in the ESM [40, 52, 55-69],
indicating that our FeOOH/Cr-NiCo.04/NF is superior to other
bifunctional catalysts reported previously in literature.

Figure 3(c) shows the Tafel plots of blank NF, NiC0.04/NE,
Cr-NiCo0:04/NF, and FeOOH/Cr-NiCo0:04/NFE, from which
the Tafel slopes of the corresponding catalysts are obtained to be
105, 62, 42, and 31 mV-dec™, respectively. Among the above
three catalysts, FFOOH/Cr-NiCo0:04/NF exhibits the smallest
Tafel slope of 31 mV-dec™, and this value is also the smallest
among those reported on other bifunctional catalysts listed
in Table S2 in the ESM. We believe the high activity of
FeOOH/Cr-NiCo0.04/NF for OER is mainly due to the fact
that the deposition of FeFOOH induced more active sites on
the surface of Cr-NiCo0.O4+/NE. We also notice that the Tafel
slope of Cr-NiCo0,04/NF (42 mV-dec™) is much smaller than
that of NiCo:O04/NF (62 mV-dec™), suggesting that Cr-doping
also contributes to the improvement of OER activity (Fig. 3(c)).
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Figure 3  Electrocatalytic performance of NiCo,04/NE, Cr-NiCo,04/NF, and FeOOH/Cr-NiCo,04/NF for OER in 1.0 M KOH. (a) LSV curves obtained
at a potential sweep rate of 5 mV-s™. (b) Comparison of the overpotentials obtained on our and reported bifunctional electrocatalysts to deliver a current
density of 100 mA-cm 2 for OER. (c) Tafel plots. (d) EIS spectra obtained at the overpotential of 280 mV in 1.0 M KOH in the frequency range from 10°
to 1072 Hz with a potential amplitude of 5 mV. (e) Potential-time curve obtained on FeOOH/Cr-NiCo0,04/NF at a constant current density of 20 mA-cm™
(f) Comparison of the calculated (blue solid line) and the measured (red open triangles) amount of Oz on the FeFOOH/Cr-NiCo:04/NF electrode with a

geometric size of 1.0 cm X 0.5 cm.
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We believe that the reason why Cr-doping increases the OER
activity of the doped samples is the same as that it increases
the HER activity. In other words, Cr-doping boosts both HER
and OER activity via increasing the conductivity of NiCo0.0s,
resulting in more active sites being electrically connected to
NF substrate.

EIS measurements were carried out to provide evidence
that the conductivity of NiCo,O4/NF was improved via Cr-
doping. Figure 3(d) shows the EIS plots of three NiCo,Os-
based electrodes at an anodic # of 280 mV (1.51 V vs. RHE).
It can be clearly seen that the Cr-doped samples (both Cr-
NiCo0:04/NF and FeOOH/Cr-NiCo0.04/NF) possess the same
Rohm value that is only one-half of the value of pure NiCo.O4/NE
This result reveals that Cr-doping greatly decreases the inter-
domain resistance of the Cr-doped catalysts by increasing
their conductivity. Meanwhile, the Faradic charge transfer
resistances of OER (Rc.orr) on NiC0:04/NE Cr-NiCo,Os/NF
and FeOOH/ Cr-NiCo.04/NF were obtained from the diameter
of corresponding semicircles, which are 9.65, 6.17 and 2.12
ohm-cm™, respectively, suggesting that their activity toward
OER increases in the order NiCo0,O4/NF < Cr-NiCo:04/NF <
FeOOH/Cr-NiCo0:04/NF. On the basis of the above results, we
can safely conclude that the FeOOH/Cr-NiCo0:04/NF catalyst
displayed an excellent activity toward OER due to following
two reasons: (1) Cr-doping and (2) FeOOH modification. The
former improved the conductivity of Cr-NiCo,O4 and then
activated more active sites by electrically-connecting them to
the conducting NF substrate, while the latter introduced large
amounts of highly active FeFOOH nanodots on the surface of
Cr-NiCo:.04/NE.

We also evaluate the long-term stability of our FeFOOH/Cr-
NiCo,O4/NF catalyst for OER. Figure 3(e) displays the potential-
time curve in 1.0 M KOH at a constant current density of
20 mA-cm™ for 20 h. The applied potential was stabilized at
ca. 1.47 V vs. RHE during 20 h electrolysis, exhibiting an excellent
stability for long-term water oxidation. The coincidence of
LSV curves before and after continuous 1,000 cycles of CV
measurements and the stable potential during the large
constant-current measurements (100 mA-cm™) further confirm
the high-performance stability of the catalyst during water
oxidation (shown in Figs. S8(a) and S8(b) in the ESM). Moreover,
to estimate the Faradic efficiency, we used an O sensor in
the gas-tight electrochemical cell to measure the evolution of
oxygen. Figure 3(f) compares the measured and the calculated
evolution of O, during OER at constant current density of
20 mA-cm™. The coincidence of the two lines indicates that
nearly all currents were used to produce O, and the Faradic
efficiency is close to 100% for oxygen evolution.

3.4 Overall water splitting performance of FeOOH/
Cr-NiCo:04/NF in two-electrode cell

All the above results indicate that FefOOH/Cr-NiCo0.04/NF is
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a highly efficient and stable electrocatalyst for both HER and
OER in alkaline solution. In order to evaluate the bifunctional
activity for overall water splitting, we used a double-electrode
cell with our FeOOH/Cr-NiCo.04/NF electrodes as both the
cathode and the anode. For comparison, we also tested the
bifunctional performance of the NiCo,O./NF and Cr-NiCo0,O./NF
catalysts, and the results are shown in Fig. 4(a). It can be
observed that our FeOOH/Cr-NiCo,04/NF catalyst exhibits a
bifunctional electrocatalytic activity superior to the other
two. For example, to deliver a current density of 100 mA-cm™,
NiCo0:04/NF and Cr-NiCo,O4/NF required a cell voltage of
~ 2.01 and ~ 1.79 V, respectively, while FeOOH/Cr-NiCo,04/NF
required only ~ 1.65 V. This value is also the lowest among
the cell voltages reported recently on other NiCo.O4-based
bifunctional electrocatalysts (Fig. 4(b)) [40, 52, 55-69]. Table 1
lists the cell voltages needed by our catalysts to supply an OWS
current density of 10, 20, 50, and 100 mA-cm™. For ease
comparison, the corresponding values reported in literature
on other NiCo,0s-based bifunctional catalysts are also presented
in Table 1. It is clearly seen that, to deliver a high current
density (> 50 mA-cm™) for OWS, our FeOOH/Cr-NiCo,04/NF
catalyst exhibits the smallest cell voltage among all the listed
bifunctional catalysts [40, 52, 55-69].

It should be pointed out herein, that the broad oxidation
peaks on the NiC0,04/NF and Cr-NiCo.04/NF electrodes at
potentials before OER in Fig. 3(a) disappear in Fig. 4(a). This
observation is a common phenomenon for bifunctional catalysts
for OWS. As reported in previous literature, many bifunctional
catalysts exhibit obvious oxidation peaks before OER in LSV
curves when they were used as working electrodes in a three-
electrode cell. However, when these catalysts were employed as
both cathode and anode in a two-electrode cell for OWS, their
LSV curves for OWS demonstrate no oxidation peak [40, 49,
62, 69]. We believe this observation is due to the difference
between the three-electrode and the two-electrode setups. As
is well known, for the LSV curves obtained with the standard
three-electrode cells, the current density is reported with
respect to the reference electrode that has a constant potential. In
other works, the abscissa in Fig. 3(a) is the potential difference
against RHE. Whereas, in the two-electrode cells, the counter
electrode is also employed as the reference electrode, and the
potential of which cannot be kept constant due to the passing
current. Therefore, the abscissa in Fig. 4(a) is not the potential
with respect to a reference electrode, but the total cell voltage
between cathode and anode.

Meanwhile, we also tested the long-term stability of FeOOH/
Cr-NiCo,04/NF in 1.0 M KOH at a constant current density of
20 mA-cm™ for 10 h, and the result is shown in Fig. 4(c). We can
clearly see that, during the 10 h constant current electrolysis,
the cell voltage was stabilized at ~ 1.60 V, providing a solid
evidence that our FeOOH/Cr-NiCo.04/NF catalyst possesses
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Figure 4 Electrocatalytic performances for OWS in 1.0 M KOH using a two-electrode cell in which the bifunctional catalyst was used as both cathode
and anode. (a) LSV curves. (b) Comparison of the cell voltages at a current density of 100 mA-cm 2 for OWS. The data of the other catalysts are extracted
from the published literature listed in Table 1. (c) Constant current electrolysis at a current density of 20 mA-cm™* using FeFOOH/Cr-NiC0,04/NF as both
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Table 1
anode in 1.0 M KOH*
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Overall water splitting performance of the two-electrode cell with the NiCo.Os-based bifunctional electrocatalyst acting as both cathode and

Ref Materials Loadin? Cell voltage to supply a current density (V)

(mg-cm™?) 10 (mA-cm™2) 20 (mA-cm™) 50 (mA-cm™) 100 (mA-cm™)
TW* FeOOH/Cr-NiCo0,04/NF 1.0 1.53 1.57 1.62 1.65
™ Cr-NiC0204/NF 1.0 1.61 1.66 1.73 1.79
™ NiC0204/NF 1.0 1.78 1.83 1.91 2.01
[52] Porous NiC0204 NTs/NF — — 1.63 1.66 1.70
[55] Hollow NiC0,04 MCs/NF 1.0 1.65 1.74 — —
[56] O-vacancy NiCo,O4/NF 2.5 1.61 1.69 1.76 1.84
[57] N-doped NiCo0.0:@C/NF 28.0 1.43 1.52 1.68 1.85
[58] NiC0.04@C/NF 1.0 1.61 1.70 1.85 1.99
[59] Hollow Ni@NiCo0,04/NF — 1.58 1.61 1.64 1.66
[60] NiCoO.@NiCo/NF 4.0 1.69 1.79 1.91 —
[61] Mo-NiC0204@Cos.47N/NF 1.0 1.56 ~ 1.64 ~1.75 —
[62] NiC0204&Ni.33C00.67S2/NF 0.3 ~1.71 1.78 — —
[63] NiC0204@NiMoO4/NF — 1.55 1.65 — —
[64] NiC0204@NiMo2Ss/NF 2.4 — — 1.63 1.75
[65] NiFe LDHs/NiCo0204/NF 4.9 1.60 1.67 1.81 1.95
[40] NiFe/NiCo0.04/NF — 1.67 1.71 1.79 1.88
[66] NiC0:04@FeOOH/NF — 1.52 — 1.63 1.72
[67] NiFe(OH),/NF 4.7 1.67 1.69 ~1.72 ~1.78
[68] NiCo2S:s NNs/NF 0.43 1.68 ~1.82 — —
[69] NiCo.S4 NWs/NF — 1.63 ~1.73 ~1.91 ~2.0

*T'W: this work; N'Ts: nanotubes; MCs: microcuboids; NWs: nanowires.

an excellent stability for OWS in alkaline solution.

3.5 Origin of the high bifunctional activity of the
FeOOH/Cr-NiCo:04/NF catalyst

Figure 5(a) displays the high-resolution XPS spectra of
NiCo0,04 NNs, Cr-NiCo0,04 NNs and FeOOH/Cr-NiCo0,04 NN.
Deconvolution of the spectra demonstrates that both Co 2ps»
and Co 2p12 peaks contain signals from Co** and Co*". Pure
NiCo,04 possesses much larger peak areas of Co* as compared
to that of Co**, which indicates that Co*" is the dominant state in
NiCo:0.. However, both Cr-doped catalysts (Cr-NiCo,04 and
FeOOH/Cr-NiCo0.04) show that the peak-area of Co* is much
larger than that of Co®. We estimated the atomic percentage
of Co’ and Co?* before and after Cr-doping on the basis of
peak areas of Co® and Co* in Fig. 5(a). The undoped NiC0.0s

has a Co®* percentage of 68.5% and a Co** percentage of 31.5%.

However, the percentages of Co®** in Cr-doped samples are
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significantly decreased, and the percentages of Co*" are increased
to ~ 62.8% for Cr-NiCo,04 and ~ 63.1% for FeOOH/Cr-NiCo0,0..
Previous studies reported that the conductivity of Co-based
materials is closely related to the ratio of internal Co**/Co™, and
higher concentration of Co** results in a better conductivity of
catalyst [14, 51, 64, 65]. We believe that this is because Co** is
likely to convert to Co’* while releasing one free electron into
the catalyst. Therefore, Co** in NiC0,04 and Cr-NiCo:0Os acts
as electron donor, and a higher concentration of Co*" will
inevitably lead to a larger free electron density. Accordingly, these
results provide direct evidence that Cr-doping greatly increases
the concentrations of Co*" in Cr-NiCo0:0s, and then improves
the conductivity by increasing the free electron density.

To explore why Cr-doping significantly improves the
concentration of Co* in Cr-NiCo0,Os, we examined the XPS
spectra of Cr 2p (Fig. 5(b)). Both Cr-NiCo0:04 and FeOOH/
Cr-NiCo:0: exhibit two sets of doublet peaks that correspond
to the Cr 2ps;2 and Cr 2pi.. states of Cr** and Cr®, respectively.
For ease comparison, we also prepared pure NiCr,O4 and its
XPS spectrum is presented in Fig. 5(b). It is clearly seen that
pure NiCr20; has a ~ 12.8% atomic percentage of Cr®" in total
Cr. In contrast, the Cr-NiCo0,04 and FeOOH/Cr-NiCo0:04 have
an over 67.0% (~ 67.4% and ~ 67.5%) atomic percentage of
Cr®, respectively. This observation suggests that more Cr atom
presented itself as Cr® in Cr-NiCo,Oa. These results indicate
that, as a dopant, Cr mainly exists as Cr® in Cr-NiCo0,0x4 due to
following electron transfer reaction: 3Co* + Cr’* = 3Co** + Cr®".
Taken together, it can be concluded that the Cr dopants act as
electron donors and significantly improve the conductivity of
the Cr-doped catalysts by increasing their electron density.

To examine the conductivity of NiCo0.04 before and after
Cr doping, we measured the resistivity of NiC0,O4 and Cr-
NiCo.04 by using the four-point probe method (see the ESM for
more details). The obtained potentials and calculated resistivity
of NiC0,04 and Cr-NiCoOs are listed in Table S3 in the ESM.
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The resistivity values of NiC0.04 and Cr-NiCo,O4 are 2.01 x
107 and 9.74 x 10™* ohm-m, which is in good agreement with
the results of nickel- and cobalt-based oxides in Refs. [70, 71].
Because conductivity is inversely proportional to resistivity,
it is reasonable to conclude that the Cr doping significantly
improved the conductivity of Cr-NiC0:0s.

It is self-evident that, for a high-aspect-ratio NNs array
electrode, the specific surface area (Assa) is not equal to the
real electrochemical surface area (Akcsa) especially when the
conductivity of NN is significantly changed. This is because
the far-end part of NNs may not well electrically connected
to the supporting electrodes. Therefore, to explore the origin
of the electrocatalytic activity of our catalysts, it is essential to
reveal the relation between Assa and Arcsa. We measured Assa of
our catalysts by using Brunauer-Emmett-Teller (BET) method,
and the results are shown in Fig. S9 in the ESM. The Assa
values of NiC0.O4/NF and Cr-NiCo.O4+/NF are 923.9 and
938.3 cm?*cm™ (note: cm?*cm™ refers to the area obtained in
one unit geometric area of NF), respectively. NiCo,O4/NF and
Cr-NiCo,04/NF had almost the same Assa value, indicating that
Cr-doping has no effect on the morphology of NNs.

However, the Axcsavalue of Cr-doped catalyst may be quite
different from the undoped one because Cr-doping improves
the conductivity of NNs and then leads to the increase of
electrochemical surface area on NNs. Accordingly, we measured
Arcsa of our catalysts by recording the CV curve at different
potential sweep rates (v) in an inert potential window, and the
charging current density (j) can be obtained from the CV
curves (Fig. S10 in the ESM). As j. = vCa, where Ca, is the
double layer capacitance of electrode, and the value of Ca
can be obtained from the jc ~ v plot. Figure 6 displays the jc ~ v
plots of different catalysts and their corresponding linear fittings,
from which the Ca values of NiCo0:04/NF, Cr-NiCo0:04/NF
and FeOOH/Cr-NiCo.04/NF are obtained as 10.8, 23.1 and
24.4 mF-cm™, and the corresponding Arcsa values are calculated
to be 270, 577.5 and 610 cm*cm™, respectively, on the basis of
the following equation: Agcsa = Ca/Co, where Gy is the specific
capacitance of an ideally planar surface electrode whose value is
taken as 0.04 mF-cm™ [12, 51]. Due to the poor conductivity
of NiCo0,04 NN, its Axcsa is only ca. 29.2% of Assa, implying
that a large part of the surface of NiC0.Os NNs cannot be
electrochemically reached. However, for Cr-NiCo0:04 NN,
Agcsa is ca. ~ 61.5% of Assa, which is more than two-fold of the
value of NiCo:04 NNs. This is because Cr-doping can greatly
improve the conductivity of NiCo0.O4 NNs, which allows more
surface parts to be electrochemically reached.

Scheme 2 shows the schematic illustrations of the surface
active sites at the NiC0.04/NF, Cr-NiCo0,O4/NF and FeOOH/
Cr-NiCo:,04/NF electrodes. As for the NiC0.04/NF electrode,
many surface active sites are not electrically connected to
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the conducting NF substrate due to the poor conductivity of
NiCo0:04 NNs (Scheme 2(a)), leading to a low activity for
OWS. While for the Cr-NiCo.04/NF electrode, the good con-
ductivity allows more surface actives sites be electrochemically
accessible (Scheme 2(b)), and as a result, the electrocatalytic
activity of Cr-NiCo.04/NF is greatly improved. As shown in
Scheme 2(c), the electrodeposited FeOOH nanodots provide
additional active sites for OER and HER. Therefore, the FeFOOH/
Cr-NiCo,04/NF catalyst exhibits the best performance for
OWS in this two-electrode cell. The excellent bifunctional
electrocatalytic activity of the FefOOH/Cr-NiCo,O4/NF electrode
is attributed to the following three factors: (i) The densely
grown NNs provide a large specific surface area; (ii) the good
conductivity of Cr-NiCo.0 activates more active sites on the
surface of NNs; and (iii) the appearance of FeOOH supplies
further reaction centers for OWS.

4 Conclusions

In summary, we have designed and fabricated the NF supported
Cr-NiCo,04 NNs, which shows enhanced bifunctional electro-
catalytic activity for both HER and OER compared to the
undoped NiCo,O4/NF in alkaline solutions. Doping NiC0.04
with Cr greatly improves the conductivity of NNs, allowing
more non-connected active sites in the far-end of NNs to be
electrochemically accessible and then enhancing the activity.
Amorphous FeOOH nanodots were electrodeposited onto
Cr-NiCo:O4/NF to further increase the number of active
surface sites. The obtained FeOOH/Cr-NiCo.04/NF catalyst
exhibits higher bifunctional activities compared to NiCo.O./NF
and Cr-NiCo,O4/NF. When acting as a cathode for HER, it
delivers current densities of —10, —50 and —100 mA-cm™ at
overpotentials of only 104, 151 and 175 mV, respectively. While
acting as an anode for OER, it requires overpotentials of only
217, 254 and 268 mV to achieve current densities of 10, 50
and 100 mA-cm™, respectively. In a two-electrode cell where
FeOOH/Cr-NiCo0,04/NF is used both as cathode and anode
for OWS, cell voltages as low as 1.53 and 1.65 V are needed to
achieve current densities of 10 and 100 mA-cm™, respectively.
Moreover, long-term constant current measurement shows
that FeOOH/Cr-NiCo.04/NF possesses an excellent stability
for OWS. The high performance for OWS demonstrates that
FeOOH/Cr-NiCo:04/NF is one of the most efficient bifunctional
catalysts working in alkaline medium.
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