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Abstract

Bimetallic transition metal phosphides (TMPs) as potential candidates for superior
electrochemical performance are still facing great challenges in the controllable preparation of two-
dimensional (2D) structures with high aspect ratio. Herein, a novel structure of quasi-monolayered
NiCo-bimetal-phosphide (NiCoP) has been designed and successfully synthesized by the newly
developed process combined with ultrasonic-cavitation and phase-transition. This is the first time
to break through the controllable preparation of 2D bimetal-phosphides with a thickness of 0.98
nm in sub-nanoscale. Based on the advantages of 2D quasi-monolayer structure with dense
crystalline-amorphous interface and the reconfigured electronic structure between Ni’*/Co’" and
P9, the optimized Nisy%CoP exhibits an outstanding bifunctional performance for electrocatalyzing
both hydrogen evolution reaction and oxygen evolution reaction in an alkaline medium. Nisy,CoP
presents lower overpotentials and voltage of 84 mV & 259 mV and 1.48 V at the current density
of 10 mA-cm2 for HER & OER and overall water splitting, respectively, which are superior to
most other reported 2D bimetal-phosphides. This work provides a new strategy to optimize the
performance of electrolytic water for bimetal-phosphates and it may be of significant value in

extending the design of other ultrathin 2D structured catalysts.

Keywords: 2D quasi-monolayer; Hydrogen evolution reaction; Bimetal phosphide; Oxygen

evolution reaction; Ultrasonic-cavitation
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1. Introduction

Hydrogen production by electrolytic water splitting has been regarded as one of ways for
generation of green energy [1]. However, both the hydrogen evolution reaction (HER) at cathode
and oxygen evolution reaction (OER) at anode require scarce noble metal to meet high
electrochemical catalysis performance and superior stability [2]. In order to design and fabricate
efficient non-noble-metal based catalysts for bifunctional overall water splitting, abundant 3d
transition metal (Co, Ni, Fe, Mn, V, etc.) alloys and their chalcogenides, carbides, nitrides,
phosphides have been widely explored [3]. Among them, transition metal phosphides (TMPSs) have
attracted special attention due to the high catalytic activity of bifunctional overall water splitting
derived from their hydrogenase-like catalytic mechanism [4,5], which benefits from unique
charging properties of TMPs (positive and negative charges in metal and phosphorus (M°* and P?"),
respectively). M?* & P?~ function as proton-acceptor sites & hydride-acceptor sites and coexist on
the catalytic crystal surface, which so-called “ensemble effect” that would facilitate overall water
splitting [4]. The TMPs are essentially an interstitial compound. The P atoms entering the lattice
of the transition metal will increase the spacing between the metal atoms compared with that in the
pure phase metal, which will weaken the interaction between the atoms and shrink the d-band of
the corresponding transition metal, thus results in an increase in the density of states near the Fermi
level (i.e. the energy level density of TMPs) compared with the transition metal monomer [6]. This
endows TMPs with superior catalytic properties similar to noble metals. In addition, bimetallic
phosphates show much better properties than the corresponding monometallic ones [7]. The
number of redox centers and conductivity of bimetallic phosphates were significantly improved
when the second metal was introduced into the monometallic phosphides [8,9]. More importantly,
this process does not change the crystal structure of monometallic phosphides [8]. At the same
time, lattice defects or tensile/compression strains caused by the introduction of a second metal or
heterostructure/stacking faults during the formation of bimetallic phosphides greatly improves the
electrochemical intrinsic activity [10].

An ideal electrochemical catalyst for overall water splitting should have the following
outstanding characteristics, the maximum exposure of active sites caused by nano-scale, the
improvement of catalytic activity per geometric area caused by high aspect ratio, the enhancement
of reactants and products mass transfer caused by porous structure [11], the promotion of electron
transfer caused by good conductivity, and the improvement of internal catalysis caused by unique

physical and chemical properties [12,13]. However, for TMPs with crystal structure of trigonal
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prisms, controllable synthesis of two-dimensional (2D) structure of porous structure with high
aspect ratio in nano scale is a huge challenge [14,15], let alone sub-nanometer level. In recent years,
high-intensity ultrasound method, with its advantages of simplicity, efficiency, and cost-
effectiveness, provides an effective synthetic strategy for nanomaterials [16]. Ultrasound waves
promote the mass transfer between the liquid-solid interfaces. Shock waves (60 kPa) and micro jets
(4 km s™1) generated by ultrasound could accelerate the prime particles to high velocities. The
collision of these powerful particles leads to their effective fusion, i.e., resulting in ultrasound
induced aggregation [17]. Therefore, ultrasound method could be a suitable way to construct 2D
nanostructure. However, this technique has never been used for synthesis of 2D TMPs with a sub-
nanometer thickness as the effective electrocatalyst toward water splitting.

In this work, a novel 2D sub-nanostructure of quasi-monolayered NiCo-bimetal-phosphide
(NiCoP) has been successfully synthesized using a strategy cooperated ultrasonic-cavitation with
phase-transition (UC-PT). When it is used as HER catalyst for electrolytic water splitting, the P~
not only act as proton hydrogen acceptor sites, but also reduce the free energy of adsorbed hydrogen
(H*) on the Ni®*/Co’" active sites. This accelerates the H* desorption process. Simultaneously,
OER activity can also be improved through the formation of NiCoP@NiCoPOx core-shell
structures under an OER overpotential. Besides, the formed abundant and dense crystalline-
amorphous (c-a) interfaces provide the suitable crystallinity to balance conductivity and
electrocatalytic activity, which have been explained by establishing mathematical models. Thus,
Nis%CoP only needs lower overpotentials and voltage of 84 mV&259 mV and 1.48 V to achieve
the current density of 10 mA-cm2 for HER&OER and overall water splitting which can maintain
for 12 h. Further, it realizes a large current density of 267 mA-cm™2 at 1.80 V for overall water
splitting, which can meet the basic requirements of commercial catalysts for electrolytic water and
provide an important guarantee for further commercialization attempts.

2. Experimental section
2.1. Materials and reagents.

Cobalt chloride hexahydrate (CoCl.-6H20, 98%), nickel chloride hexahydrate (NiCl2-6H20,
98%), sodium borohydride (NaBHa, 98%), sodium hydride (NaH, 60% dispersion in mineral oil),
sodium hydroxide (NaOH, 98%), sodium hypophosphite monohydrate (NaH2PO2-6H,0, 99%),
20% PtC, RuO2, and ethanol were obtained from Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China).

2.2. The preparation of CoP and NiCoP.
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CoCl2-6H20 (83.3 mg) was dissolved in deionized water (100 mL). Then, 60 mL of this prepared
solution was mixed dropwise with a freshly prepared NaBHa4 solution (13 mM, 30 mL) under
ultrasonic agitation. After 120 min of reaction, the product of Co(OH). was collected by
centrifugation and washed by ethanol and water several times. It was then dried in a freeze drier.
Two quartz crucibles were put into a tubular furnace. One was loaded with NaH.PO> (1.8 g) and
placed on the upwind side. The other one was loaded with Co(OH)2 (12 mg) and placed at the
downwind side. They were heated up to 350°C (with a heating rate of 2°C-min ) and kept for 3 h
at 350°C for a complete phosphorization. NiCoP were synthesized by a similar protocol of the CoP,
except that the starting solutions have dissolved CoClz-6H.O (83.3 mg dissolved in 100 mL
deionized water, 30 mL) plus NiCl2-6H20 solution (4.2 mg dissolved in 100 mL deionized water,
30 mL).

2.3. Characterization.

Surface morphologies, thicknesses, and crystal lattice spacings of samples were observed using
a scanning electron microscope (SEM, HITACHIS-4800, Japan), an atomic force microscope
(AFM, Multimode Nanoscope VIII, America), and a high-resolution transmission electron
microscope (HR-TEM, JEM-2100, Japan). Elemental information of samples was obtained using
an energy-dispersive X-ray spectroscopy (EDS) at 20 keV. X-ray diffraction patterns were obtained
using an X-ray diffractometer (XRD, D/max-RB, Germany) with a Cu Ka radiation source (y =
0.154056 nm) at 26 = 10-80° with the scanning rate of 0.05°/s. Chemical elements and their
bonding information were obtained using an X-ray photoelectron spectroscope (XPS, PHI-5000C
ESCA, America) with Al Ka radiation (hv = 1486.6 eV) on an inVia (Renishaw, U.K.) with He-
Ne laser at 1 = 514 nm and a power of 10 to 20 mW. Surface areas were measured using the
Brunauer-Emmett-Teller (BET, Micromeritics TRISTAR 3020) method at a relative pressure P/Pg
from 0.05 to 0.25. The in situ Raman spectra of Nis«CoP were obtained using a Renishaw inVia
with in situ test electrolytic cell of Gaoss Union C031-2 at the wavelength of 532 nm.

2.4 Electrochemical measurements.

Electrochemical performance of the as-prepared materials was measured using an
electrochemical workstation (CHI 760E, Shanghai Chenhua). The standard three-electrode setup
was composed of a counter electrode (graphite rod, Alfa Aesar, 99.9995%), a reference electrode
(Ag/AgCl, 3 M KCl solution), and a working electrode (as-prepared samples were coated on glassy
carbon electrode (GCE)). The Ag/AgCl was calibrated to a reversible hydrogen electrode (RHE)
based on the Eq. 1:
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ErHE)= E(ag/agel) + Eagagey + 0.059 x pH 1
The electrode slurries were prepared by sonicating a mixture of catalyst (4 mg), Nafion (10 uL),
and solvent (water/ethanol with volume ratio 3:1, 1 mL) for 30 min until a homogenous dispersion
was formed. The electrode slurries of 10 ulL were dropped onto the GCE with a diameter of 3 mm,
which was naturally dried to form a working electrode. Processes of hydrogen evolution reaction
and oxygen evolution reaction were carried out in a 1 M KOH aqueous solution (pH = 14) at
ambient temperature after blowing N2 and O for 30 min, respectively. Before the data collection,
the activation treatment was implemented via 40 cycles of cyclic voltammetry (CV) in the range
of 0.2 ~ 0.6 V (vs. RHE). Linear sweep voltammetry (LSV) of samples was used to examine the
electrochemical activities and carried out within a range of 0.3 ~0.5V (vs. RHE)and 1.2 ~ 1.7 V
(vs. RHE) at a scan rate of 2 mV s for HER and OER, respectively. All the polarization curves
were presented with iR correction. The compensated potential was determined using Eqg. 2:
Ecompensated = Emeasured — 1 X RS 2
where Rs is the series resistance determined by electrochemical impedance spectroscopy (EIS),
which was obtained at an amplitude of 5 mV within a frequency range from 105 to 0.01 Hz. For
the determination of double layer capacitance (Cq), CV scans between 0.2~0.6 V (vs. RHE) were
conducted at scan rates of 20, 40, 60, 80, and 100 mV s*. Additionally, the long-term stability test
of catalysts was conducted with the applied potential of 90 mV (HER) and 1.5 mV (OER) vs. RHE
for 12 h.
3. Results and discussion
3.1 Fabrication and structure.
2D quasi-monolayered NiCoP is synthesized through a newly developed UC-PT process, as
illustrated in Fig. 1. In Step 1, OH™ generated from the hydrolysis processes, in which BH4* react
with Ni?*/Co?* to form NiCo(OH)., according to Egs. 3-5 [18-20]:

BH.* + 2H,0 — BO2 + 4H> 3
BO, +2H,0 — BO3> + OH™ 4
Ni?*/Co?* + 20H~ — NiCo(OH), 5

To verify the conversion of OH™ from the hydrolysis process of BH4", the NaH and NaOH were
selected (Fig. S1). Smooth and spherical nanoparticles were obtained when NaBH4 was replaced
with NaH. If NaOH is used, a mixed morphology of flower sphere, nano particles, and nano sphere
can be observed. These results unambiguously confirm that the involvement of hydroxyl converted

from boron species is crucial in forming the ultrathin NiCo(OH),. Meanwhile, cavitation bubbles
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are generated due to high-frequency oscillations of the ultrasonic waves. When cavitation bubbles
are randomly ruptured, the generated high-speed micro-jets and shock waves effectively promote
self-assembly of NiCo(OH). to form ultrathin quasi-monolayered NiCo(OH). (Step 2) [21]. The
unfolding degree of NiCo(OH); increases with the increase of ultrasonic power (Fig. S2). The
subsequent phosphating process produces 2D quasi-monolayered NiCoP through the synchronous
phase-transition process of NiCo(OH). and the decomposition product PHz of NaH2PO- (Step 3,
Egs. 6-7) [22].

A
NaH2PO,; —» PHs + NaaHPO4 6

A
NiCo(OH)2 + PH3z = NiCoP + H201 7
(NiCo)304 will be obtained if there is no phosphorus source, which indirectly proves this process
(Fig. S3, Eq. 8).

A
NiCo(OH)2 = (NiC0)304 8

OH P oo %S St S oS 0 0
OH s,\“;)) OH Self-assembly NAAE N2 D(,:*
- -on StepZ }A / / l \_‘,‘_"J

Ultrasonic
Step 1 cavitation Quasi-monolayer of NiCo(OH),

) N B g AN

on -\? A . |
b, -7 e S . L
BO— ey PH, Phase-transition

BO,

BO, -

BO, - M ‘PR
“ P B, 4 t; 0&
@ Ni BH," YN,

& Co = 'g Quasi-monolayer of NiCoP

Fig. 1. Synthesis scheme of 2D quasi-monolayered NiCoP by cavitation at the ultrasonic-pulse interface.

Fig. 2 shows characterization results for the obtained 2D quasi-monolayered Nis»CoP under the
optimized synthesis conditions. In Fig. 2(a and b), SEM images reveal 2D sub-nanostructures with
a thickness of 0.98 nm. Abundant mesopores can be observed from TEM image (Fig. 2c). The
estimated surface area is ~110.74 m2-g~* and the average pore diameter is 5 nm, which was obtained
by BET measurement (Fig. S4). Such structures can create abundant edges and expose numerous
active sites, both of which are highly beneficial for the kinetic process toward electrocatalytic water
splitting. HR-TEM image (Fig. 2d) shows a fringe spacing of 0.22 nm, corresponding to the (111)
facet of NiswCoP. Apparent c-a interfaces are observed in Fig. S5, where the crystalline phase

promotes the electron transfer and the amorphous phase with abundant unsaturated coordination
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sites provides plentiful adsorption sites of intermediates [23]. Meanwhile, the c-a interfaces can
modulate the electron structure of Nis,CoP and optimize the adsorption/desorption of
intermediates, thus promoting the electrocatalytic performance of both HER and OER for
electrolytic water splitting [24]. The selected area diffraction (SAED) pattern of the 2D quasi-
monolayered Nis«CoP presents its (111) and (201) plane facets (Inset of Fig. 2d), which are also
confirmed by XRD pattern (Fig. 2e above). It reveals the diffraction peaks at 40.99°, 44.90°,
47.58°, 54.44°, 54.74°, and 55.33°, which are respectively corresponding to (111), (201), (210),
(300), (002), and (211) lattice planes of hexagonal NiCoP (PDF#: 71-2336). EDS (Fig. 2e below)
and elemental mapping (Fig. 2f) reveal the uniform distribution of Co, Ni, and P. This clearly
reveals that the obtained Nis%CoP crystals have a lattice integrated with Ni/Co hetero-metal co-site

atoms, owing to the similar atom radii of both Ni and Co [25].

- ~ '™ L
(e) @01 219
(111) (210)
| | PDF#71-2336
T | C

Co P

Ni

810 800 790 780 880 870 860 850 140 135 130
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 2. SEM (a), AFM (b), TEM (c), HR-TEM (SAED pattern illustration) (d), XRD pattern (above) and EDS
spectra (below) (e), mapping images (f) of Nis»CoP. Detail XPS spectra for Co 2p, P 2p, and Ni 2p of CoP and
NisyCOP (g-i).

Survey spectra of XPS for Nis,CoP and CoP were obtained to investigate their chemical states
of different elements (Fig. S6). The survey spectrum of Nis¢,CoP reveals the existence of Co, Ni,
and P, while Ni is absent in the survey spectrum of CoP. High resolution spectra of Co 2p for both
the Nis»CoP and CoP exhibit two regions (Fig. 2g). Peaks at 781.58 eV are attributed to Co 2pay,
while the peak at 785.98 eV belongs to the satellite peak of Co 2ps2. The Co 2p12 region also
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exhibits two main peaks at 797.98 eV and one satellite peak at 803.78 eV [26]. The above spin-
orbit doublets could be ascribed to oxidized states of Co species, which may be due to the
superficial oxidation of Nis«CoP [27]. For peaks of 778.28 and 793.38 eV are assigned to the cobalt
phosphide (Co-P) bond [28]. This binding energy is also found to be slightly higher than that of
metallic Co (778.2 eV) [29], indicating that the Co carries a partially positive charge (Co%", ¢ is
likely to close to 0) in NisewCoP [30]. Similarly, peaks at 853.38 eV and 870.58 eV in the Ni 2p
region are observed (Fig. 2h) [31], suggesting the presence of partially charged Ni species (Ni’")
derived from Ni-P compounds in NiseCoP. Note that the binding energy of 853.38 eV is also close
to that of metallic Ni (852.6 eV) [32]. The signals at 856.58 eV (2pz12) and 873.88 eV (2p1/2) with
their satellite peaks at 863.38 and 880.98 eV are assigned to oxidized states of Ni species [31]. In
Fig. 2(i), three peaks corresponding to P 2p are noted. The peak attributed to phosphate (NiCoPOy)
at 134.28 eV is caused by the superficial oxidation of Nis»CoP after exposure to air [27]. Peaks of
130.88 eV and 129.98 eV are assigned to P bonded with Ni or Co (Ni-P or Co-P), respectively
[33]. It is worth noting that compared with Co(0) (778.2 eV), Ni(0) (852.6 eV), and P(0) (130.2
eV), Ni and Co in Nis»CoP have partly positive charge (°*) shifts, while P shows a negative charge
(%) shift. This result indicates the low electron density transfer from Ni and Co to P, due to the
much stronger transfer of P than Ni and Co, which exacerbates the polarization of electrons [34].
Besides, it was reported that the local electric dipoles produced by Ni, Co, and P can reduce the
energy barrier of the catalytic process and increase the catalytic activity [35]. In general, the
sluggish kinetics of the overall water splitting under an alkaline condition could be caused by two
reasons. The first one is that the transport rate of OH™ is lower than that of H* in an alkaline
electrolyte solution. The other one is due to the increased difficulty for the cleavage of HO-H bonds
in water molecules than that in the hydrated protons [36]. For the above two points, the capture of
H* by P?~ and the adsorption of OH™ by the unfilled d-orbitals of Ni®*/Co’" result in the Nisy,CoP
effectively catalyzes the cleavage of HO-H bonds [37]. The generated H* are further transferred to
the adjacent active Ni’*/Co’" sites. The continuous dissociation and transfer of H* accelerate the
Volmer-Heyrosky process [38].
3.2. Evaluation of electrocatalytic activity.

In order to accurately evaluate intrinsic activity, the electrode slurries containing synthesized 2D
quasi-monolayered NiCoP were prepared and directly coated onto the surface of GCE to study its
electrocatalytic performance in a 1 M KOH solution. For the HER process, Fig. 3(a) plots the

polarization curves of the LSV. Nis»%CoP shows a low overpotential at the current density of 10


https://www.sciencedirect.com/science/article/pii/S2095495620301789#fig0002

235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251

252
253

254
255
256
257
258

mA-cm 2 (510) of 84 mV which surpasses the precursor of Nis,Co(OH). (Fig. S7) and compared
materials of Ni2s54CoP, Niig%CoP, CoP, and (NiCo)304. The overpotential of Nis»CoP is also
superior to most other reported TMPs (Table S1). The Nis,CoP achieves large current densities of
180 mA-cm 2 at an overpotential of 390 mV, which is much larger than that of Niz.s,COP,
Ni10CoP, and CoP. The Tafel slopes of Ni2.5%CoP, Nis%CoP, Niiw%CoP, and CoP are 70, 67, 73,
and 75 mV-dec™* (Fig. 3b and Fig. S8, Table S2), which are all within range of 40-120 mV-dec ™.
This means that they all follow the VVolmer-Heyrovsky mechanism [39]. The lowest Tafel slopes
of Nis%CoP indicate that the catalysis can be enhanced via the optimization of Ni/Co hetero-metal
co-site atoms. To further understand the HER performance, electrochemically active surface area
(ECSA) was estimated from the data of Cq using a CV method (Fig. 3c and Fig. S9a). NisyCoP
exhibits the highest Cq value at 17.3 mF-cm™2, which is 1.17, 1.80, and 5.41 times higher than
those of Ni2.5%CoP, Ni1oCoP and CoP, respectively. The EIS measurements demonstrate that the
lowest charge transfer resistance of NisyCoP is deduced by the smallest semicircular diameter (Fig.
3d). For the excellent stability of Nis»CoP, the initial current density of 10 mA-cm™ at an
overpotential of 84 mV was only attenuated by 13% after 12 h of chronopotentiometry, which is
better than the commercial 20% Pt/C (Fig. 3e). In addition, the minor attenuation of LSV curves
after 10000 CV cycles further confirms the good stability of Nis«,CoP (Fig. 3f).
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Fig. 3. LSV polarization curves (a), Tafel slope (b), dependence of capacitive current on scan rates (c), Nyquist
plots (d), stability tested using chronopotentiometry (e), LSV polarization curves before and after 20000 cycles
() for HER.

As it is well known, OER is the rate-determining step of overall water splitting. Therefore, the
OER performance of the NiCoP samples in a 1 M KOH solution was tested. Niso,CoP presents the

smallest overpotential of 259 mV to achieve a current density of 10 mA-cm2 (Fig. 4a). This value
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IS superior to those of comparison samples (7710 = 230, 312, 318, and 389 mV for RuO2, Ni25%CoP,
Ni10CoP, and CoP) and most other reported TMPs (Table S3). As shown in Fig. 4(b), the Tafel
slopes are 52, 46, and 57 mV-dec™* for the Ni25%CoP, Nis%CoP, and NiiosCoP samples, all of
which are lower than that for CoP (73 mV-dec™?). This is mainly because Ni/Co hetero-metal co-
site atoms reduce the oxygen affinity of Co atoms [40]. In addition, Nis»CoP has shown the highest
Cal value and the smallest semicircular diameter, which enables it to achieve the largest current
density at the smallest overpotential than those of the other comparison samples (Fig. 4c-d and Fig.
S9b). The good stability and durability of Nise,CoP can be revealed from the stable current density
of 10 mA-cm2 of 12 h (1% attenuation), which is tested by a chronopotentiometry test at a static
overpotential of 259 mV. The value is nearly equivalent to that of RuO> (Fig. 4e). Meanwhile, there
are no apparent decays of performance after 10000 CV cycles in the LSV curves (Fig. 4f).
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Fig. 4. LSV polarization curves (a), Tafel slope (b), dependence of capacitive current on scan rates (c), Nyquist

plots (d), stability tested using chronopotentiometry (e), LSV polarization curves before and after10000 cycles
(f) for OER.

The excellent performance for the HER and OER half-reactions suggests that Nis«CoP has the
potential for commercial electrolytic water splitting applications. Thus, the obtained Nis»CoP was
applied as both the anode and cathode working electrodes for overall water splitting (Inset of Fig.
5a). When the overpotentials were 1.48 and 1.80 V, the current densities of 10 and 267 mA-cm2
can be obtained, respectively (Fig. 5a). These values can be able to meet the requirements of
commercial catalysts for electrolytic water (1.8 ~ 2.4 V up to 200 ~ 400 mA-cm2). As far as we
know, these values cannot be achieved by simply using the other TMPs. Moreover, the LSV curves
did not show apparent decay after 10000 cycles (Fig. 5a). The stable current density and
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morphology can also be maintained after chronoamperometry for 12 h, revealing excellent
durability (Fig. 5b and illustration). It is worth noting the XPS result of NisCoP on the anode
reveals that the POy peak in high resolution spectra of P 2p is significantly enhanced after OER
(Fig. S10). It is because more NisyCoP on the surface forms NiCoP@NiCoPOx core-shell structure
through the initial oxidation reaction, where the NiCoP core provides an effective electron transfer
pathway and the NiCoPOx shell acts as an active site for OER [41]. In order to identify the changes
of intermediate species and stability of NissCoP during OER process, a potential-dependent in situ
Raman analysis was performed (Fig. 5¢ and d). At a voltage low than 1.3 V, the in situ Raman
spectra show a weak peak at 497 cm* which can be assigned to eq bending vibration of NiCoP-O
in NiCoPOx [42]. With increasing the voltage to 1.5 V, the characteristic peak at 525 cm™, which
corresponds to the Azxq stretching vibration of NiCoP-O in NiCoPOx [43], is gradually increased
afterward with the increase of bending vibration. It is quite interesting to see that the self-
reconstruction of NiCoP-O in NiCoPOx is reversible during reverse scanning, and only a small
peak is detected after OER. Moreover, the original characteristic peaks at 1349 and 1606 cm ™t in
the in situ Raman spectra show no clear changes after OER (Fig. S11). The stable phase structure

endows the Nisy,CoP with efficient electrocatalytic activity and high stability for OER.
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Fig. 5. LSV polarization curves before and after 10000 CV cycles (a), stability by chronopotentiometry (b) during

overall water splitting process. In situ Raman and contour map spectra (c and d) of Nis%CoP during OER process.

3.3. Discussion.
In the alkaline electrolyte water splitting, the degradation of catalytic activity of TMPs is often
caused by the decreased areas of the active electrode due to the generated gas bubbles which are
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covered on the electrode surface [44]. This problem can be solved via the obtained dense c-a
interface structure (Fig. 6 above). The long-range disorder structure of the amorphous phase leads
to the formation of randomly-oriented bonds of internal atoms, resulting in many numbers of
coordination unsaturated sites [45]. The HO-H bond splitting process can occur at the c-a interfaces
through the adsorption of the amorphous region for OH™ and the crystalline region for H™ (Fig. 6
below). The reaction of HER and OER process is as follows:

HER process:

H20 + NiCOPcrystatiine + € — NiCoPerystatline-H*+ OH 9
NiCOPcrystatline-H*+ H20 + € — NiCoPerystatiine + H2 + OH 10
OER process:
NiCOPamorphous + OH — NiCoPamorphous-OH* + & 11
NiCOPamorphous-OH* + OH — NiCOPamorphous-O* + H20 + & 12
NiCOPamorphous-O* — NiCoPamorphous-OOH* + & 13
NiCOPamorphoussOOH* + OH — M + 02+ Ho0 + e 14

“

5%
. @ 0% SRR

f
"‘
¢‘

\\&

Fig. 6. Catalytic mechanism diagram for overall water splitting at crystalline-amorphous phase interfaces

It should be addressed that a fully amorphous catalyst shows very low conductivity whereas the
crystalline phase can achieve a high conductivity by promoting electron transfer [46]. Therefore, a
suitable crystallinity of c-a interface can not only ensure the conductivity of Nis»CoP, also improve
the desorption process of the generated gas in the crystalline region. On the other hand, the
crystallinity of TMPs also has an important influence on its conductivity. This is because the
different proportions of P/M will change the electronic structure, which essentially changes its
electrocatalytic activity. Too high phosphorus content in TMPs will reduce the number of free

electrons in the material, resulting in a significant decrease in conductivity, so that the catalytic
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performance reduces [15]. Similarly, the phosphating process is controlled by the thermodynamics
and kinetics of reaction temperature and time, they also have an important influence on the relative
crystallinity. Researchers pay much attention to the preparation methods and electrochemical

properties of catalyzers, but pay little attention to the effect of crystallinity on the electrocatalytic
properties.
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Fig. 7. 3D variation trend and Gaussian fitting diagrams of HER (a-c) & (d-f) and OER (g-i) & (j-I) among

crystallinity, overpotential, and phosphating conditions for Nis«,CoP.
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Therefore, a balance between conductivity and high phosphorus content can be found by
adjusting the crystallinity of phosphide. Based on the above theory, the effects on the different
amounts of P, phosphating temperature, phosphating time, and relative crystallinity of Nis,,CoP on
the properties were investigated in the work. It can be found that the synthesis conditions have no
obvious effect on the morphology during the investigation (Fig. S12-Fig. 14), but performances of
HER and OER of Nis«CoP obtained under different synthesis conditions are obviously different
and have certain rules (Fig. S15). For HER in this study, the relationships among phosphating
conditions, crystallinity, and overpotential for Nis,:CoP are shown in Fig. 7(a-c), respectively.
Further, mathematical fitting models are obtained by fitting the change trends using a Gaussian
function (Fig. 7d-f):

Z = a— bxexp(cx((x — d)xcosf + (y — e)xsind)/f)? — gx((-x + h)xsing + (y — i)xcosd)/j)>) 15
where Z, y and x refer to overpotential at the current density of 10 mA-cm™2, crystallinity, and
phosphating conditions (a-j are constants). Table S4 lists all obtained data from the fitting curves
using the Eq. 15.

Fig. 7(g-i) show the effects between phosphating conditions and crystallinity on the OER
performance of Nis,CoP. Meanwhile, the corresponding mathematical fitting models are shown in
Fig. 7(J-1) (all the parameters used in Eq. 15 are listed in Table S5). All these results prove the
superior OER performance at a crystallinity of 30% for the NisCoP. Based on the above
information, the (111) crystal surfaces can be exposed more effectively when the crystallinity of
Nis%CoP increases with the increase of phosphating temperature and time. These will lead to
enhanced electrocatalytic activity [47]. However, HER performance becomes deteriorated when
the phosphating temperature exceeds 350°C or the phosphating time exceeds 3 h, mainly because
the agglomeration of 2D structure reduces the number of active sites. It is worthwhile to address
that the deterioration of HER performance can also be observed when the amount of P is more than
28%. Too high a concentration of P will restrict electron migration of metal and reduce its
conductivity, thus inhibiting the activity of electrolytic water splitting. Based on the data in this
study, an optimal overpotential of HER could be achieved when the crystallinity is about 30%,
suggesting that the ratio between crystalline and amorphous phases can be controlled to balance
the conductivity and crystallinity.

4. Conclusions
In this work, 2D quasi-monolayered NiCoP in subnanosized thickness was fabricated using a

newly developed UC-PT process, which appears excellent performance toward electrolytic water
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splitting due to the following points. i) The quasi-monolayered 2D structure with sub-nanometer
thickness exposes more active sites. i) The reconfigurable electronic structure through polarization
between Ni’*/Co’* and P’ to optimize adsorption/desorption energy in HER. NiCo-O active sites
in NiCoP@NIiCoPOx core-shell layered structure can enhance OER activity. iii) The c-a interfaces
via the synergistic effect of crystalline and amorphous phases promote the cleavage of HO-H
bonds. The suitable c-a interfaces give full play to the advantages of crystalline and amorphous
phases. Based on the established mathematical models, the influences of the relative crystallinity
are well discovered for the electrolytic water splitting. This provides a new strategy for the design

of bimetallic phosphates with ultrathin 2D structure to catalyze overall water splitting.
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transition process, can be applied as excellent bifunctional electrocatalyst for overall water splitting.
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CoCl2-6H20 (83.3 mg) was dissolved in deionized water (100 mL). Then, 60 mL of this prepared
solution was mixed dropwise with a freshly prepared NaBH4 solution (13 mM, 30 mL) under
ultrasonic agitation. After 120 min of reaction, the product of Co(OH). was collected by
centrifugation and washed by ethanol and water several times. It was then dried in a freeze drier.
Two quartz crucibles were put into a tubular furnace. One was loaded with NaH2PO> (1.8 g) and
placed at the upwind side. The other one was loaded with Co(OH)2 (12 mg) and placed at the
downwind side. They were heated up to 350°C (with a heating rate of 2°C-min1) and kept for 3 h
at 350°C for a complete phosphorization. NiCoP were synthesized by a similar protocol of the CoP,
except that the starting solutions have dissolved CoCl2-6H.0 (83.3 mg dissolved in 100 mL
deionized water, 30 mL) plus NiCl2-6H20 solution (2.1, 4.2, and 8.3 mg dissolved in 100 mL
deionized water respectively, 30 mL). Obtained samples were denoted as Ni2.5%CoP, Nis%CoP,

and Ni1os%CoP, respectively.
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Fig. S10. Detail XPS spectra for Co 2p, P 2p, Ni 2p of Nisy»,CoP after HER (a-c) and OER (d-f).
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Fig. S11. Raman spectra of Nis»CoP and Nis,,CoP@1 M KOH before overall water splitting
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Fig. S12. SEM images (a-e), XRD patterns (f) of Nis,,CoP with different additional amounts of phosphorus.

Two quartz crucibles were put into a tubular furnace. One was loaded with Niso%Co(OH), (12
mg) was placed at the downwind side. The other one was loaded with NaH2PO, (0.3 g, 0.5 g, 1.0
9,159, 1.8 g, and 2.0 g, respectively) were placed at the upwind side. The furnace temperature
was increased to 350°C with a heating rate of 2°C-min * and kept for 3 h at 350°C for the complete
phosphorization. The final products are denoted as Niso%CoP-0.3, Nis.0,CoP-0.5, Nis0%C0oP-1.0,
Nis.00,COP-1.5, Nis.00,C0P-1.8, and Nis 0%CoP-2.0, respectively.
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Fig. S13. SEM images (a-f), XRD patterns (g) of Nis.0,CoP with different phosphating temperatures.

Two quartz crucibles were put into a tubular furnace. One was loaded with NaH2PO> (1.8 g) was
placed at the upwind side. The other one was loaded with Nis%Co(OH)2 (12 mg) was placed at
the downwind side of tubular furnace. They were heated up to 350°C with a heating rate of
2°C-min! and kept for 3 h at 250°C, 280°C, 300°C, 330°C, 350°C, 380°C, and 400°C for the
complete phosphorization. The final products are denoted as Nis0xC0P-250, Niso0CoP-280,
Nis0%C0P-300, Nis.00%C0oP-330, Nis.00C0oP-350, Nis.00,C0oP-380, and Nis.00sCoP-400, respectively.
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Fig. S14. SEM images (a-d), XRD patterns (e) of Nis,,CoP with different phosphating times.

Two quartz crucibles were put into a tubular furnace. One was loaded with NaH2PO. (1.8 g) was
placed at the upwind side. The other one was loaded with Niso%Co(OH). (12 mg) was placed at
the downwind side of tubular furnace. They were heated to 350°C with a heating rate of 2°C-min™*
and kept for 1 h, 2 h, 3 h, and 4 h for the complete phosphorization. The final products are denoted

as Nis 0%C0oP-1, Nis.00,C0OP-2, Nis0%C0oP-3, and Nis.0%CoP-4, respectively.
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570  Fig. S15. HER and OER performances of Nis0%CoP samples under different synthesis conditions
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572 Supporting Tables

573  Table S1. Comparisons of different catalysts towards HER in a 1 M KOH solution.

Free-standing TMPs-based catalysts

_ Overpotential Tafel slope Current density
Materials Reference
10 mA-cm? (mV) (mV-dec?) (MA-cm?)
Nise,CoP 84 67 180 (~ 390 mV) This Work
NiCoP Hierarchical 121 65 150 (~ 325 mV) 1
NiCoP-220 Nanosheets 127 61 40 (~ 190 mV) 2
TMPs-based catalysts with substrates
terials Overpotential Tafel slope Current density Reforence
10 mA-cm2 (mV) (mV-dec) (MA-cm?)

Co-Ni-P@Ti sheets 103 33 200 (~ 170 mV) 3
CoP@CC 209 129 125 (~ 350 mV) 4
FeP@CC 218 146 20 (~ 250 mV) 5
NiSP@NF 68.4 46.6 150 (~ 150 mV) 6

Ni-P nanorods@NF 158 75 300 (~ 300 mV) 7

NiCo phosphide@GO 58 57 150 (~ 150 mV) 8
Fe-CoP HTPAs@ZIF-67 98 69 300 (~ 180 mV) 9
W-CoP NAs@CC 94 63 60 (~ 160 mV) 10
Ni-CoP/HPFs@ZIF-67 92 71 70 (~ 200 mV) 11
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575  Table S2. The weight percentage and atomic percentage of elements in NiCoP with different Ni contents.

Element Weight (%) Atomic (%)
CoP
O 3.21 8.26
P 38.44 51.01
Co 58.35 40.73
Ni2.5%CoP
0 2.88 7.96
P 28.25 40.32
Co 66.13 49.65
Ni 2.75 2.07
Niso,CoP
0 3.08 8.57
P 26.63 38.27
Co 63.01 47.63
Ni 7.29 5.53
Ni100,CoP
O 3.00 8.31
P 27.39 39.22
Co 57.53 43.33
Ni 12.09 9.14
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577  Table S3. Comparisons of results from different catalysts towards OER in a 1 M KOH solution.

Free-standing TMPs-based catalysts

_ Overpotential Tafel slope Current density
Materials s Reference
10 mA-cm? (mV) (mV-dec?) (mA-cm™)
NiseCOP 259 46 90 (~ 370 mV) This Work
Coo.gFeo2P 270 50 70 (~ 470 mV) 12
CoNi(z0:1)-P 273 45 50 (~ 295 mV) 13

TMPs-based catalysts with substrates

eteriale Overpotential Tafel slope Current density Reforence
10 mA-cm2 (mV) (mV-dec) (MA-cm)

Co-Ni-P@Ti sheets 340 67 500 (~ 470 mV) 3
Ni;P@CP 280 48 300 (~ 570 mV) 14
MoCoP@Co MOF 305 56 100 (~ 370 mV) 15
NiFeP@NPC 350 78 20 (~ 370 mV) 16
Fe-CoP HTPAsS@ZIF-67 230 43 300 (~ 270 mV) 9
NiAIP@NF 242 76 75 (~ 470 mV) 17
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579  Table S4. Parameters of mathematical fitting model among P content, phosphating temperature and time, and

580  relative crystallinity for HER.

Parameters
Variate
a b c d
208.31 141.90 -0.5 19.88
e f g h
P content 20.55 15.13 0.5 19.88
i j 0
20.55 15.54 6.28°
a b c d
169.75 84.54 -0.5 347.96
e f g h
Phosphating temperature
2.30 37.22 0.5 347.96
i j 0
2.30 12.09 0°
a b c d
44.10 112.03 -0.5 118.78
e f g h
Phosphating time
33.22 62.99 0.5 118.77
i ] 0
33.22 2.84 0°

581
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582  Table S5. Parameters of mathematical fitting model among P content, phosphating temperature and time, and
583  relative crystallinity for OER.

Parameters
Variate
a b c d
392.71 119.99 -0.5 19.84
e f g h
P content 9.99 8.83 0.5 19.84
i j 0
9.99 8.27 5.45°
a b c d
369.97 113.01 -0.5 347.96
e f g h
Phosphating temperature
25.69 26.02 0.5 347.96
i j 0
25.69 5.74 0°
a b c d
317.62 105.51 -0.5 108.98
e f g h
Phosphating time
33.22 62.25 0.5 108.98
i ] 0
33.22 1.58 0°
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