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Abstract: The design of earth-abundant and highly efficient bifunctional electrocatalysts for hydrogen
evolution and oxygen evolution reactions (HER/OER) is crucial for hydrogen production through
overall water splitting. Herein, we report a novel nanostructure consisting of vertically oriented CoP
hierarchical nanosheet arrays with in situ-assembled carbon skeletons on a Ti foil electrode. The
novel Zeolitic Imidazolate Framework-67 (ZIF-67) template-derived hierarchical nanosheet architec-
ture effectively improved electrical conductivity, facilitated electrolyte transport, and increased the
exposure of the active sites. The obtained bifunctional hybrid exhibited a low overpotential of 72 mV
at 10 mA cm~2 and a small Tafel slope of 65 mV dec™! for HER, and an improved overpotential of
329 mV and a Tafel slope of 107 mV dec~! for OER. Furthermore, the assembled C@CoP | | C@CoP
electrolyzer showed excellent overall water splitting performance (1.63 V) at a current density of
10 mA cm~2 and superior durability. This work provides a structure engineering strategy for metal—
organic framework (MOF) template-derived hybrids with outstanding electrocatalytic performance.

Keywords: transition metal phosphide; metal-organic framework; hierarchical nanosheet; overall
water splitting

1. Introduction

Hydrogen (Hjy), with a higher gravimetric energy density than other fuels, can be
produced from water alone, making it the primary choice for future energy production [1].
As a clean, renewable, and efficient method for hydrogen production, electrocatalytic water
splitting has attracted extensive attention [1]. Because hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER) electrocatalysts usually function optimally under
acidic and alkaline conditions, respectively, these electrodes often suffer from incompati-
bility during the coupling process. Additionally, OER, characterized by sluggish reaction
kinetics, involves multi-step electron transfer, necessitating a higher overpotential than
HER to provide the same current density [2]. Therefore, the development of effective
electrocatalysts for alkaline media is highly desired in an overall water splitting system.
Although noble metals such as Pt, Ir, and Ru and their oxides have proven to be rela-
tively efficient HER and OER catalysts, their high cost and limited reserves hinder their
large-scale application [3,4]. Therefore, it remains a great challenge to develop non-noble
metal bifunctional electrocatalysts capable of both HER and OER functions under the same
alkaline conditions.

The high electrocatalytic activity, low cost, and environmental friendliness of transition
metal phosphides (TMPs) make them effective catalysts; thus, they have gained extensive
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research interest [5,6]. Recent studies have demonstrated that TMPs are promising candi-
dates for bifunctional electrocatalysts owing to their excellent performance for both HER
and OER [7,8]. Despite the remarkable progress in recent research, the existing catalysts are
still not satisfactory for practical applications. Most of the TMPs suffer from low intrinsic
conductivity and the easy self-agglomeration of nanocatalysts, which lead to high over-
potential and a limited reaction kinetic rate in OER. Coupling TMPs with carbon-based
materials can improve their electrocatalytic activity [9], and significant efforts have been
made in previous works to optimize the compatibility of the composite materials [10,11]. In
addition, the durability of catalysts during long-term operation under highly concentrated
alkaline solutions is essential for the electrochemical water splitting reaction. Limited
durability hampers the large-scale application of many existing catalysts.

Recent studies have shown that electrocatalysts with excellent nanostructures can
achieve superior electrochemical performance by being directly designed and grown on
a current collector. Catalysts prepared through in situ growth methods possess various
advantages, including easy electrolyte penetration, good electrical conductivity, and suf-
ficient exposure of active sites [12]. Owing to their large surface areas, intrinsic porosity,
and unique composition, metal-organic frameworks (MOFs) have been widely explored as
self-sacrificing templates for self-doped carbon, effectively enhancing the performance of
electrocatalysts [13]. Among the various MOFs, ZIF-67 is a self-assembled structure formed
by interconnection between cobalt ions and 2-methylimidazole, which has been explored
for various applications [14]. Lou et al. applied a cobalt-based MOF as a template to
prepare a cobalt nanoparticle-embedded C@CoySg double-shell nanocage structure, which
exhibited excellent electrocatalytic ORR performance [15]. Yin et al. partially converted
a cobalt phosphide-based MOF into CoP, and the resulting CoP/Co-MOF composites ex-
hibited certain HER catalytic performance across a wide pH range [16]. Inspired by the
above discussion, we combined the in situ preparation method with MOF template-derived
carbon to create high-performance bifunctional catalysts for overall water splitting.

In this work, a C@CoP hierarchical nanosheet array with a novel nanostructure was
in situ synthesized on the surface of a Ti foil substrate. This structure was utilized as
an efficient bifunctional catalyst for electrochemical total water splitting. The prepared
nanostructures offer several advantages that are highly desirable for high-performance
electrochemical overall water splitting catalysts: (1) The nanomaterials derived from the
MOF template inherit the characteristics of their precursor, possessing a high specific
surface area and porous structure. This feature significantly increases the number of active
sites, thus effectively improving the efficiency of electrocatalytic overall water splitting.
(2) The introduction of a carbon skeleton enables the catalyst to adopt a unique multilevel
nanosheet structure. This structure effectively accelerates the interfacial transfer of electrons,
electrolytes, and gas products on the electrode’s surface. (3) The in situ preparation method
avoids the need for a polymer binder. This not only reduces the contact resistance between
the catalyst and the electrode substrate but also enhances the structural stability of the
catalyst and ensures long-term performance under strong alkaline conditions. Therefore,
C@CoP presents low overpotentials of 72 and 329 mV at 10 mA cm 2 for HER and OER,
respectively, in alkaline media. Furthermore, the assembled C@CoP | | C@CoP electrolyzer
shows superior overall water splitting performance (1.94 V) to Pt/C| |Ir/C (2.07 V) ata
current density of 100 mA cm 2.

2. Materials and Methods
2.1. Chemicals

Cobalt nitrate hexahydrate (Co(NO3),-6H,0O) and 2-methylimidazole (C4HgN;) were
purchased from Aladdin. Sodium hypophosphite monohydrate (NaH,PO,-H,0) was
obtained from Sinopharm Chemical Reagent Co., Ltd., China. Nafion 117 solution (5 wt%),
TEA ((C2H5)3N), and titanium foil (Ti) were provided by Sigma-Aldrich. Commercial
20 wt% Pt/C catalyst and 20 wt% Ir/C catalyst were obtained from Premetek. All of these
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chemicals were used without further purification. The ultrapure water (>18.25 M() cm)
used in all experiments was purified using a Milli Q water purification system.

2.2. Materials Fabrication

Synthesis of Co(OH); film on Ti foil substrate: A piece of Ti foil (50 x 10 x 1 mm?)
was first cleaned in dilute HF concentration (~8%) and successively placed in acetone,
ethanol, and deionized water, with ultrasonic treatment for 10 min to remove the surface
oxide layer and oil stains. A conventional three-electrode system was adopted, with a
Ti foil as the working electrode and a standard Ag/AgCl electrode and a platinum plate
as the reference and counter electrodes, respectively. Co(NO3),-6H,O (0.1 M) was used
as the electrolysis solution for the constant potential deposition at a potential of 1.0 V vs.
Ag/AgCl for 400 s under magnetic stirring. Green Co(OH); film was observed on both
sides of the Ti foil with an area of 30 x 10 mm?. The Co(OH); film was thoroughly washed
to remove the surface precursor solution and then dried at room temperature. A CHI 660C
electrochemical workstation (CH Instruments, Chenhua Co., Ltd., Shanghai, China) was
used throughout the electrochemical processes.

Fabrication of ZIF-67@Co(OH); film: ZIF-67 was grown on the surface of Co(OH), via
an in situ crystallization strategy. A total of 10 mmol of 2-methylimidazole was dissolved
in deionized water (10 mL) with 1 mL TEA, and the mixture was thoroughly mixed. TEA
is a deprotonation agent that can accelerate the reaction [17]. The as-prepared Co(OH),
film was immersed in the solution, which was then magnetically stirred at 20 °C for 2, 5,
10, 15, and 20 min. Subsequently, the film was washed with ethanol and deionized water
over 10 times, and the resulting purple films were vacuum dried at 60 °C overnight. To
comparatively investigate the influence of the deprotonation agent, Co(OH), was immersed
in the 2-methylimidazole solution without TEA under the same conditions.

Fabrication of C@CoP film: An NaCl protective layer was grown on the surface of
ZIF-67@Co(OH); film via the salt recrystallization method to maintain the hierarchical
structure. The ZIF-67@Co(OH); film electrode was directly immersed in a beaker with
supersaturated NaCl solution for 10 min. After water evaporation under an infrared lamp,
NaCl crystallized uniformly and encased the electrode surface. The immersion drying
process was conducted five times to create a NaCl crystal-sealed electrode. The resulting
ZIF-67@Co(OH), film electrode was then annealed at 700 °C for 2 h in a tube furnace at a
heating rate of 2 °C min~! and then naturally cooled down to room temperature to obtain
the C@Co30; film electrode. N, was continuously fed during the reaction process and the
cooling process at a flow rate of 100 sccm.

The C@CoP film was prepared through the phosphorization of the C@Co30y film.
The NaCl crystal-sealed electrode and NaH;PO,-H,O powder were placed in different
porcelain boats (at a distance of 5 cm), with NaH,;PO,-HO (1 mmol) on the upstream side
of the furnace. Subsequently, the furnace temperature was increased to 700 °C at a rate of
2 °C min~! and maintained for 2 h in an N, atmosphere, and then, the system was allowed
to naturally cool to room temperature to obtain the C@CoP film. The NaCl crystal on the
electrode was thoroughly washed with water, and the resulting black film was vacuum
dried overnight at 60 °C. For comparison, a ZIF-67@Co(OH), film electrode without an
NaCl crystal seal was subjected to the same conditions to prepare a C@CoP film electrode.

Commercial Pt/C and Ir/C membrane electrodes were prepared as standard samples
for HER and OER reactions, respectively, following a reported dip-coating method [18].
Typically, 20 mg commercial catalyst powder was ultrasonically dispersed in a solution
containing 1.0 mL ethanol and 50 puL Nafion (5 wt%) for 30 min to form a homogeneous
ink. Subsequently, 20 pL ink was drop-casted onto the surface of a Ti foil, which was then
dried in air [19].

2.3. Characterization

The morphology of the samples was characterized via field emission scanning electron
microscopy (Hitachi S-4800, Hitachi, Tokyo, Japan) with an accelerating voltage of 5 kV. The
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crystal structure and detailed information on the morphology of the samples were obtained
via TEM and high-resolution TEM under an accelerating voltage of 200 kV (JEM-3010,
Japan Electronics Co., LTD., Hongkong, China). High-angle annular dark field scanning
transmission electron microscopy, energy-dispersive X-ray spectroscopy, and elemental
mapping analysis were conducted using the Tecnai G2 F20 S-TWIN instrument. The crystal
phase of the obtained samples was determined via PXRD spectroscopy (X'Pert PRO MPD,
PANalytical, Eindhoven, The Netherlands) using a Cu-K« radiation source (A = 1.5418 A)
under a constant voltage of 40 kV with a scan step of 0.02°. The chemical states of the
elements in samples were determined via XPS on a Thermo Fisher Scientific K-Alpha 1063
system with monochromatic Al-Ko radiation (1486.6 eV). High-resolution scans with a
narrow region for Co 2p, C 1s, and O 1s were obtained at 20 eV pass energy, 0.1 eV steps,
and a 200 ms dwell time. The BEs were calibrated with a reference to the C 1s peak at
284.6 eV. The standard deviation for the BE values was 0.1 eV. Raman spectra were recorded
on a Jobin—-Yvon LabRam system (Horiba Jobin Yvon, Paris, France). The mass loading
of CoP into the product was evaluated via inductively coupled plasma-atomic emission
spectrometry (PS-6, Baird, Milwaukee, WI, USA).

2.4. Catalytic Performance

All electrodeposition and electrochemical measurements were performed on a CHI
660C electrochemical workstation using a three-electrode system in 1.0 M KOH at room
temperature, with Ti-based electrodes as the working electrode (working area of 2 cm?).
For HER measurements, a graphene rod and Ag/AgCl (3 M KCl) were used as counter
and reference electrodes, respectively, whereas a platinum plate was used as the counter
electrode for OER measurements. All potentials presented in this work were converted
into RHE according to the following equation:

E (RHE) = E (Ag/AgCl) +0.059 x pH +0.1976 V

Prior to the tests, the electrolyte was purged by high-purity N, for at least 30 min to
remove the dissolved N, for the HER test, and O, was continuously fed to the electrolyte
for at least 30 min to achieve O, saturation for the OER test. The working electrodes were
conditioned via CV 30 times to obtain a stable electrochemical signal. Polarization curves
were obtained via linear sweep voltammetry at a scan rate of 2 mV s~!. The ECSAs of
the catalyst in the OER and HER reactions were assessed using Cg;, which was obtained
from CV curves for the non-Faradaic region at sweep rates of 10 to 100 mV s~!. EIS was
conducted at an overpotential (1) of 50 mV, OER measurements were conducted at 1.65 V,
and HER measurements were conducted at 0.146 V; moreover, the frequency range for
EIS was 100 kHz to 0.01 Hz, with an amplitude of 5 mV. The measured EIS data were
fitted to an equivalent circuit model to extract the series resistance and charge-transfer
resistance. The long-term durability of HER and OER was tested via continuous CV at a
scan rate of 50 mV s~! from —200 to 200 mV. The stability test was conducted for 60,000 s
at 77 = 10 mV. The test overpotential of HER was 72 mV, whereas the test overpotential of
OER was 329 mV.

Overall water splitting: An H-type water electrolyzer was applied in a two-electrode
system for the overall water splitting test. A 1.0 M KOH solution was used as an electrolyte,
and two symmetric titanium foil base electrodes were used as the anode and cathode.
Polarization curves were obtained at a scan rate of 5 mV s~!. Long-term durability was
assessed through continuous CV from —200 to 200 mV at a scan rate of 50 mV s~ 1. The
stability test was conducted at # = 10 mV for 60,000 s, and the test voltage was 1.63 V.
The cathode and anode chambers were connected to trace gas flowmeters to detect the
production of Hy and O, in situ.
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3. Results and Discussion
3.1. Structural Analysis of the Material

The fabrication of the C@CoP catalyst on the Ti foil substrate involved three main
processes (Figure 1). The Co(OH); nanosheet arrays were grown on the surface of the
Ti foil electrode through constant potential deposition in a CoCl; electrolyte. As shown
in the field emission scanning electron microscopy image (Figure 2a), the vertically ori-
ented nanosheets were mutually interconnected, with a uniform size of several hundred
nanometers. The ZIF-67 crystals were then assembled in situ on Co(OH), nanosheets
in a mixture of 2-melm and triethylamine (TEA) to form ZIF-67@Co(OH); hierarchical
nanosheets (Figure 2b). The growth process of the ZIF-67 crystals under different reaction
times is illustrated in Figure S1. In contrast, in the absence of TEA, ZIF-67 crystals exhibited
unevenly distributed nucleation sites on the surface of Co(OH); nanosheets and increasing
crystal size with increasing reaction duration. The randomly grown crystals completely
blocked the structure of the Co(OH); nanosheet arrays within 5 min and subsequently
detached from the Ti foil (Figure S2). In the presence of TEA, ZIF-67 crystals were uni-
formly deposited on 2D nanosheets, with a decreased diameter of ~50 nm, which perfectly
matched with the Co(OH), nanosheets. The separated crystals were further characterized
via transmission electron microscopy (TEM, Figure 2b inset). However, ZIF-67@Co(OH),-C
collapsed into spherical and lump-type morphology after carbonization via traditional
pyrolysis (Figure S3).

NaCl crystal carbonization

\ZIF-G?@CO(OH)Z

phosphidation
-

C@CoP C@Co;0,

Figure 1. Scheme for fabrication process of C@CoP.

According to previous studies, the shape of carbon materials can be fixed via the salt
recrystallization method [20]. After being encased in NaCl crystals, the resulting sample
mostly retained the original structures of ZIF-67@Co(OH), (Figure 2c). After pyrolysis
and carbonization, the ZIF-67 crystals were converted into carbon skeletons, whereas
Co(OH), nanosheets and cobalt in ZIF-67 were converted into Co30y to form C@Co30,
hierarchical nanosheets. The ZIF-67-derived C significantly increased the density of the
electrocatalytic active sites. The surfaces of the framework were rough, with numerous
carbon knots embedded in them (Figure 2c). The residual cobalt particles were embedded
or encapsulated within the carbon matrix. After low-temperature phosphidation, Co304
was converted into CoP, and C@CoP hierarchical nanosheets were formed (Figure 2d). The
TEM image shows that crystals with a diameter of ~50 nm decorated the surface of the
2D nanosheets (Figure 2d inset). The crystal structures were more tightly coupled after
annealing and inseparable from the nanosheet structure. The tightly attached crystals were
beneficial to the interconnection of the conductive pathway for the electrocatalyst reactions.
The produced C@CoP hierarchical nanosheets stood vertically on the surface of the Ti
foil to form a highly open catalytic interface, which facilitated sufficient contact between



Nanomaterials 2023, 13, 2421

60of 17

the electrolytes and the electrode surface. The carbon skeleton, with high conductivity,
was closely coupled with the nanosheets, which accelerated electron transfer at the active
catalyst site.

Figure 2. SEM images of (a) Co(OH),, (b) ZIF-67@Co(OH);, (c) C@Co0304, and (d) C@CoP. The insets
of (b,d) are TEM images of corresponding materials.

3.2. Composition and Structure Characterization

The SEM observation could be verified by the powder X-ray diffraction (PXRD) pat-
terns of the powder samples at different fabrication stages. The PXRD samples collected at
different stages of the fabrication process were scraped off to exclude the effect of the Ti
foil substrate. The crystal structures of Co(OH);, ZIF-67@Co(OH),, C@Co0304, and C@CoP
are displayed in Figure 3a. The diffraction peaks of Co(OH); at 19.1°, 32.5°, 37.9°, 51.4°,
57.9°,61.5°,69.5°, and 71.3° corresponded to the (001), (100), (101), (102), (110), (111), (103),
and (201) lattice planes of Co(OH),, respectively (JCPDS card no. 30-0443) (Figure 3al).
The peaks for the electrodeposited Co(OH); film were relatively weak, indicating low crys-
tallinity of the electrodeposited Co(OH),, which is consistent with previous studies [16,20].
The overlapping peaks of ZIF-67@Co(OH), are consistent with the simulated diffraction pat-
tern of ZIF-67, indicating that the Co(OH), nanosheets were partially reacted (Figure 3a2).
The stronger diffraction peaks of Co3O4 at approximately 19.0°, 31.3°, 36.9°, 38.5°, 44.8°,
55.7°,59.4°,65.2°, and 77.3° could be indexed to Co3z04 (JCPDS card no. 42-1467), and the
relatively weaker broad peak (26 ~ 26.2°) could be assigned to the (002) plane of graphitic
carbon (Figure 3a3). The peaks from both Co(OH), and ZIF-67 were nonexistent, indicating
that the Co(OH), nanosheets Co from ZIF-67 were mostly converted into pure Co3Oy after
the thermal treatment under NaCl protection. The carbonization of the carbon component
in the ZIF-67 crystals resulted in a highly porous structure. After phosphidation, diffraction
peaks were observed at 31.6°, 36.3°, 46.2°, 48.1°, 48.4°, 52.3°, and 56.8°, consistent with
the (011), (111), (112), (211), (202), (103), and (301) planes of CoP (JDPDS No. 29-0497),
respectively (Figure 3a4). The results confirm the successful transformation of C@Coz04
into C@CoP. The weaker C peak of C@CoP was a result of the lower crystallinity of samples
by P doping [21].
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Figure 3. (a) XRD patterns of (1) Co(OH);, (2) ZIF-67@Co(OH);, (3) C@Co30;, and (4) C@CoP.
(b) HRTEM image and (c) SAED image of C@CoP. (d) STEM-EDS image and corresponding elemental
mapping of C@CoP.

The high-resolution TEM image (Figure 3b) confirms the crystallinity of C@CoP. The
TEM image reveals lattice fringes with two identifiable d-spacings of 2.47 and 2.83 A, which
could be indexed to the (111) and (011) crystal planes of CoP, respectively. The dihedral
angle between the two planes was measured as 86.4° [16,22]. The selected area electron
diffraction (SAED) spectrum of C@CoP (Figure 3c) showed dotted rings corresponding to
the crystal planes of CoP, which agrees well with the abovementioned results and reveals
the polycrystalline nature of C@CoP. The spectrum featured no carbon-related diffraction
ring because of the weak crystallinity. Element mapping on the structure of C@CoP was
performed via scanning transmission electron microscopy coupled with energy dispersive
X-ray spectroscopy (Figure 3d) to further characterize the elemental composition and
distribution in the unique nanostructure. The results reveal a homogeneous distribution
of the Co and P elements over the entire area, confirming the complete transformation of
the Co component during the phosphidation process. Only a small amount of C element
existed on the nanosheet, but C was homogeneously dispersed on the framework. These
results reveal that nanoscale porous carbon was embedded into micron-scale nanosheets to
form a hierarchical nanosheet architecture.

X-ray photoelectron spectroscopy (XPS) measurements were further conducted to
confirm the elemental composition, chemical valence states, and electron interactions of
the elements on the surface of the catalyst (Figure 4). The survey spectrum (Figure 4a)
reveals that the C@CoP surface was composed of Co, P, C, O, and N. The high-resolution
XPS spectrum of the Co 2p spectra (Figure 4b) could be deconvoluted into six peaks.
The peaks at 778.7 eV (2p3,) and 793.6 eV (2pq ;) corresponded to the binding energies
(BEs) of Co-P in CoP, whereas the apparent satellite peaks at 781.6 (2p3,,) and 797.6 eV
(2p1/2) corresponded to the oxidized Co species. The intense satellite peaks located at
786.5 eV and 803.4 eV in the Co 2p spectrum corresponded to the shake-up excitation of
the high-spin Co?* ions in the hybrid nanosheets [23-25]. As shown in the P 2p spectrum
(Figure 4c), the peaks at 130.5 and 129.6 eV corresponded to the Co-P bond in P 2p;,»
and P 2p3,, respectively. The peak at 134.3 eV corresponded to P-O originating from air
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exposure [26]. Moreover, the BE of Co 2p3, at 778.7 eV was shifted to a higher level than
that of metallic Co (777.9 eV) [27], whereas the BE of P 2p3,, at 129.6 eV was shifted to a
lower level than that of element P (130.2 eV) [28]. The shifts suggest that the Co carried a
partial positive charge (5+), whereas P carried a partial negative charge (6—). Co acted as
the hydride acceptor, whereas P acted as the proton acceptor, which facilitated HER [29].
The main peak centered at 284.8 eV in the C 1s spectrum (Figure 4d) corresponded to
graphitic sp? carbon, and the additional components centered at 286.5 eV corresponded
to C-O [30,31]. Additionally, the O 1s spectrum featured three characteristic peaks at
530.3, 531.6, and 533.1 eV, corresponding to Co-O, C-O, and P-O, respectively (Figure 4e).
Different from the N 1s XPS spectrum of ZIF-67@Co(OH); and C@Co30;, the spectrum of
the precursors featured a major N 1s peak. The pyridinic N was the dominant type of N
species in both ZIF-67@Co(OH); (399.1 eV) and C@Co304 (400.4 eV). However, in the N 1s
spectrum of C@CoP (Figure 4f), the peak shifted to a higher BE at 401.4 eV, corresponding
to the graphitic N. This indicates that the N element in ZIF-67 likely transformed into
active graphitic N sites embedded in the carbon. The doped graphitic N with stronger
electronegativity led to a nonuniform electron distribution, which enabled O, adsorption
onto adjacent carbon atoms and benefited the catalysis reaction [32].

(a) ﬁ (b) Co2p
3 5
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Figure 4. (a) Survey XPS spectra of C@CoP; high-resolution XPS spectra of (b) Co 2p, (c) P 2p, (d) C 1s,
(e)O1ls,and (f) N 1s.
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3.3. Electrocatalytic Performance
3.3.1. Electrocatalytic Hydrogen Evolution

The HER performances of C@CoP and the reference samples were first investigated
using a typical three-electrode system with a scan rate of 2 mV s~! in Nj-saturated 1 M
KOH (pH = 14). The mass loading of C&CoP on Ti foil was determined to be 2.8 mg cm 2
via inductively coupled plasma—optical emission spectrometry (ICP-OES). Commercial
Pt/C (20 wt% platinum on Vulcan XC-72R), CoP, and bare Ti foil were also examined
for comparison under identical conditions. Figure 5a shows the iR-compensated polar-
ization curves of the as-synthesized samples. The current densities were normalized to
the geometric surface areas of the Ti plate. The overpotentials of the samples at current
densities of 10, 20, and 100 mA cm~?2 are presented in the Figure 5a inset. C@CoP exhibited
an overpotential of 72 mV at a low current density of 10 mA cm~2, which was slightly
higher than that of commercial Pt/C (46 mV), but still outperformed CoP (164 mV) and
ZIF-67@Co(OH); (220 mV) (Figures 5a and S4a). The HER performances of C@CoP and
other HER electrocatalysts are compared in Table S1. The bare Ti foil showed only negligible
HER activity. Moreover, at a large current density of 100 mA cm 2, C@CoP exhibited the
smallest overpotential (216 mV), which was much lower than that of the commercial Pt/C
(255 mV). The N element in carbon can serve as an H* capturer to form protonated amine
groups and transport them to the CoP surface. The effect is more pronounced at high
potentials, where the dynamics behavior is the key factor influencing catalytic activity [33].
The introduction of a carbon nanostructure in C@CoP considerably improved the HER
activity of C@CoP, confirming that the presence of a synergistic effect between carbon
and CoP led to higher catalytic activity. To further elucidate the kinetics and mechanism
of the HER, Tafel slopes were derived from the corresponding polarization curves using
the Tafel equation. The Tafel slope for C@CoP was estimated to be 65 mV dec™!, which
was close to that of commercial Pt/C (44 mV dec™!) and much lower than that of CoP
(113 mV dec™ 1) (Figures 5b and S4b). The Tafel slope for C@CoP indicates that the HER
proceeded via a Volmer-Heyrovsky mechanism, in which the electrochemical adsorption of
H,O molecules (Volmer reaction) is the rate-limiting process [34]. Through extrapolation of
the Tafel plot, the exchange current density for C@CoP was calculated to be 0.91 mA cm ™2,
which was quite close to that of Pt/C (0.97 mA cm~2). This reflects a high intrinsic rate of
the electrochemical reaction on CoP/C [35]. The C@CoP catalyst exhibited a higher HER
catalytic performance than most of the recently reported Co-based electrocatalysts, making
it one of the best reported HER catalysts in an alkaline solution. The good catalytic activity
of C@CoP is attributable to its large active area and excellent conductivity.

To further elucidate the intrinsic electrocatalytic activity of the as-prepared catalysts
toward HER, the electrochemical double-layer capacitance (Cq;) was measured to estimate
the electrochemically active surface areas (ECSAs) [36,37]. The cyclic voltammetry (CV)
curves were obtained in the non-Faradaic region of 0.2-0.3 V vs. a reversible hydrogen
electrode (RHE) at different scan rates (Figure S5). The half-differences between positive
and negative current densities at 0.25 V were linearly correlated with the scan rates, and the
slopes of the fitting curves were considered the Cq; (Figure 5c). The calculated Cg; value for
C@CoP (76.0 mF cm™2) was higher than that of C@Co304 (46.7 mF cm™2) and 25 times that
of CoP (3.1 mF cm™2), suggesting that the larger ECSA was mainly due to the introduction
of the ZIF-67-derived carbon framework. The higher Cq; of C@CoP was due to the highly
open hierarchical structure, which provides ample accessible channels for reaction and
maximal exposure of catalytic active sites; this is enhanced by the synergistic interaction
between CoP and the carbon framework [38]. Electrochemical impedance spectroscopy
(EIS) was conducted at an overpotential of 180 mV vs. RHE from 100 kHz to 0.01 Hz to
investigate the charge and mass transportation properties (Figure 5d). The fitted lines of
Nyquist plots and electrochemical impedance parameters (Table S2) were determined using
an equivalent circuit model (Figure S6). In Figure S6, Rs represents the series resistance
from the electrolyte and contacts. CPE and R; represent the constant-phase element and
resistance from the electron transport on the Ti foil-electrolyte interface, respectively; Cq;
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denotes the double-layer capacitance; and R.; denotes the charge transfer resistance [39].
The R; of the samples were almost similar because they were tested on the same substrate
electrode and in the same testing environment. The C@CoP electrode exhibited an R value
of 4.30 ), lower than that of CoP (5.43 Q) and much lower than that of C@Co30; (22.40 Q)),
indicating a higher electron transport rate and thus electrical conductivity of C@CoP.
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Figure 5. (a) HER polarization curves (inset shows a comparison of their overpotentials at different
current densities) and corresponding (b) Tafel plots, (c) linear fitting curves of Cyq, and (d) Nyquist
plots for C@CoP and reference materials. (e) Chronopotentiometric responses of C@CoP at different
current densities (10-80 mA cm—2). (f) LSV curves of C&CoP before and after 5000-cycle stability test
(inset shows the I-t chronoamperometry current curve of C@CoP for 60,000 s at an overpotential of
72 mV).

Figure 5e presents the multi-current-step chronopotentionmetric curve of C@CoP
at current densities of 10 to 80 mA cm~2. With increasing current density, the potential
increased accordingly and remained constant for the following 500 s. As the current den-
sity was reduced back to 10 and 20 mA cm ™2, the voltage was also restored and rapidly
stabilized, indicating the excellent mass transfer property of the C@CoP electrode [40].
Durability and stability are also crucial criteria for evaluating the practical utility of materi-
als and devices. The long-term durability of C@CoP was tested by performing continuous
CV cycles between —200 and 50 mV (vs. RHE) at a scan rate of 50 mV s~ lina1MKOH
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solution. The linear sweep voltammetry curves of C@CoP before and after 5000 CV cycles
were measured. Figure 5f shows that the overpotentials for C@CoP were well maintained,
with only a negligible loss of 9 mV at —10 mA cm~?2 after 5000 CV sweeps, demonstrating
its superior HER stability. The stability of C@CoP was further evaluated via chronoamper-
ometry tests conducted during electrolysis under a fixed overpotential of 72 mV, and no
significant decline in current density occurred in a period of 60,000 s (Figure 4f inset). The
morphology of C@CoP did not show a significant change after the long-term stability test
(Figure S7a). However, the characteristic peak of the O 1s spectrum at 530.3 eV disappeared,
which is related to the reduction of Co-O (Figure S7b). These results demonstrate that the
as-prepared C@CoP material is a promising HER electrocatalyst for practical applications
in the alkaline medium.

3.3.2. Electrocatalytic Oxygen Evolution

The same three-electrode system was applied to test the OER performances of C@CoP,
commercial Ir/C (20 wt% iridium on Vulcan XC-72R), and the bare Ti foil electrode [41]. The
O;-saturated 1.0 M KOH solution was used as the electrolyte, and the polarization curves of
the samples after iR compensation were measured (Figures 6a and S8a). The anode current
generated by the bare Ti foil could be neglected, and the electrochemical performance
was mainly determined by the electrocatalytic material loaded onto the electrode. C@CoP
exhibited an overpotential of 329 mV at a current density of 10 mA cm 2, which was
significantly better (i.e., lower) than those of commercial Ir/C (353 mV), CoP (399 mV),
and ZIF-67@Co(OH); (514 mV). The OER performances of C@CoP and other reported
electrocatalysts are compared in Table S3. The overpotential of C@CoP was lower than that
of commercial Ir/C under various current density conditions (Figure 6a inset). The ZIF-67-
induced carbon skeleton structure greatly improved the OER performance of C@CoP. The
OER mechanism was investigated using the calculated Tafel slopes (Figures 6b and S8b).
The Tafel slope of C@CoP was 107 mV dec !, which was considerably lower than those of
the commercial Ir/C (144 mV dec™!) and CoP (133 mV dec™ 1), demonstrating that C@CoP
exhibited the best OER kinetics.

The intrinsic electrocatalytic activity of the catalysts toward OER was also evaluated
using the ECSA [42]. The non-Faradaic region for OER was selected as 1.3-1.4 V vs. RHE,
within which CV was performed at different scanning rates (Figure S9). Following a similar
method for HER, the Cy4 was obtained from the fitting curves at 1.35 V. The calculated Cy;
value of C@CoP was 69.4 mFem 2, which was approximately three times that of C@Co304
(18.4 mF cm~2) and seven times that of CoP (10.2 mF cm™—2) (Figure 6¢). C@CoP having the
highest ECSA value among the electrocatalysts is mainly related to hierarchical nanosheet
architecture, which can effectively promote its OER activity. EIS was conducted at an
overpotential of 420 mV vs. RHE in the frequency range of 100 kHz to 0.01 Hz (Figure 6d).
The equivalent circuit model obtained from Nyquist plot fitting was the same as that of
HER (Figure S6). When the same substrate electrode and testing conditions were applied,
the R values of the various samples were almost the same (Table 54). The R of the C@CoP
electrode was 0.59 (), which was much lower than that of CoP (3.81 (). The higher electron
transport rate indicates a higher electrical conductivity of C@CoP and thus boosted OER
performance. Consistent with the HER test results, the good OER activity of C@CoP was
mainly due to the combined effect of a large active area and excellent conductivity.

A multi-current-step chronopotentiometric curve was measured for the C@CoP cat-
alyst at current densities of 10 to 80 mA cm~2 (Figure 6e). The potential increased with
the current density and remained constant for 500 s. When the current density dropped to
10 and 20 mA cm 2, the voltage quickly returned to stability, indicating that the C@CoP
electrode also exhibited superior mass transfer performance in the OER reaction [40]. The
durability and stability of C@CoP were tested via continuous CV cycling and chronoam-
perometry methods, respectively. Continuous CV scans were performed in a 1 M KOH
electrolyte solution at a scan rate of 50 mV s~!. Figure 6f shows that the polarization
curve of the CoP@C electrode was not much different after 5000 CV cycles of scanning,
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and the overpotential at a current density of —10 mA cm 2 exhibited only a small loss of
17 mV, indicating excellent OER durability. A chronoamperometry test was performed at
a fixed overpotential of 329 mV, and no significant decrease in current density occurred
after 60,000 s (Figure 6f inset). Both the morphology and O 1s HRXPS of C@CoP showed
no significant change after the long-term electrochemical test (Figure S10). The results
show that the prepared CoP@C electrocatalyst also featured excellent electrocatalytic OER
performance in an alkaline medium.
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Figure 6. (a) OER polarization curves (insets show a comparison of their overpotentials at different
current densities) and corresponding (b) Tafel plots, (c) linear fitting curves of Cyq, and (d) Nyquist
plots for C@CoP and reference materials. (e) Chronopotentiometric responses of C@CoP at different
current densities (10-80 mA cm~2). (f) LSV curves of C@CoP before and after 5000-cycle stability test
(inset shows the I-t chronoamperometry current curve of C@CoP for 60,000 s at an overpotential of
329 mV).

3.3.3. Overall Water Splitting

The superior HER and OER performances of C@CoP render it a suitable bifunctional
catalyst for overall water splitting. A two-electrode alkaline setup was assembled using a
C@CoP film loaded on a Ti foil as both the anode and cathode. C@CoP | | C@CoP required
a low cell voltage of only 1.63 V to deliver a current density of 10 mA cm~2 (Figure 7a),
similar to the requirement of Pt/C| |Ir/C under the same condition. Furthermore, the
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C@CoP | | C@CoP electrolyzer achieved a high current density of 100 mA cm~2 at a cell volt-
age of 1.94 V, which was considerably lower than that of Pt/C| [Ir/C (2.07 V) and most pre-
viously reported electrocatalysts (Table S5). The remarkable stability of C@CoP | | C@CoP
was further confirmed via a continuous It test at a current density of 10 mA cm 2 for
60,000 s, with only slight attenuation observed (Figure 7b inset). The polarization curves
of C@CoP | | C@CoP before and after overall water splitting were further compared, and
the overpotential at a current density of 10 mA cm~2 showed only a small loss of 14 mV
(Figure 7b). The gas volumes produced over time on the cathode and anode during the
water splitting were recorded (Figure 7c). The calculated results show that the gas yields
of Hy and O, were 69.6 and 34.8 uL min—!, respectively, which conformed to a ratio of 2:1
(Figure 7d). This result is consistent with the theoretical values, and the Faradaic efficiencies
of both HER and OER were close to 100%. The excellent electrocatalytic activity and high
stability of C@CoP were due to its unique architecture. The vertical array structure of
C@CoP provides a highly open space, which is beneficial for the rapid transmission of ions
and generated gases. Moreover, the hierarchical nanosheet offers abundant active sites for
HER and OER and facilitates electron transport through the strong interaction between
the CoP and the carbon skeleton. Overall, the results confirm the potential of C@CoP as a
low-cost and efficient bifunctional electrocatalyst for overall water splitting.
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Figure 7. (a) Polarization curves of overall water splitting in 1 M KOH for C@CoP | | C@CoP and
other reference assembled cells. (b) Polarization curves of C@CoP | | C@CoP before and after overall
water splitting (inset shows the I-t chronoamperometry current curve of C@CoP | | C@CoP for the
60,000 s stability test. (c) The measured and calculated output of H; and O, under a current density
of 10 mA em ™2 over time. (d) demonstration of an actual water splitting device.

4. Conclusions

We report a novel bifunctional electrocatalyst C@CoP hierarchical nanosheet com-
posed of vertical CoP- and ZIF-67-induced carbon skeletons. The multilevel structure was
fabricated through one-step electrodeposition followed by the in situ assembly of ZIF-67
crystals. The nanostructure was well preserved after carbonization and low-temperature
phosphidation under the protection of NaCl crystals. The resulting binder-free bifunctional
electrocatalyst exhibited excellent performance for both HER and OER, and the assembled
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C@CoP | |C@CoP electrolyzer showed superior overall water splitting performance, with a
Faradaic efficiency of close to 100%. The outstanding catalytic performance is attributable
to the vertical hierarchical nanosheet array architectures. The introduction of the carbon
skeleton effectively improved electrical conductivity, facilitated electrolyte transport, and
increased the exposure of the active sites. Moreover, this study demonstrated the feasi-
bility of combining the in situ preparation method with MOF template-derived carbon to
construct a hierarchical nanosheet catalyst for electrochemical overall water splitting. Re-
placing ZIF-67 with the MOF species of other corresponding metals allows for the potential
extension of the proposed method for the preparation of diverse TMP-based energy storage
and conversion electrocatalysts.
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Author Contributions: Conceptualization, M.-J.L., H.-FZ. and C.-B.L.; methodology, M.-].L., E-H.Y.
and H.-EZ; validation, M.-].L., E-H.Y,, J.-C.M., H.-Y.W. and M.-Y.H.; formal analysis, M.-].L. and
C.-B.L.; investigation, Y.-A.Y. and X.G.; resources, M.-].L. and H.-F.Z.; data curation, M.-].L., ].-C.M.,
Y.-AY. and X.G.; writing—original draft preparation, M.-].L., H.-FZ. and C.-B.L.; writing—review
and editing, M.-].L., H.-FZ. and F-H.Y,; supervision, H.-F.Z. and C.-B.L.; project administration,
M.-J.L. and H.-F.Z,; funding acquisition, M.-].L. and H.-F.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (Nos. 52100075
and 52070035) and the Jilin Province Scientific and Technological Planning Project of China
(No. 20200403001SF).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We gratefully acknowledge funding support.

Conflicts of Interest: The authors declare no conflict of interest.

1. Bo, X.; Hocking, RK.; Zhou, S.; Li, Y.; Chen, X.; Zhuang, J.; Du, Y.,; Zhao, C. Capturing the active sites of multimetallic
(oxy)hydroxides for the oxygen evolution reaction. Energy Environ. Sci. 2020, 13, 4225-4237. [CrossRef]

2. Zhang, M,; Dai, Q.; Zheng, H.; Chen, M.; Dai, L. Novel MOF-Derived Co@N-C Bifunctional Catalysts for Highly Efficient Zn-Air
Batteries and Water Splitting. Adv. Mater. 2018, 30, 1705431. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/nano13172421/s1
https://www.mdpi.com/article/10.3390/nano13172421/s1
https://doi.org/10.1039/D0EE01609H
https://doi.org/10.1002/adma.201705431
https://www.ncbi.nlm.nih.gov/pubmed/29349841

Nanomaterials 2023, 13, 2421 15 0f 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Wang, Q.; Zhang, Z.; Cai, C.; Wang, M.; Zhao, Z.L.; Li, M.; Huang, X.; Han, S.; Zhou, H.; Feng, Z.; et al. Single Iridium Atom
Doped Ni2P Catalyst for Optimal Oxygen Evolution. J. Am. Chem. Soc. 2021, 143, 13605-13615. [CrossRef] [PubMed]

Hao, S.; Liu, M; Pan, J; Liu, X,; Tan, X.; Xu, N.; He, Y.; Lei, L.; Zhang, X. Dopants fixation of Ruthenium for boosting acidic
oxygen evolution stability and activity. Nat. Commun. 2020, 11, 5368. [CrossRef]

Vijayakumar, E.; Ramakrishnan, S.; Sathiskumar, C.; Yoo, D.J.; Balamurugan, J.; Noh, H.S.; Kwon, D.; Kim, Y.H.; Lee, H. MOF-
derived CoP-nitrogen-doped carbon@NiFeP nanoflakes as an efficient and durable electrocatalyst with multiple catalytically
active sites for OER, HER, ORR and rechargeable zinc-air batteries. Chem. Eng. J. 2022, 428, 131115. [CrossRef]

Poudel, M.B.; Logeshwaran, N.; Kim, A.R.; Karthikeyan, S.C.; Vijayapradeep, S.; Yoo, D.J. Integrated core-shell assembly of Ni3S,
nanowires and CoMoP nanosheets as highly efficient bifunctional electrocatalysts for overall water splitting. J. Alloys Compd.
2023, 960, 170678. [CrossRef]

Pan, Y,; Sun, K,; Lin, Y,; Cao, X.; Cheng, Y;; Liu, S.; Zeng, L.; Cheong, W.-C.; Zhao, D.; Wu, K; et al. Electronic structure and d-band
center control engineering over M-doped CoP (M = Ni, Mn, Fe) hollow polyhedron frames for boosting hydrogen production.
Nano Energy 2019, 56, 411-419. [CrossRef]

Jiang, K.; Luo, M.; Peng, M.; Yu, Y.; Lu, Y.-R,; Chan, T.-S; Liu, P; de Groot, EM.E; Tan, Y. Dynamic active-site generation of atomic
iridium stabilized on nanoporous metal phosphides for water oxidation. Nat. Commun. 2020, 11, 2701. [CrossRef]

Poudel, M.B.; Lohani, P.C.; Acharya, D.; Kandel, D.R.; Kim, A.A.; Yoo, D.J. MOF derived hierarchical ZnNiCo-LDH on vapor
solid phase grown CuxO nanowire array as high energy density asymmetric supercapacitors. J. Energy Storage 2023, 72, 108220.
[CrossRef]

Wang, X.; Huang, G.; Pan, Z.; Kang, S.; Ma, S.; Shen, PK.; Zhu, J. One-pot synthesis of MnyP-Mn; O3 heterogeneous nanoparticles
in a P, N -doped three-dimensional porous carbon framework as a highly efficient bifunctional electrocatalyst for overall water
splitting. Chem. Eng. J. 2022, 428, 131190. [CrossRef]

Qin, Q.; Jang, H.; Li, P; Yuan, B.; Liu, X.; Cho, J. A Tannic Acid-Derived N-, P-Codoped Carbon-Supported Iron-Based
Nanocomposite as an Advanced Trifunctional Electrocatalyst for the Overall Water Splitting Cells and Zinc—Air Batteries.
Adv. Energy Mater. 2019, 9, 1803312. [CrossRef]

Liu, M,; Yang, L.; Liu, T,; Tang, Y.; Luo, S.; Liu, C.; Zeng, Y. Fe,P/reduced graphene oxide/Fe,P sandwich-structured nanowall
arrays: A high-performance non-noble-metal electrocatalyst for hydrogen evolution. J. Mater. Chem. A 2017, 5, 8608-8615.
[CrossRef]

Wen, X.; Zhang, Q.; Guan, J. Applications of metal-organic framework-derived materials in fuel cells and metal-air batteries.
Coord. Chem. Rev. 2020, 409, 213214. [CrossRef]

Poudel, M.B.; Kim, A.R.; Ramakrishan, S.; Logeshwaran, N.; Ramasamy, S.K.; Kim, H.J.; Yoo, D.J. Integrating the essence of
metal organic framework-derived ZnCoTe-N-C/MoS, cathode and ZnCo-NPS-N-CNT as anode for high-energy density hybrid
supercapacitors. Compos. Part B Eng. 2022, 247,110339. [CrossRef]

Hu, H.; Han, L.; Yu, M.; Wang, Z.; Lou, X.W. Metal-organic-framework-engaged formation of Co nanoparticle-embedded
carbon@Co9S8 double-shelled nanocages for efficient oxygen reduction. Energy Environ. Sci. 2016, 9, 107-111. [CrossRef]

Liu, T,; Li, P,; Yao, N.; Cheng, G.; Chen, S.; Luo, W.; Yin, Y. CoP-Doped MOF-Based Electrocatalyst for pH-Universal Hydrogen
Evolution Reaction. Angew. Chem. Int. Ed. 2019, 58, 4679-4684. [CrossRef]

Gross, A.E,; Sherman, E.; Vajo, ].]. Aqueous room temperature synthesis of cobalt and zinc sodalite zeolitic imidizolate frameworks.
Dalton Trans. 2012, 41, 5458-5460. [CrossRef]

Zhao, Y.; Nakamura, R.; Kamiya, K.; Nakanishi, S.; Hashimoto, K. Nitrogen-doped carbon nanomaterials as non-metal electrocat-
alysts for water oxidation. Nat. Commun. 2013, 4, 2390. [CrossRef]

Li, Z.; Shao, M.; An, H.; Wang, Z.; Xu, S.; Wei, M.; Evans, D.G.; Duan, X. Fast electrosynthesis of Fe-containing layered double
hydroxide arrays toward highly efficient electrocatalytic oxidation reactions. Chem. Sci. 2015, 6, 6624—6631. [CrossRef]

Ding, W,; Li, L.; Xiong, K.; Wang, Y.; Li, W.; Nie, Y.; Chen, S.; Qi, X.; Wei, Z. Shape Fixing via Salt Recrystallization: A Morphology-
Controlled Approach To Convert Nanostructured Polymer to Carbon Nanomaterial as a Highly Active Catalyst for Oxygen
Reduction Reaction. J. Am. Chem. Soc. 2015, 137, 5414-5420. [CrossRef]

Huang, X.; Xu, X,; Li, C.; Wu, D.; Cheng, D.; Cao, D. Vertical CoP Nanoarray Wrapped by N,P-Doped Carbon for Hydrogen
Evolution Reaction in Both Acidic and Alkaline Conditions. Adv. Energy Mater. 2019, 9, 1803970. [CrossRef]

Lin, Y,; Yang, L.; Zhang, Y.; Jiang, H.; Xiao, Z.; Wu, C.; Zhang, G.; Jiang, ].; Song, L. Defective Carbon—CoP Nanoparticles Hybrids
with Interfacial Charges Polarization for Efficient Bifunctional Oxygen Electrocatalysis. Adv. Energy Mater. 2018, 8, 1703623.
[CrossRef]

Zhu, Y.-P; Liu, Y.-P; Ren, T.-Z.; Yuan, Z.-Y. Self-Supported Cobalt Phosphide Mesoporous Nanorod Arrays: A Flexible and
Bifunctional Electrode for Highly Active Electrocatalytic Water Reduction and Oxidation. Adv. Funct. Mater. 2015, 25, 7337-7347.
[CrossRef]

Yang, X.; Lu, A.-Y,; Zhu, Y,; Hedhili, M.N.; Min, S.; Huang, K.-W.; Han, Y,; Li, L.-J. CoP nanosheet assembly grown on carbon
cloth: A highly efficient electrocatalyst for hydrogen generation. Nano Energy 2015, 15, 634-641. [CrossRef]

Bai, J.; Xi, B.; Mao, H,; Lin, Y.; Ma, X.; Feng, J.; Xiong, S. One-Step Construction of N,P-Codoped Porous Carbon Sheets/CoP
Hybrids with Enhanced Lithium and Potassium Storage. Adv. Mater. 2018, 30, 1802310. [CrossRef]

Yu,J; Li, Q; Li, Y; Xu, C.-Y.; Zhen, L.; Dravid, V.P; Wu, J. Ternary Metal Phosphide with Triple-Layered Structure as a Low-Cost
and Efficient Electrocatalyst for Bifunctional Water Splitting. Adv. Funct. Mater. 2016, 26, 7644-7651. [CrossRef]


https://doi.org/10.1021/jacs.1c04682
https://www.ncbi.nlm.nih.gov/pubmed/34465098
https://doi.org/10.1038/s41467-020-19212-y
https://doi.org/10.1016/j.cej.2021.131115
https://doi.org/10.1016/j.jallcom.2023.170678
https://doi.org/10.1016/j.nanoen.2018.11.034
https://doi.org/10.1038/s41467-020-16558-1
https://doi.org/10.1016/j.est.2023.108220
https://doi.org/10.1016/j.cej.2021.131190
https://doi.org/10.1002/aenm.201803312
https://doi.org/10.1039/C7TA01791J
https://doi.org/10.1016/j.ccr.2020.213214
https://doi.org/10.1016/j.compositesb.2022.110339
https://doi.org/10.1039/C5EE02903A
https://doi.org/10.1002/anie.201901409
https://doi.org/10.1039/c2dt30174a
https://doi.org/10.1038/ncomms3390
https://doi.org/10.1039/C5SC02417J
https://doi.org/10.1021/jacs.5b00292
https://doi.org/10.1002/aenm.201803970
https://doi.org/10.1002/aenm.201703623
https://doi.org/10.1002/adfm.201503666
https://doi.org/10.1016/j.nanoen.2015.05.026
https://doi.org/10.1002/adma.201802310
https://doi.org/10.1002/adfm.201603727

Nanomaterials 2023, 13, 2421 16 of 17

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Cargnello, M. Formic Acid Dehydrogenation: Phosphides Strike Again. Joule 2018, 2, 379-380. [CrossRef]

Wang, C.; Jiang, J.; Ding, T.; Chen, G.; Xu, W.; Yang, Q. Monodisperse Ternary NiCoP Nanostructures as a Bifunctional
Electrocatalyst for Both Hydrogen and Oxygen Evolution Reactions with Excellent Performance. Adv. Mater. Interfaces 2016,
3, 1500454. [CrossRef]

Liu, P; Rodriguez, J.A. Catalysts for Hydrogen Evolution from the [NiFe] Hydrogenase to the Ni, P(001) Surface: The Importance
of Ensemble Effect. J. Am. Chem. Soc. 2005, 127, 14871-14878. [CrossRef]

Zhang, J.; Zhao, Z.; Xia, Z.; Dai, L. A metal-free bifunctional electrocatalyst for oxygen reduction and oxygen evolution reactions.
Nat. Nanotechnol. 2015, 10, 444-452. [CrossRef]

Wang, Z.; Dong, Y.; Li, H.; Zhao, Z.; Bin Wu, H.; Hao, C.; Liu, S.; Qiu, J.; Lou, X.W. Enhancing lithium—sulphur battery performance
by strongly binding the discharge products on amino-functionalized reduced graphene oxide. Nat. Commun. 2014, 5, 5002.
[CrossRef]

Zhang, H.; Hwang, S.; Wang, M.; Feng, Z.; Karakalos, S.; Luo, L.; Qiao, Z.; Xie, X.; Wang, C.; Su, D.; et al. Single Atomic Iron
Catalysts for Oxygen Reduction in Acidic Media: Particle Size Control and Thermal Activation. J. Am. Chem. Soc. 2017, 139,
14143-14149. [CrossRef] [PubMed]

Feng, J.-X; Tong, S.-Y.; Tong, Y.-X,; Li, G.-R. Pt-like Hydrogen Evolution Electrocatalysis on PANI/CoP Hybrid Nanowires by
Weakening the Shackles of Hydrogen Ions on the Surfaces of Catalysts. . Am. Chem. Soc. 2018, 140, 5118-5126. [CrossRef]
[PubMed]

Ge, Y;; Dong, P; Craig, S.R.; Ajayan, PM.; Ye, M.; Shen, ]. Transforming Nickel Hydroxide into 3D Prussian Blue Analogue Array
to Obtain NiyP/Fe,P for Efficient Hydrogen Evolution Reaction. Adv. Energy Mater. 2018, 8, 1800484. [CrossRef]

Zheng, Y.; Jiao, Y.; Jaroniec, M.; Qiao, S.Z. Advancing the Electrochemistry of the Hydrogen-Evolution Reaction through
Combining Experiment and Theory. Angew. Chem. Int. Ed. 2015, 54, 52-65. [CrossRef]

Lu, X.-E; Gu, L.-F; Wang, J.-W.; Wy, J.-X,; Liao, P.-Q.; Li, G.-R. Bimetal-Organic Framework Derived CoFe,O,/C Porous Hybrid
Nanorod Arrays as High-Performance Electrocatalysts for Oxygen Evolution Reaction. Adv. Mater. 2017, 29, 1604437. [CrossRef]
Kong, D.; Wang, H.; Lu, Z.; Cui, Y. CoSe; Nanoparticles Grown on Carbon Fiber Paper: An Efficient and Stable Electrocatalyst for
Hydrogen Evolution Reaction. J. Am. Chem. Soc. 2014, 136, 4897-4900. [CrossRef]

Wang, X.-D.; Xu, Y.-F; Rao, H.-S.; Xu, W.-J.; Chen, H.-Y.; Zhang, W.-X,; Kuang, D.-B.; Su, C.-Y. Novel porous molybdenum
tungsten phosphide hybrid nanosheets on carbon cloth for efficient hydrogen evolution. Energy Environ. Sci. 2016, 9, 1468-1475.
[CrossRef]

Huang, Y.; Ge, J.; Hu, J.; Zhang, J.; Hao, J.; Wei, Y. Nitrogen-Doped Porous Molybdenum Carbide and Phosphide Hybrids on a
Carbon Matrix as Highly Effective Electrocatalysts for the Hydrogen Evolution Reaction. Adv. Energy Mater. 2018, 8, 1701601.
[CrossRef]

Wang, Z.; Liu, H.; Ge, R.; Ren, X,; Ren, J.; Yang, D.; Zhang, L.; Sun, X. Phosphorus-Doped Co304 Nanowire Array: A Highly
Efficient Bifunctional Electrocatalyst for Overall Water Splitting. ACS Catal. 2018, 8, 2236—2241. [CrossRef]

Yuan, L,; Yan, Z,; Jiang, L.; Wang, E.; Wang, S.; Sun, G. Gold-iridium bifunctional electrocatalyst for oxygen reduction and oxygen
evolution reactions. J. Energy Chem. 2016, 25, 805-810. [CrossRef]

Jeon, S.S.; Kang, P.W.; Klingenhof, M.; Lee, H.; Dionigi, F; Strasser, P. Active Surface Area and Intrinsic Catalytic Oxygen
Evolution Reactivity of NiFe LDH at Reactive Electrode Potentials Using Capacitances. ACS Catal. 2023, 13, 1186-1196. [CrossRef]
Zhao, X.; Zhang, Q.; Huang, X,; Ding, L.; Yang, W.; Wang, C.; Pan, Q. Polyoxometalate@ZIF-67 derived carbon-based catalyst for
efficient electrochemical overall seawater splitting and oxygen reduction. Int. J. Hydrogen Energy 2022, 47, 2178-2186. [CrossRef]
Yan, Y.; Han, Y.; Wang, F.; Hu, Y,; Shi, Q.; Diao, G.; Chen, M. Bifunctional electrocatalyst of CoxFey-C for overall water splitting.
J. Alloys Compd. 2022, 897, 163126. [CrossRef]

Wang, Y,; Jiao, Y.; Yan, H.; Yang, G.; Tian, C.; Wu, A,; Liu, Y.; Fu, H. Vanadium-Incorporated CoP, with Lattice Expansion for
Highly Efficient Acidic Overall Water Splitting. Angew. Chem. Int. Ed. Engl. 2022, 61, €202116233. [CrossRef]

Meena, A.; Thangavel, P.; Nissimagoudar, A.S.; Narayan Singh, A.; Jana, A.; Sol Jeong, D.; Im, H.; Kim, K.S. Bifunctional
oxovanadate doped cobalt carbonate for high-efficient overall water splitting in alkaline-anion-exchange-membrane water-
electrolyzer. Chem. Eng. ]. 2022, 430 Pt 1, 132623. [CrossRef]

Lu, Z.; Cao, Y,; Xie, J.; Hu, J.; Wang, K.; Jia, D. Construction of CopP/CoP@Co@NCNT rich-interface to synergistically promote
overall water splitting. Chem. Eng. J. 2022, 430 Pt 2, 132877. [CrossRef]

Xiao, L.; Bao, W.; Zhang, ].; Yang, C.; Ai, T,; Li, Y.; Wei, X,; Jiang, P.; Kou, L. Interfacial interaction between NiMoP and NiFe-LDH
to regulate the electronic structure toward high-efficiency electrocatalytic oxygen evolution reaction. Int. J. Hydrogen Energy 2022,
47,9230-9238. [CrossRef]

Lai, W.-H.; Zhang, L.-F,; Hua, W.-B.; Indris, S.; Yan, Z.-C.; Hu, Z.; Zhang, B.; Liu, Y.; Wang, L.; Liu, M.; et al. General n-Electron-
Assisted Strategy for Ir, Pt, Ru, Pd, Fe, Ni Single-Atom Electrocatalysts with Bifunctional Active Sites for Highly Efficient Water
Splitting. Angew. Chem. Int. Ed. 2019, 58, 11868-11873. [CrossRef]

Adamson, W,; Bo, X; Li, Y.;; Suryanto, B.H.R.; Chen, X.; Zhao, C. Co-Fe binary metal oxide electrocatalyst with synergistic
interface structures for efficient overall water splitting. Catal. Today 2020, 351, 44-49. [CrossRef]

Yu, C.; Huang, H.; Zhou, S.; Han, X.; Zhao, C.; Yang, J.; Li, S.; Guo, W.; An, B.; Zhao, J.; et al. An electrocatalyst with anti-oxidized
capability for overall water splitting. Nano Res. 2018, 11, 3411-3418. [CrossRef]


https://doi.org/10.1016/j.joule.2018.03.001
https://doi.org/10.1002/admi.201500454
https://doi.org/10.1021/ja0540019
https://doi.org/10.1038/nnano.2015.48
https://doi.org/10.1038/ncomms6002
https://doi.org/10.1021/jacs.7b06514
https://www.ncbi.nlm.nih.gov/pubmed/28901758
https://doi.org/10.1021/jacs.7b12968
https://www.ncbi.nlm.nih.gov/pubmed/29609454
https://doi.org/10.1002/aenm.201800484
https://doi.org/10.1002/anie.201407031
https://doi.org/10.1002/adma.201604437
https://doi.org/10.1021/ja501497n
https://doi.org/10.1039/C5EE03801D
https://doi.org/10.1002/aenm.201701601
https://doi.org/10.1021/acscatal.7b03594
https://doi.org/10.1016/j.jechem.2016.04.013
https://doi.org/10.1021/acscatal.2c04452
https://doi.org/10.1016/j.ijhydene.2021.10.186
https://doi.org/10.1016/j.jallcom.2021.163126
https://doi.org/10.1002/anie.202116233
https://doi.org/10.1016/j.cej.2021.132623
https://doi.org/10.1016/j.cej.2021.132877
https://doi.org/10.1016/j.ijhydene.2021.12.258
https://doi.org/10.1002/anie.201904614
https://doi.org/10.1016/j.cattod.2019.01.060
https://doi.org/10.1007/s12274-017-1964-x

Nanomaterials 2023, 13, 2421 17 of 17

52. Singh, M.; Nguyen, T.T.; Balamurugan, J.; Kim, N.H.; Lee, ].H. Rational manipulation of 3D hierarchical oxygenated nickel
tungsten selenide nanosheet as the efficient bifunctional electrocatalyst for overall water splitting. Chem. Eng. J. 2022, 430 Pt 2,
132888. [CrossRef]

53. Huang, Y; Li, M.; Yang, W,; Yu, Y;; Hao, S. 3D ordered mesoporous cobalt ferrite phosphides for overall water splitting. Sci. China
Mater. 2020, 63, 240-248. [CrossRef]

54. Liu, G.; Wang, K,; Wang, L.; Wang, B.; Lin, Z.; Chen, X.; Hua, Y.; Zhu, W,; Li, H,; Xia, J. A Janus cobalt nanoparticles and
molybdenum carbide decorated N-doped carbon for high-performance overall water splitting. J. Colloid Interface Sci. 2021, 583,
614-625. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.cej.2021.132888
https://doi.org/10.1007/s40843-019-1171-3
https://doi.org/10.1016/j.jcis.2020.09.007

	Introduction 
	Materials and Methods 
	Chemicals 
	Materials Fabrication 
	Characterization 
	Catalytic Performance 

	Results and Discussion 
	Structural Analysis of the Material 
	Composition and Structure Characterization 
	Electrocatalytic Performance 
	Electrocatalytic Hydrogen Evolution 
	Electrocatalytic Oxygen Evolution 
	Overall Water Splitting 


	Conclusions 
	References

