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Construction of oxygen evolution electrocatalysts with abundant oxygen defects and large specific surface
areas can significantly improve the conversion efficiency of overall water splitting. Herein, we adopt a
controlled method to prepare oxygen defect-rich double-layer hierarchical porous Co30,4 arrays on nickel
foam (DL-Co304/NF) for water splitting. The unique array-like structure, crystallinity, porosity, and chem-
ical states have been carefully investigated through SEM, TEM, XRD, BET, and XPS techniques. The desig-
nated DL-Co304/NF has oxygen defects of up to 67.7% and a large BET surface area (57.4 m? g-!). Electro-
chemical studies show that the catalyst only requires an overpotential of 256 mV to reach 20 mA cm~2,
as well as a small Tafel slope of 60.8 mV dec~!, which is far better than all control catalysts. Besides, the
catalyst also demonstrates excellent overall water splitting performance in a two-electrode system and
good long-term stability, far superior to most previously reported catalysts. Electrocatalytic mechanisms
indicate that abundant oxygen vacancies provide more active sites and good conductivity. At the same
time, the unique porous arrays facilitate electrolyte transport and gas emissions, thereby synergistically

improving OER catalytic performance.
© 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by Elsevier B.V. and Science Press. All rights reserved.

1. Introduction

Water splitting with zero carbon emission is regarded as an en-
vironmentally friendly choice to generate oxygen and hydrogen,
of which hydrogen can alleviate the energy crisis [1]. However,
the oxygen evolution reaction (OER) has a sluggish reaction ki-
netics during water splitting due to the elusive four-electron re-
dox step, which requires a high overpotential to achieve a high
current density [2,3]. Although noble metal-based materials (RuO,
and IrO,) are considered to be the most advanced benchmark
electrocatalysts, their poor stability, scarcity and high cost have
greatly hindered their widespread application as commercial elec-
trocatalysts [4-6]. Therefore, there is an urgent need to research
earth-abundant, inexpensive, and stable catalysts to achieve effec-
tive OER.

3d-transition metal oxides, especially Co304, have been stud-
ied intensively for developing highly efficient and low-cost alkaline
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OER electrocatalysts [7-9]. However, their inherent of the low con-
ductivity has greatly limited their rapid development [10]. The OER
performance of Co-based OER can be improved by regulating the
intrinsic activity of the catalyst and electrode design with a high
specific surface area. The introduction of oxygen defects can signif-
icantly increase the intrinsic OER activity of Co-based oxides [11].
Therefore, oxygen vacancies are one of the most studied aspects
of the oxygen defect engineering in metal oxides since the surface
electronic properties and gap states can be tailored by altering the
concentration of oxygen vacancies [12]. Thereby much higher elec-
trical conductivity and catalytic activity can be acquired as com-
pared to the Co-based oxides [11]. The methods for generating oxy-
gen vacancies include NaBH4 treatment [13], Ar plasma treatment
[14], and Ar/air-assisted thermal annealing [15], among which the
annealing technology has good potential applications due to its
simple operation, uniform vacancy distribution, and easy-to-scale
production.

Generally, a working electrode is prepared by pipetting uni-
formly dispersed ink solution, including catalyst particles and
Nafion solution on current collectors such as carbon fiber pa-
per or glassy carbon electrode [16,17]. The electrochemically ac-
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tive site densities are directly proportional to the specific surface
area. However, the dipping method can neither expose more active
sites nor enhance electrolyte and oxygen diffusion compared with
the in-situ formation of array-like catalysts on the electrode [18].
Therefore, fabrication of array-like structured cobalt-based oxides
with high oxygen-defects holds excellent potential for highly effi-
cient OER catalyst in an alkaline environment.

Herein, we constructed a unique core-shell structure of the
oxygen defect-rich Co304 layer on the top of ZIF-67-derived hi-
erarchical porous Co304 arrays supported by nickel foam (DL-
Co304/NF). The final catalyst was prepared through in-situ ZIF-67
arrays growth, electrodeposition, plus two-stage calcination. The
microscopic morphology, crystal structure, porosity, BET surface
area, and chemical states of DL-Co304/NF have been carefully char-
acterized and analyzed. Electrochemical studies show that the DL-
Co304/NF catalyst exhibits the lowest overpotential (256 mV) to
reach 20 mA cm~2 and the smallest Tafel slope (60.8 mV dec™1),
which is much lower than those of various control and previ-
ously reported OER catalysts. This excellent catalytic activity is the
result of high electrochemical double-layer capacitance and the
lowest charge transfer resistance. Besides, the DL-Co304/NF cata-
lyst also demonstrates outstanding overall water splitting features
(120=1.49 V and 1199=1.71 V) and long-term stability, implying a
potential commercial application.

2. Experimental
2.1. Chemicals and materials

All  chemicals including cobalt (II) nitrate hexahydrate
(Co(NO3),-6H,0), potassium hydroxide (KOH), 2-methanlimidazole,
ethanol and hydrochloric acid (HCl) were analytical grade and were
used directly without purification. Nickel foam with a thickness
of 1.6 mm was purchased from Kunshan Jiayisheng Electronics Co.
Ltd. The water was purified through a Millipore system.

2.2. Synthesis of ZIF-67/NF and Z-Co30,4/NF

In a typical synthesis, NF was cleaned in 0.5 M HCI, ethanol
and deionized water for 15 min, respectively. The Co(NO3),-6H,0
(1.6 mmol) and 2-methylimidazole (8.0 mmol) were dissolved in
deionized water (20 mL) respectively, then mixed together un-
der continuous stirring. Ten minutes later, several pieces of NF
(1 cm x 1 cm) were put into the above mixture and kept for 6 h.
After that, the resulted ZIF-67 modified NF (ZIF-67/NF) were took
out, thoroughly washed with deionized water and dried in oven at
38 °C for 12 h. The obtained ZIF-67/NF samples were placed in a
tubular furnace and carbonized at 330 °C for 6 h under N, atmo-
sphere. The resulted samples were denoted as NC-Co304/NF. Then,
the NC-Co304/NF sample was annealed in air at 350 °C for 2.0 h,
and the obtained sample was expressed as Z-Co304/NF.

2.3. Synthesis of DL-Co304/NF and E-Co304/NF

In-situ growth of Co(OH), on the surface of NC-Co304/NF
and NF was achieved by a direct electrodeposition method. The
NC-Co304/NF and NF were used as working electrodes in a typi-
cal three-electrode system and electrodeposited at —10 mA cm~2
for 1.0 h in 0.085 M Co(NOs3), solution. After being washed with
deionized water and dried in oven at 38 °C, the resulted samples
were designated as Co(OH),@NC-Co304/NF and Co(OH),/NF, re-
spectively. Furthermore, the obtained Co(OH),@NC-Co304/NF and
Co(OH),/NF were annealed at 350 °C for 2.0 h in air atmosphere.
The resulted samples were nominated as DL-Co304/NF and E-
Co304/NF respectively, and the actual loading of DL-Co304 powder
on NF is about 10.0 mg cm~2 by microbalance.

The control catalyst of RuO, was obtained by direct calcination
of commercial RuCl3-3H,0 at 400 °C for 3 h in air and grinded into
powders. The RuO, powders (2.0 mg) and Nafion (5 wt%, 10 uL)
were ultrasonically dispersed in ethanol (200 uL) for 30 min. The
resulted inks were pipetted onto the surface of NF (1 cm x 1 cm).
In addition, commercial Pt/C modified NF was prepared by the
same method as above.

2.4. Characterizations

Morphology and microstructure of the synthesized materials
were investigated by field emission scanning electron microscopy
(SEM, FEI Quanta 600) and high-resolution transmission electron
microscopy (HR-TEM, JEM-2100F). X-ray diffraction (XRD) analysis
data from the samples was collected by using a Rigaku D/MAX
2500 v/pc (Japan) diffractometer with Cu Ko radiation. The chem-
ical valences of the catalyst were analyzed by X-ray photoelec-
tron spectroscopy (XPS) (JPS-9010TR, Japan) with an Mg Ko ra-
diation. Nitrogen adsorption-desorption measurements were con-
ducted on a Quantachrome AUTOSORB-IQ instrument. The specific
surface area and pore size distribution were calculated according
to the Brunauer-Emmett-Teller (BET) and t-Plot methods, respec-
tively. Raman spectra were recorded using Renishaw inVia spec-
trometer. The electrical resistivity of various catalysts was recorded
by four-point probe meter (RTS-9).

2.5. Electrochemical measurements

The electrocatalytic activity for OER was measured by the stan-
dard three-electrode system of electrochemical workstation (Bio-
logic VMP3) with 1.0 M KOH (pH=13.5) as the electrolyte. The
samples were used as the working electrode. The reference elec-
trode and the counter electrode were saturated calomel electrode
and carbon plate, respectively. Before tests, the catalysts were cy-
cled several times via cyclic voltammetry (CV) between 0 V and
0.8 V. Linear sweep voltammetry (LSV) was carried out at a scan
rate of 2 mV s~

The potential of Egyr was calibrated by the equation of
Erne = Escg+0.241+0.059 pH = Egcg+1.037, which is consistent
with the RHE voltage calibration result of 1.037 V (Fig. S1). All
the LSV polarization curves were corrected by the equation of
Ecor = Eryg—iRs, where Ecor is the corrected potential (V), i is the
test current (A), and Rs is the solution resistance obtained from
electrochemical impedance spectroscopy (EIS, €2). The EIS mea-
surements were performed at 1.54 V (vs. RHE) with frequencies
from 200 kHz to 0.1 Hz. The stability of the samples was inves-
tigated by chronopotentiometry at varying current densities of 10,
20 and 50 mA cm~2, respectively. The overall water splitting test
was performed by two-electrode system in the potential range of
0~2.0 V with a scan rate of 2 mV s, and the presented curve was
after iRs-compensation.

The double layer capacitance (Cy;) of all catalysts were studied
in non-faradaic potential windows in 1.0 M KOH. The scan rates
were changed from 1 to 10 mV s~!, and the C4 was calculated by
the equation of Cy = (ja—jc)/(2 x v), where j, and j¢ is the respec-
tive current density of anode and cathode, and v is the scan rate.

3. Results and discussion
3.1. Synthetic strategy analysis

Scheme 1 presents the schematic illustration of preparing
Co304 layers on ZIF-67 derived Co304 arrays/NF. The ZIF-67 was
used as the carbon and metal source which forms a uniform metal
distributed conductive carbon layer after calcination [5,19]. In this
work, NF was selected as the substrate for the in-situ growth of
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Scheme 1. Schematic illustration of the formation process of DL-Co304/NF.

ZIF-67, and the loading of ZIF-67 can be controlled by altering the
growth time and the precursor’s concentration. As shown in Fig.
S2, the NF surface was covered evenly by blue-colored ZIF-67. The
ZIF-67 loading is ca. 7.4 mg cm~2. Thermogravimetric analysis in-
dicates that ZIF-67 has two strong exothermic peaks in N, at-
mosphere, where the 290 °C peak indicates intermolecular dehy-
dration and the 498 °C peak is the starting point of carboniza-
tion process (Fig. S3). The optical photograph further confirms that
the annealed products of ZIF-67/NF present different colors at dif-
ferent temperatures, for example, blue (200 °C), yellow (250 °C),
reddish-brown (300 °C) and black (>350°C) in N, atmosphere (Fig.
S4), indicating the formation of various intermediate states during
the pyrolysis. Among them, the sample NC-Co304/NF prepared at
350°C was selected as the intermediate material. After that, the
second layer of Co(OH), was electrodeposited onto the surface of
NC-Co304/NF to build a double-layer Co(OH), @NC-Co304/NF com-
posite which was further annealed at 350 °C in air subsequently
to obtain the defect-rich DL-Co304/NF. The results reveal that the
DL-Co304/NF composite (XRD) prepared by two-step calcination
method has the largest specific surface area and the highest con-
ductivity (Table S1) [20]. Moreover, the core-shell structure helps
to eliminate structural defects in the inner layer and enhance the
thermostability thereof improves the performance of the materials,
which is widely applied in nanoparticle synthesis [21].

3.2. Microstructure, crystallinity and porosity analysis

Scanning electron microscopy (SEM) images were used to char-
acterize the topographical changes of a series of materials. As
shown in Fig. 1(a), the ZIF-67 grows vertically on the surface of NF
with interpenetrating sheet-like structures. After calcination in N,
the vertically distributed sheet-like architectures remained while
having an apparent porosity (Fig. 1b). A large number of densely
sheet-like structures are exposed on the outer surface (Fig. 1c) af-
ter the subsequent electrodeposition of Co(OH), layers. Interest-
ingly, we can observe that the resulted DL-Co304/NF composite
contains numerous interconnected thin-film structures with large
pores after calcination in the air (Fig. 1d). The cross-sectional SEM
image shows that the thickness of the Co304 layers obtained from
ZIF-67 and Co(OH), species are approximately 3.6 and 1.5 um, re-
spectively (Fig. S5). The unique morphology is beneficial for expos-

ing active sites, improving electrolyte, and mass transports, thereof
expected to provide robust electrocatalytic performance.

To further examine the microscopic features of DL-Co304/NF,
detailed transmission electron microscopy (TEM) studies were un-
dertaken. The DL-Co30,4 arrays were peeled off from the substrate
of NF and distributed in ethanol solution. Then it was pipetted
onto a copper grid pre-coated with a holey carbon film. The cop-
per grid was transferred into TEM with an operating voltage of
200 kV. As shown in Fig. 2(a), a plurality of particulate materi-
als mainly composes the sheet-like structures. The inset of high-
resolution TEM exhibits two types of well-defined lattice spacings
of 0.243 and 0.467 nm, which can be assigned to the (111) and
(220) crystal planes of Co304 (JCPDS: 42-1467). Moreover, the cor-
responding selected area electron diffraction (SAED) displays con-
centric diffraction rings made up of discrete spots (Fig. 2b), which
are indexed to the (111), (220) and (311) planes of cubic Co304 as
well. Moreover, Raman spectrum was also used to detect DL-Co30,
and control samples, and some distinctive scattering peaks such
as Aqg (690.1 cm™1), Fpg (620.0 cm™1), Fyg (523.5 cm™1), Eg (480.9
cm™1), and Fq (194.6 cm™!) were observed (Fig. S6), further indi-
cating the presence of Co304 species in the composites [22]. The
crystal structures of as-prepared materials are investigated by X-
ray diffraction (XRD) patterns. As shown in Fig. 2(c), the diffraction
peaks of ZIF-67 are consistent with the reported ZIF-67 in the lit-
erature [23,24]. After the carbonization procedure, ZIF-67 is wholly
converted to Co304 (JCPDS: 42-1467). It is worth noting that the
electrodeposited Co species mainly exists in the form of Co(OH),
(JCPDS: 30-0443) before annealing, which was converted into to
Co304 species upon annealing. The isotherms of the samples ex-
hibit the typical H3-type hysteresis loop in Fig. 2(d). The BET spe-
cific surface area of DL-Co30, arrays is calculated to be 57.4 m?
g~1, which is much higher than that of Z-Co30,4 (27.9 m2 g~1). The
adsorption average pore diameters of DL-Co304 and Z-Co30,4 are
about 12.6 and 16.5 nm, respectively, which are mainly caused by
flaky cracks of the composites. The larger BET surface area of DL-
Co304/NF composite provides more active sites as well as better
mass transfer thereof, helping to improve the OER performance.

3.3. XPS analysis

The composition and chemical states of DL-Co304/NF were
further examined by X-ray photoelectron spectroscopy (XPS). As
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Fig. 1. SEM images of (a) ZIF-67/NF, (b) NC-Co304/NF, (c) Co(OH),@NC-Co304/NF and (d) DL-Co304/NF with different magnifications.
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Fig. 2. (a) TEM (Inset of HR-TEM) and (b) SAED images of DL-Co304/NF. (c) XRD patterns of different composites. (d) Nitrogen adsorption-desorption isotherms of Z-Co304
and DL-Co3;0,4 arrays.
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Fig. 3. High-resolution X-ray photoelectron spectroscopy (XPS) of (a) Co 2p and (b) O 1s for DL-Co304/NF, Z-Co304/NF and E-Co304/NF, respectively.

shown in Fig. S7, the high-resolution C 1s spectrum of DL-
Co304/NF is convoluted into C = C (284.0 eV), C-C (284.8 eV)
and C-0 (286.0 eV) used as calibration standard [25,26]. Fig. 3(a)
shows the high-resolution Co 2p core-level spectrum, where the
characteristic peaks at 779.3 eV correspond to Co3*, and the peaks
at 781.0 eV can be attributed to Co?*, indicating the coexistence
of Co2t and Co3* species [27]. It can be observed that the area
percentage of Co?* species on the surface of DL-Co30,4/NF (67.6%)
is significantly higher than those of Z-Co304/NF (33.4%) and E-
Co0304/NF (42.6%) catalysts. The higher Co?* content on the sur-
face implies more oxygen vacancies [28], in which the tetrahedral
Co?t sites in the Co304 skeleton tend to form cobalt oxyhydrox-
ide based catalytic centers for water oxidation [29]. In addition,
high-resolution O 1s XPS spectra are used to detect the changes
in oxygen species on different catalyst surface (Fig. 3b), where the
binding energies at 529.3, 531.3, and 532.8 eV are ascribed to the
lattice oxygen (denoted as Op), oxygen vacancies (denoted as Oy)
[30], and absorbed oxygen species (denoted as Op) in the cobalt
oxide [31,32], respectively. The area percentage of O, is obtained
by integrating the fitted component area from the XPS spectrum
[33]. The Oy percentage of DL-Co304/NF is ca. 67.7%, which is sub-
stantially higher than those of Z-Co304/NF (53.6%) and E-Co304/NF
(56.7%). The high Co?* content and abundant O, species can be
understood as when the oxygen leaves from the surface as an oxy-
gen molecule, it leaves two electrons behind that reduce Co3* to
Co2t [34]. Therefore, the higher Co?* content indicates more Oy.
Moreover, it was reported that a more elevated the O, has better
catalytic performance [11], which is also confirmed in this study.

3.4. Electrochemical analysis

LSV polarization curves were used to evaluate the OER perfor-
mances of various catalysts in a typical three-electrode electro-
chemical cell in 1.0 M KOH solution. As shown in Fig. 4(a), the
DL-Co304/NF catalyst requires a lower overpotential of 256 mV
to reach 20 mA cm~2, which is significantly lower than those
of Z-Co304/NF (330.7 mV), E-Co304/NF (283.0 mV), RuO,/NF
(278.4 mV), and NF (442.2 mV). It should be noted that the over-
potential at 20 mA cm~2 was used instead of 10 mA cm~2 for com-
parison due to the strong redox peaks interfere with the measure-
ments as shown in Fig. 4(a). As a result, the measured overpoten-

tial of NF is larger than these reported at 10 mA cm~2. However,
the overpotential of NF (442.2 mV) in this study is in the range of
these published elsewhere [35,36]. Besides, the superior OER elec-
trocatalytic activity is also accompanied by a small Tafel slope. As
shown in Fig. 4(b), the Tafel slope of the DL-Co304/NF catalyst is
60.8 mV dec™!, which is much lower than those of other control
catalysts indicating the fastest OER kinetic [37]. Furthermore, Fig.
4(c) further demonstrates that the designed catalyst, both in terms
of overpotential and Tafel slope, is far superior to most recently
reported OER catalysts under similar conditions (Table S2).

The number of catalytically active sites on the catalyst sur-
face can be evaluated by the electrochemically active surface area
(ECSA) measurement. At the same time, the ECSA is directly pro-
portional to the electrochemical double-layer capacitance (Cy;)
[38]. The Cy4 value is obtained by CV curves of the catalyst with
different scan rates in a non-faradaic potential region (Fig. S8). Fig.
4(d) presents that the DL-Co304/NF catalyst has a Cy; value of 275.1
mF cm~2, which is approximately 9.3-, 3.7- and 7.4-fold more sig-
nificant than those of Z-Co304/NF, E-Co304/NF, and RuO,/NF, re-
spectively. It should be emphasized that the differences in the ca-
pacitances are consistent with the changes in the electrochemical
activity of these catalysts meaning higher Cy better the electro-
chemical activity. This result implies that the hierarchical porous
structure, as well as abundant active sites, are the main reasons
for promoting OER activity.

The Nyquist plots were obtained from electrochemical
impedance spectroscopy (EIS), revealing the charge-transfer
resistances at the catalyst/electrolyte interface [39]. In general, the
intersection of the semicircles at the X-axis presents the solution
resistance (Rs). The semicircle diameter can be attributed to the
charge transfer resistance (R.) of the catalyst [18]. As shown
in Fig. S9, the DL-Co304/NF exhibited the smallest semicircular
diameters compared to all control catalysts, indicating a faster
charge transferability due to the larger interfacial contact areas
with the electrolyte and shorter ion diffusion paths resulting from
their unique nanostructures [40].

The two-electrode water splitting test is a crucial indicator of
whether a catalyst can be commercialized. Fig. 5(a) is a schematic
depiction of electrocatalytic water splitting in a two-electrode sys-
tem. As shown in Fig. 5(b), we constructed a device using a com-
mercial Pt/C modified NF as the cathode and the designed DL-
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curves of DL-Co304/NF at the different current densities.

Co304/NF catalyst as an anode. We investigated the catalytic per-
formance for overall water splitting in a two-electrode system. It
can be found that the DL-Co304/NF(OER)//Pt (HER) based two-
electrode system only needs about 1.49, and 1.71 V to reach 20 and
100 mA cm~2 in 1.0 M KOH solution. Those results are significantly
lower than most recently reported two-electrode catalytic systems
(Fig. 5¢ and Table S3) [4,6,41-45]. The catalyst stability was in-
vestigated using the chronopotentiometry. The potentials changes

at the constant current densities (10, 20, and 50 mA cm~2) in a
three-electrode system were monitored with the time (Fig. 5d).
The results show that the DL-Co304/NF catalyst exhibits excellent
stability after continuous operation for 15 h. However, the surface
porosity was decreased, and the material became more compact,
as shown in Fig. S10.The unusual two-electrode catalytic activity
and long-term stability are the outcomes of the highly conductive
array-like morphology along with the abundant active sites.
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Scheme 2. The proposed catalytic mechanism of DL-Co304/NF catalyst for OER in
alkaline media.

3.5. Catalytic mechanism analysis

As we discussed above, the excellent OER performance is the
combined effects of the abundant active sites as well as the size-
able electrical conductivity of the designed catalysts. In this work,
the ample oxygen vacancies in DL-Co304/NF are formed due to
the detachment of partial oxygen in the lattice of Co304 under
350 °C annealing conditions. The neighboring Co atoms can be sig-
nificantly regulated to create new active sites and increase the con-
ductivity, thereby reducing the Gibbs free energy in the OER con-
version steps and greatly enhancing the OER catalytic activity [46].
A schematic diagram of the OER catalytic mechanism is described
in Scheme 2. The three fundamental steps of the OER process on
DL-Co304/NF include adsorption, dissociation, and desorption [47].
The formation of *OH, *O, and *OOH intermediates are reconciled
with the utilization of surface Co atom. Previous DFT calculations
revealed that the oxygen vacancies created new defect states in the
band gap of Co304, and the electrons adjacent to the oxygen va-
cancies that previously occupied the O 2p orbital were delocalized,
thereof the surface with the oxygen vacancies was much more ac-
tivated [48]. Meanwhile, the delocalized electrons near the oxygen
vacancies are easily excited to the conduction band, thereby in-
creasing the conductivity of Co30,4 and significantly improving the
OER catalytic activity [13,49].

4. Conclusions

In summary, the oxygen defect-rich DL-Co304/NF catalyst was
fabricated by a controllable four-step. The steps are in-situ growth
of ZIF-67, calcination, electrodeposition of Co(OH),, and air oxida-
tion. The SEM, TEM, and BET analyses confirmed the presence of
porous array structures. Moreover, the XPS results indicated the
highest proportion of oxygen defects on the designed catalyst sur-
face as compared to others. In addition, the four-probe measure-
ment and electrochemical impedance test demonstrated high con-
ductivity and small resistance. Electrochemical measurement re-
sults show that the DL-Co304/NF catalyst has the lowest overpo-
tential, the smallest Tafel slope, the best OER performance, and su-
perior stability among the other OER catalysts. The excellent OER
performance is the combined effects of the unique array-like struc-
ture, abundant electrocatalytic active sites, and high electrical con-
ductivity.
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