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Stoichiometry design in hierarchical CoNiFe phosphide for highly efficient

water oxidation
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ABSTRACT  Rational composition design of trimetallic
phosphide catalysts is of significant importance for enhanced
surface reaction and efficient catalytic performance. Herein,
hierarchical Co,Ni,Fe.P with precise control of stoichiometric
metallic elements (x:y:z = (1-10):(1-10):1) has been synthe-
sized, and Co;;NigsFe(,P, as the most optimal composition,
exhibits remarkable catalytic activity (y = 320 mV at
10 mA cm™2) and long-term stability (ignorable decrease after
10 h continuous test at the current density of 10 mA cm™)
toward oxygen evolution reaction (OER). It is found that the
surface P in Co; ;NiysFe,,P was replaced by O under the OER
process. The density function theory calculations before and
after long-term stability tests suggest the clear increasing of
the density of states near the Fermi level of Co, ;NijsFe,P/
Co,.3Nig sFeq ,0, which could enhance the OH™ adsorption of
our electrocatalysts and the corresponding OER performance.

Keywords: trimetallic phosphides, hierarchical structures, stoi-
chiometry design, charge transfer, oxygen evolution reaction

INTRODUCTION
Transition metal phosphides are emerging for the design of
electrocatalysts, and multi-metallic phosphides are of more
interest for significant enhancement of electrocatalytic activity
[1,2]. Generally, integrating multiple metallic elements into a
single nano-architecture offers a common promise of material
properties that could exceed a single element [3-7]. The current
approaches to the multi-metallic phosphides mainly arise from
wet-chemistry synthesis, through which a variety of binary
metallic phosphides with adjusting stoichiometric compositions
can be attained [8-11]. However, there are rare reports on
exceeding two metallic elements and stoichiometric adjustment,
because the different hydrolysis and condensation rates of any
two more independent precursors would not lead to the for-
mation of homogeneous phase and precise control of stoichio-
metric elements [4,12].

From the view of electrocatalysis such as oxygen evolution
reaction (OER), many issues of transition metal phosphides

need to be addressed. Firstly, moderate chemisorption thermo-
dynamics is preferred, OH™ needs fast adsorption, but the
bonding interactions of M-O in the intermediates (MOH, MO,
and MOOH) should not be too strong, as this might hinder the
fast desorption of oxygen [13]. Next, fast electron transfer
between the reactants/intermediates and the catalytic active
center is also favorable [14]. Finally, the optimization of the M-
P binding energy shifts could modulate the electronic structure
and greatly improve their catalytic properties [12,15]. Note that
stoichiometric adjustment of multiple metals provides a possi-
bility of the simplest high-performance design of transition
metal phosphides. As an example, the oxophilicity of the cata-
lysts in OER could depend on composition adjustment of the
nanoalloys for the adsorption of intermediates, and the proper
ad/desorption [16].

Cobalt (Co), nickel (Ni), and iron (Fe), as the most common
metals for transition metal phosphides, have shown great
potential in the design of high-performance OER catalysts
[12,17,18]. There are many successful examples of composition
adjustment for enhancing OER activities. Ni-doped CoP can
effectively adjust the binding energy of intermediates to the
optimal value, thus improving the thermodynamics toward OER
[4]. A few Fe-doping in CoP can promote the fracture of Co-O
bond and the formation of O-O bond and enhance their OER
performance [19]. Subsequently, ternary metal phosphide by
doping CoP with Ni and Fe has been proven to improve the
local electrostatic interaction between metal cations and OH~
groups and OER kinetics [12]. However, only 1:1:1 metal ratio of
CoNiFeP is obtained, and the ratio of Co/Ni/Fe is not easy to be
precisely adjusted during the uncontrolled oxidation reaction
and complex cooperation structure involving ionic reactions in
liquid phase environments because of the difference in reduction
potential of Co** (—0.282V), Ni** (-0.236V) and Fe*
(—0.440 V) (Note S1) [12,18]. Therefore, the effective control of
the stoichiometric ratio of ternary metals is still a major chal-
lenge.

A simple phosphating approach is phosphorization of the
metallic hydroxides, which avoids the above-mentioned
uncontrolled oxidation and complex cooperation [3,20,21]. For
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Co, Ni, and Fe, their ions with two valences not only show
similar solubility product constants (K, of Co(OH), ~ 1.6 x
107'%, K, of Ni(OH), ~ 2.0 x 107'%, and K, of Fe(OH), ~ 1.0 x
107"; Table S1) for possible stoichiometry adjustment by the full
precipitation of initial precursors, but also have very similar ion
radii (r of Co** &~ 0.065 nm, r of Ni** ~ 0.069 nm and r of Fe** ~
0.061 nm; Table S1) for homogenous distribution [9,22,23].
Considering that the precipitation rate is often too fast to pre-
cisely control, a controllable release of OH™ is used to form the
ternary metal phosphides with stoichiometry control and
homogenous composition. Herein, hierarchical Co,Ni,Fe_P with
precise control of stoichiometric metallic elements (x:y:z = (1-
10):(1-10):1) has been synthesized by controllable full-pre-
cipitation and co-phosphorization of Co-Ni-Fe hydroxides with
two valences. The resulting hierarchical Co;3NigsFeo,P shows
the most optimal composition and excellent electrocatalytic
activity and stability for OER in the alkaline electrolyte, dis-
playing a small overpotential of only 320 mV at the current
density of 10 mA cm™, a dramatically reduced Tafel slope of
45 mV dec™!, as well as a negligible increment after 10 h at the
current density of 10 mA cm™ in the chronopotentiometric
measurement. Surface reconstruction from metal phosphides
into metal oxides has been found in hierarchical Co; ;NigsFeg,P
in the OER process. The theoretical calculations suggest that the
adsorption of OH™ on Co, 3NigsFeq,P/Co;3NigsFeg,O surface is
more thermoneutral than those of Cog;Nig;Feq;P/Coq7Nig-
Fey;0, Co14Nig¢P/Co0,4NigO, and Co,P/Co,0, which is bene-
ficial for OER performance enhancement.

RESULTS AND DISCUSSION

Formation mechanism and electrochemical tests

The overall synthetic route for hierarchical Co,Ni,Fe P includes
three steps (Fig. 1). Cu,O octahedrons around 1.5 pm in size
(Fig. Sla, b) were first synthesized as the template of controllable
release of OH™. Then, Co**, Ni**, and Fe** species with various
molar ratios were added to synthesize the hydroxides of
Co,Ni,Fe, in the presence of Na,S,0;, which functioned to
coordinate and etch Cu,O through forming a soluble complex
[24] [Cua(S:03):* ™ (Cuz0 + x5,05%™ + H,0 = [Cuy($,05).]**

+ OH"). The controlled released OH™ reacted with Co**, Ni*",
and Fe®* species to generate insoluble CoNiFe hydroxides. These
hydroxides of Co,NiyFe, can have an adjustable ratio of the
metals. Finally, Co,Ni,Fe.,(OH), products were completely con-
verted into Co,Ni,Fe.P by a simple phosphorization reaction
(Note S2).

To prove the precise control of the ratio of Co/Ni/Fe, the
Co**/Ni**/Fe** precursors with different molar ratios (1.6Co/
0.2Ni/0.2Fe, 1.3C0/0.5Ni/0.2Fe, 0.9Co/0.9Ni/0.2Fe, 0.5Co/1.3Ni/
0.2Fe, 0.7C0/0.7Ni/0.7Fe, 1.0C0/0.5N/0.5Fe, 1.3C0/0.3Ni/0.3Fe,
1.0Co/1.0Ni/0.1Fe) were used to synthesize the corresponding
Co,Ni,Fe P. Surprisingly, as shown in Table S2, the final ratios of
Co,Ni,Fe.P were in very good agreement with the initial pre-
cursor ratios. Co;¢NigaFeg P, Coy3NigsFeg,P, CogoNigoFeo,P,
Coo.sNiy 3Feq,P, Cop7NigsFeo 7P, Co1oNigsFeqsP, Co13NigsFeosP,
and Coy oNi; oFe P were obtained and their compositions were
verified by the inductively coupled plasma-atomic emission
spectrometry (ICP-AES). As a comparison, the binary
Co sFeg,P, Co14Nip¢P and Ni; sFegsP were also obtained by the
adjustment of initial ratios of CoFe, CoNi, and NiFe precursors
(Table S2). Notably, the metal ions with two valences were cri-
tical for precise control. For example, when the Fe?* was sub-
stituted by Fe’* with different solubility product constants (K,
of Fe(OH); ~ 3.2 x 107 and ion radii (r of Fe** ~ 0.049 nm)
(Table S1), the resulting CoNiFe trimetallic phosphide showed
the similar hierarchical morphology (Fig. S2), but displayed a
very big difference in the final molar ratio of Co/Ni/Fe. The final
ratio of Co/Ni/Fe is 3.42:1.31:0.20 compared with an initial ratio
1.3:0.5:0.2 of Co?*/Ni**/Fe** (Table S2), which means that the
metal ions with two valences (Co** and Ni**) were in accordance
with the rule of precise control, but the metal ion with three
valences (Fe*") was uncontrollable.

The electrocatalytic activity toward OER of the transition
metal phosphides including Co;¢Nig,Feq,P, Co;3NigsFeg,P,
Cog.9NigoFeg,P, CogsNijisFeg,P, Cog;Nig7FegsP, CoioNigsFegsP,
Co13NigsFeg;P, and CoioNiioFeq P, Coi4NigsP, CoisFeo,P,
Ni, sFeqsP, Co,P, Ni,P were investigated using a standard three-
electrode system in a 1.0 mol L™ KOH solution. All these
samples showed hierarchical structures with different conformal
morphologies as shown in Figs Slc and S3. A slow scan rate of
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Figure 1 Schematic illustration of the fabrication process of hierarchical Co;3NigsFeg,P.
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5 mV s! was used to get linear sweep voltammetry (LSV) curves
in order to minimize the capacitive current. Fig. 2a shows the
polarization curves (j-V) obtained by the LSV. It is clearly seen
that Co;3NigsFeg,P shows the highest current density at the
same overpotentials for OER. To obtain a current density of
10 mA cm™2, Co, 3NipsFey,P represents the lowest overpotential
of 320 mV, which is also much lower than that of commercial
RuO, (376 mV) and other unary and binary metal phosphides
including Co, sFeg,P (340 mV), Co;.4Nig¢P (388 mV), Ni, sFe,sP
(447 mV), Co,P (400 mV), and Ni,P (483 mV) (Fig. 2b). Nota-
bly, the overpotential of Co;;NigsFe,P is among the best per-
forming transition metal phosphide catalysts in the previous
reports (Table S3). It has been shown that Ni could facilitate
desorption of OH™ than Co more easily in alkaline solutions,
while Co has a higher activity for the Tafel steps than Ni [3,4].
Thus, the surface Ni sites could accelerate water dissociation
with high efficiency and the surface Co sites will make it easy for
gas generation and release for CoNi,Fey,P [4,25]. Besides, lat-
tice defects caused by trace iron may provide additional active
sites [26].

Appropriate substitution of Ni atoms and/or Fe atoms is
closely related to the formation of the perfectly dispersive tri-
metallic phosphides on the surface. Meanwhile, the OER activity
for available surface-active sites can be effectively modulated by
optimizing the atomic ratio of Co, Ni, and Fe. On the other
hand, Co,Ni,Fe P catalysts were also prepared with various Co/
Ni/Fe ratios, and it is found that the Co,3NiysFeg,P exhibits an
optimal catalytic performance (Fig. S4a, b). This could be
explained by the synergistic effect of three elements affecting the
surface architectures to expose more active sites and improve the
charge transfer between the substitutions and the host metal
atom [17]. By means of precisely controlling the Co/Ni/Fe ratio
of trimetal phosphides, a much stronger synergistic interplay

between three metal centers for promoting the OER perfor-
mance can be achieved. The Tafel slope plays a non-negligible
role in assessing the electrochemical reaction kinetics. A lower
Tafel slope value means a faster kinetics [27-29]. The Tafel slope
of 45 mV dec™! for Co;3NigsFey,P is much lower than all other
samples’ Tafel slopes including all prepared trimetallic phos-
phides (Fig. S4c) and CojsFep,P (56 mV dec™), RuO,
(75 mV dec"l), C01'4Ni()‘6P (93 mV dec"l), Ni1'5Fe(),5P
(125 mV dec™), Co,P (139 mV dec™!), Ni,P (170 mV dec™!)
(Fig. 2c), implying the favorable OER kinetics for Co;3Nigs-
Feo,P. Low overpotential, high catalytic current density, and
small Tafel slope demonstrate that Co;;NigsFeg,P is highly
active.

To further understand the mechanism of enhanced OER
performance, electrochemical double-layer capacitance (Ca),
which is related to electrochemical active surface area (ECSA),
was tested by monitoring the current density in the non-Faradic
region with different scan rates (Fig. S5). As shown in Fig. 2d
and Fig. S6, it is clear that the Cy of Co;;3NigsFeg,P
(56.7 mF cm™2) is much larger than that of other control samples
such as CoigFep,P (452 mFcm™2), Co,P (6.5mF cm™),
C01A4Ni0'6P (49 mkF Cmiz), N11.5Feo'5p (08 mkF cmfz), leP
(0.1 mFcm™). The large C4 indicates that Co;3NipsFeq,P
exposes more active sites, which is supposed to be one of the
possible reasons for enhanced OER performance. The charge
transfer resistance is related to the electrocatalytic performance
of catalysts. The improvement of charge transfer can facilitate
the combination of reactants and electrocatalysts and enhance
their corresponding performance [13]. Hence, electrochemical
impedance spectroscopy (EIS) technique was used to understand
the interfacial properties of the electrocatalyst decorated by
electrodes (Fig. 2e and Table S4). As expected, the electron-
transfer resistance of Co;3NigsFeg,P is much lower than that of
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Figure 2 (a) LSV curves. (b) The overpotentials needed to deliver an anodic current density of 10 mA cm™. (c) Tafel slopes for Co; 3NiysFeg,P, Co; sFeg,P,
Co,.4Nig6P, NijsFegsP, Co,P, Ni,P, and commercial RuO,. (d) Capacitive current density versus scan rate. (e) EIS Nyquist plots and analog circuit of
Co,3NigsFep 2P, Co;gFep,P, Co;4NigeP, NijsFegsP, Co,P, and Ni,P. (f) Chronopotentiometric curves on hierarchical Co;3NigsFey,P and commercial Ru,O

catalyst with a constant current density of 10 mA cm™.
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other samples, in accordance with the OER results. The low
electrical impedance indicates that the electrical conductivity is
improved by Ni/Fe substitution.

Moreover, stability is a key criterion to evaluate electro-
catalysts for broader applications. Thus, the long-term stability
of Coy3NigsFey,P as an electrocatalyst was tested. As shown in
Fig. 2f, for a constant current output at 10 mA cm™2, Co, 3Nigs-
Feg,P shows an insignificant increment (36 mV) compared with
the initial test after 10 h, while commercial RuO, displays a
larger increment of 599 mV within 2 h.

Characterizations of electrocatalysts

As an optimization example, the scanning electron microscopy
(SEM) images (Fig. Slc, d) exhibit that the as-prepared
Co13NigsFeg,(OH), possesses octahedral shapes with ultrathin
nanosheet-constructed surface, which inherits the frames and
sizes of the Cu,O octahedron templates. The X-ray diffraction
(XRD) characterization (Fig. S7) shows the amorphous structure
of Co,3NigsFeq,(OH),. Finally, Co; 3NigsFeq2(OH), products are
completely converted to Co;3NigsFeq,P via the phosphorization
reaction. The SEM images of the as-prepared Co;3NigsFeq,P
products (Fig. Sle, f) show that the phosphorization process
maintains the octahedron structure and surface consistency. The
transmission electron microscopy (TEM) images (Fig. 3a, b)
show that the well-defined hierarchically hollow and porous
structure with pleated nanosheet-constructed surface for
Co13NigsFeg,P. In the high-resolution TEM (HRTEM) images
(Fig. 3¢, d) of hierarchical Co, 3NigsFeo,P, distinct lattice fringes
with the d-spacings of about 0.193 and 0.219 nm could respec-
tively correspond to the (211) and (110) planes of
Co13NigsFeg,P, which is analogous to CoNiP (ICCD No. 71-

2336) due to the very small amount of iron substitution [30].
Moreover, the selected area electron diffraction (SAED) pattern
of hierarchical Co,;NigsFey,P presenting a series of diffraction
rings correspond to the (111), (200), (110), (211), and (210)
crystalline planes of Co;3NigsFey,P (Fig. 3e), revealing the
polycrystalline nature of hierarchical Coy3NigsFey,P. The
ultrathin nanosheet-constructed hollow nanostructure in hier-
archical Co;3NigsFeg,P is clearly presented in the high-angle
annular dark-field scanning TEM (HAADF-STEM) (Fig. 3f).
The corresponding energy dispersive X-ray spectroscopy (EDX)
element mapping images show the homogeneous distribution of
Co, Ni, Fe, and P throughout hierarchical Co,;3NigsFeo,P
(Fig. 3g). Moreover, the EDX spectrum (Fig. S8) reveals that the
atomic ratio of Co/Ni/Fe in hierarchical Co;;NigsFeg,P is close
to 13:5:2. This data is also confirmed by ICP-AES and in good
agreement with the Co/Ni/Fe atomic ratio in the initial reaction
solution, indicating the successful composition control in the
synthesis procedure.

The crystallinity and phase of the as-prepared samples with
different atom ratios were characterized by XRD (Fig. S9). It is
clear that unitary metal phosphides Co,P and Ni,P correspond
well to Co,P (ICCD No. 65-2380) and Ni,P (ICCD No. 65-1989).
While partial cobalt atoms in Co,P were replaced by Ni atoms or
Fe atoms and some Ni atoms in Ni,P were replaced by Fe atoms,
the main diffraction peak of (111) lattice plane of Co1.4Nige¢P
exhibits a slight shift toward higher angles compared with the
main diffraction peak of CoNiP (ICCD No. 71-2336), Co,P
(ICCD No. 65-2380), and Ni,P (ICCD No. 65-1989), indicating
that Ni atoms incorporated into the Co,P crystalline lattice can
alter the fringe lattice distance of the matrix phase due to the
disparity in the radii of Co and Ni atoms [31].

Figure 3 (a, b) TEM images, (c, d) HRTEM images, and (e) SAED pattern of hierarchical Co,;NiosFeq,P. (f, g HAADF-STEM image of hierarchical
Co,13NigsFe,P and its corresponding element mapping images of Co, Ni, Fe, and P.
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When Fe was added to Co,P or Ni,P, the crystallinity of the
product decreased seriously with only a very weak peak or no
crystallization. For ternary metal phosphides Coy3NigsFeo.P,
due to the standard powder diffraction crystallographic data of
CoNiFeP compounds are not available and the fact that Co/Ni is
the parent metals, the diffraction peak of Co;;NigsFeq P is
similar to those of Co,P (ICCD No. 65-2380), Ni,P (ICCD No.
65-1989), and CoNiP (ICCD No. 71-2336), indicating complete
phosphorization of the precursors. The XRD results of different
trimetallic phosphides show that the crystallinity of the phos-
phides will decrease or even tend to be amorphous with the
decrease of Ni content or the increase of Fe content (Fig. S10).
Moreover, the main diffraction peaks of (111) lattice plane in
Co,3NigsFeg,P are shifted to higher angle compared with Co,P
(ICCD No. 65-2380) and CoNiP (ICCD No. 71-2336) due to
atomic replacement of Ni/Fe substitutions, and these results can
show that new phases are generated rather than just the mixed
phase [3]. In addition, N, adsorption-desorption measurement
(Fig. Slla) shows that hierarchical Co;;NigsFey,P possesses a
specific surface area as high as 19.0 m? g™!, exceeding the pre-
viously reported transition metal compounds (Table S5). Bene-
fiting from the advantage of the synthetic method using Cu,O
templates, hierarchical Co;;NigsFeo,P possesses a mesoporous
structure (Fig. S11b), which could allow the reactants to enter
the inner surface and improve the diffusion of reagents and
exposure of active sites.

The survey spectrum of hierarchical Co, 3NigsFeg,P in Fig. S12
shows the existence of Co, Ni, Fe, P, and O (oxygen may be from
air). More precisely, the high-resolution Co 2p X-ray photo-
electron spectroscopy (XPS) (Fig. 4a) shows that the two peaks
located at 793.0 and 778.1 eV could be assigned to the Co 2p;,
and Co 2ps), of Co species in Co-P because of a partial positive
of Co metal [3]. The slight shifts of Co 2p suggest the partial
positive charge (Co®) in metal phosphide (M-P). Besides, the

peaks located at 797.5 and 781.6 eV are assigned to the Co 2p)
and Co 2ps; of the oxidized Co species, respectively, while the
two corresponding peaks at 802.7 and 786.0 eV are related to the
shakeup satellite peaks [32,33]. The high-resolution Ni 2p
spectrum (Fig. 4b) exhibits three groups of peaks. The former
two groups of peaks at 852.9/870.3 and 856.6/874.2 eV can be
attributed to Ni-P and Ni-POy species, respectively. While the
peaks at 861.8/880.0 eV are the satellite peaks [8,9,34]. Fur-
thermore, two groups of spin-orbit doublets and one satellite
peak of Fe 2p are shown in Fig. 4c, where the predominant peaks
at 710.8 and 722.7 eV corresponded to Fe 2p;;, and Fe 2pp,
respectively, while the peaks at 713.5 and 726.9 eV could be
ascribed to Fe®", and the main peak at 717.9 eV can be assigned
to the satellite peak [35,36]. The XPS spectrum of P 2p shows
three peaks assigned to phosphide at 129.0 and 129.6 eV, and
phosphate or phosphide (PO, or P-O species) at 133.7 eV
(Fig. 4d) [37]. The formation of phosphate also enhances the
OER activity because it can act as promoting ligand in the Co**/
Co**/Co*" redox process and facilitate the four-electron proton-
coupled transfer steps during the OER [38]. In addition, more
XPS measurements are carried out to evaluate the valence states
and the surface composition of Co;;NipsFeg,P, Co;4NigeP,
CoysFep P, and Co,P. It is noted that the peaks attributed to
Co-P, Co-0, PO,, and M-P bonds together were slightly shifted
to lower binding energies for Co, gFeo,P and to higher binding
energies for Co;4NioeP, as compared with those for the parent
phosphide Co,P (Fig. 4e, f). This result implies that the electron
density redistribution occurs with the incorporation of Ni or Fe,
leading to relatively negatively charged (with Fe incorporation)
or positively charged (with Ni incorporation) element Co. With
the simultaneous incorporation of Ni and Fe, similar charge
shifts occur in Co;;NigsFeo,P, indicating significant redistribu-
tion of electron densities for the Co atoms. Interestingly, com-
pared with Co;4Nig¢P, the binding energies of Co-P, Co-O,
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Figure 4 High-resolution XPS spectra for (a) Co 2p, (b) Ni 2p, (c) Fe 2p, and (d) P 2p of Co;3NigsFeo,P. XPS survey spectra for (e) Co 2p and (f) P 2p of

Co1.3NipsFeg,P, CoygFep2P, Co14NigeP, and Co,P.
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PO,, M-P, and Ni-P bonds in Co;3NigsFey,P decrease at the
same time (Fig. S13a), while the binding energies of Ni-PO,
bonds increase. Similarly, compared with Co,sFeq,P, the bind-
ing energies of Co-P, Co-O, PO, and M-P bonds in
Co13NigsFeg,P increase at the same time, while the binding
energies of Fe** decrease (Fig. S13b). These results demonstrate
that the simultaneous introduction of Ni and Fe could cause
significant evolution in the electronic structures of the Co,P,
indicating strong electron interactions between Co, Ni, and Fe,
which may have great significance in improving the catalytic
reaction [17].

To further understand the chemical nature of the catalyst
surface during the OER, XRD, SEM, XPS, and ICP character-
izations of Co;;3NigsFeo,P were conducted after a 10-h long-
term stability test. The SEM image shows no morphological
changes for Coy;NipsFe,P after the prolonged electrocatalytic
reaction (Fig. S14). XRD analysis shows that Co;3NigsFeg,P
exhibits a clear change of the crystalline structure after the OER
(Fig. S15). This suggests that the Co;;NipsFeo,P nanosheets are
oxidized on the surface under the OER process, resulting in
mostly metal oxides. Besides, the surface elemental change was
further confirmed by the XPS analysis. In the high-resolution
XPS spectra of Co 2p, Ni 2p, Fe 2p, and P 2p, all peaks associated
with the metal phosphides completely disappear (Fig. S16).
These observations suggest that CoNiFe oxides formed in situ
are the catalytic OER active sites, which is consistent with the
XRD results. The signal of P 2p after the 10-h stability test is very
weak, resulting from the generation of M-O on the surface of
the catalyst during the OER process, suggesting that the phos-
phates of the surface are etched [2,11,38]. Besides, the ICP-AES
result also shows the leaching of phosphorus from
Co1.3NigsFeg,P surfaces (Table S6). Therefore, it can be deduced
that during the OER in alkaline media, the surface of
Co3NigsFeg,P undergoes oxidation to polyphosphate and oxide
containing species (Co13NigsFe(,0,). Since the phosphates are
highly soluble in alkaline solution, the surface becomes enriched
with Co;3NigsFe,0,, which is the true active electrocatalyst for
the OER. According to the previous studies, M-based (M = Co,
Ni, and Fe) materials are considered as pre-catalysts and then
form the oxide/hydroxide catalysts in the OER process, and M-
O is supposed as a highly active phase [36]. Moreover, the M-
PO, species accelerate water oxidation by proton-coupled elec-
tron transfer, which is beneficial to the catalytic process [39].

We further synthesized CoNiFe oxide using the same proce-
dure for the synthesis of Coi3NigsFey,P without adding the
phosphorus source and compared the activity of the synthesized
oxide with that of our synthesized phosphides. The metal ratio is
also confirmed by ICP-AES (Table S7) and is in good agreement
with the Co/Ni/Fe atomic ratio in the initial reaction solution,
which reflects that our precise control strategy also applies to the
synthesis of oxides. SEM image shows that it has a similar
morphology with Co;;NigsFeo,P (Fig. S17), and the XRD pat-
tern confirms that we successfully synthesized ternary metal
oxides (Fig. S18), which is consistent with existing literature
reports [40,41]. As expected, the activity of the corresponding
oxide is very poor, much lower than that of Co, 3NigsFe,P (Fig.
S$19). This situation has also been reported in literature [42-44].
Hence, conventional synthesized transition metal oxides are
quite different from the surface transition metal oxides formed
during electrochemical measurement. By comparing the prop-
erties of metal phosphides and metal oxides, it is found that
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there is indeed a big difference in their electrochemical prop-
erties.

Theoretical calculations

Density function theory (DFT) calculations were further applied
to uncover the fundamental mechanism of monometallic
phosphides, bimetallic phosphides, and the obtained trimetallic
phosphides on OER activity in our system. Hence, the crystal
structures of Co;3NigsFe,P, CogsNig-Fey;P, Co4NigeP, and
Co,P (Fig. 5a-d) are constructed to study the effect of Ni sub-
stitution and Ni-Fe co-substitution. Meanwhile, the calculated
density of states (DOS) (Fig. 5a;-d;) of Coi3NigsFeg,P,
Coy7NigsFeq;P, Co14Nig¢P, and Co,P catalysts reveal that the
electronic structures of these catalysts are continuous near their
Fermi levels, namely, their metallic characteristics [3,45-47].
With 30% of lattice Co atoms replaced by Ni in Co,P (Fig. 5d,),
Co14NigP (Fig. 5c;) shows a slightly increased DOS for the
occupied states around the Fermi level caused by the introduc-
tion of d-electrons of heteroatoms, which means that there has
been only a minor improvement on the conductivity [48]. After
Fe atoms further self-doped into Co;4NipeP, Co;3NigsFep,P
(Fig. 5by) has a clearly increased DOS near the Fermi level
compared with Co;4Nipe¢P. The high DOS of Co,3NigsFep,P
(Fig. 5a;) indicates it could promote the charge transfer and
facilitate the adsorption behaviors of intermediates on the metal
centers, hence reducing the energy barriers for OER. When
comparing Co; 3NigsFeg,P and Cog;Nig;Feo P, it can be clearly
found that the DOS value of the former near the Fermi level is
significantly greater than that of the latter, which further reflects
the importance of precise regulation of atomic ratio. Besides, the
DOS intensity near the Fermi level is related to electrical con-
ductivity [49], which is consistent with the electron transfer
resistance. As shown in Fig. 5a,-d,, the differential charge
density distribution plots of Co;;NigsFeo,P, Co14NigsP, and
Co,P suggest the heteroatom doping intensifies the uneven
distribution of charge. Interestingly, it is clear that the Bader
charge values (—0.010, +0.228, and +0.213 eV) carried by the
three cobalt atoms in the figures are consistent with the changes
in the measured Co peaks of XPS. The Bader charge value of
cobalt atom in Cog;Nig;Fey,P (+0.061 eV) also shows a similar
property lacking of electrons compared with Co;4Nip¢P and
Co,P. Thus, the experimental and theoretical studies unveil that
Ni-Fe co-substitution modulates the adsorption of OH™ on the
Co3NipsFeq,P surface to be more thermo-neutral, thus
improving the OER catalytic performance.

In view of the leaching of the phosphorus element and the
metal atoms oxidized, the models of Co;3NigsFe.P,
CoosNigsFeo;P, Co14NipeP, and Co,P are re-constructed by
replacing P atoms with O atoms completely. To some extent, this
reflects the change of surface structure in the initial stage. Based
on the above consideration, the crystal structures of Coy 3Nis-
Fe(,0, Cog;NijsFey,0, Coy4NipO, and Co,0 are constructed to
study the effect of Ni substitution and Ni-Fe co-substitution
(Fig. 5e-h). The calculated DOSs of Coy 3NigsFeq,0, Cog;Nig7-
Fey70, Co14Nig6O, and Co,O catalysts reveal their metallic
characteristics just like their corresponding phosphides
(Fig. 5e;-h;). Along with 30% of lattice Co atoms replaced by Ni
in Co0,0, Co;.4Nig¢O shows a great improvement in DOS for the
occupied states around the Fermi level caused by the introduc-
tion of d-electrons of heteroatoms, which means that there has
been a clear enhancement on the conductivity [48]. After Fe
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Figure 5 (a-d) Structure representation of (a) Co;3NigsFeo2P, (b) Coo7NigsFeq7P, (c) Co14NigP, and (d) Co,P unit cell; (a;-d;) calculated density of states
and (a,-d,) the charge density differences (yellow region indicates charge accumulation; cyan region indicates charge depletion; the numbers are bader charge
values) corresponding to (a-d). (e-h) Structure representation of (e) Co;3NipsFey,0, (f) Cog7NigsFeo;0, (g) Co014NipsO, and (h) Co,O unit cell.
(e1-hy) Calculated density of states and (e,-h,) charge density differences (yellow region indicates charge accumulation; cyan region indicates charge

depletion) corresponding to (e-h).

atoms further self-doped into Co;4Nip6O, Co13NigsFeq,0 has a
clearly increased DOS near the Fermi level compared with
Co014Nij 0. The high DOS of Co;;3NijsFeg,0O indicates it could
accelerate the charge transfer and facilitate the adsorption
behaviors of intermediates on the Co/Ni/Fe atom centers, hence
reducing the energy barriers for OER. When comparing
Co13NigsFeg,0 and Cog7Nip;Feq;0, it can be clearly found that
the DOS value of the former near the Fermi level is significantly
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greater than that of the latter, which further demonstrates the
importance of precise regulation of atomic ratio. Besides, the
differential charge density distribution plots of Co;3NigsFe(,0,
Coy7Nip7Feq;0, Co14NipsO, and Co,0O suggest the heteroatom
doping changes the charge distribution (Fig. 5e,-h,). The
asymmetric atomic Co;3NigsFeg,O site undergoes a strongly
symmetry-breaking charge transfer, leading to charge polariza-
tion and electron redistribution compared with other three
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models, which may promote the OER process [50,51].

CONCLUSIONS

We have presented an effective strategy to synthesize hier-
archical CoNiFeP with precise control of stoichiometric metallic
elements. The influence of different molar ratios of Co/Ni/Fe on
the electronic structures and electrocatalytic properties of tri-
metallic phosphides has been fully investigated. Hierarchical
Co; 3NigsFey,P with the optimal composition represents much
improved electrocatalytic activity for OER as compared with
monometallic phosphides, bimetallic phosphides, and other
obtained trimetallic phosphides, even superior to the noble
metal-based catalyst. It is found that the surface of Co;3Nigs-
Fe(,P underwent oxidation during the OER process. DFT cal-
culations of samples before and after long-term stability tests
reveal the important role of metal composition in modulating
the activity of transition-metal-based catalysts, and provide sci-
entific guidance for the design of high-performance OER cata-
lysts in alkaline media. The high performance of hierarchical
Co13NigsFeq,P/Co13NigsFey,0 is ascribed to the modulation of
the adsorption of OH™, rapid charge transfer kinetics, and
optimized M-P/M-O binding energy. The proposed synthesis
method could provide an important reference for the prepara-
tion of multi-metallic phosphides with precise adjustment of
stoichiometric compositions.
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