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Developing highly ordered and conductive phosphorous-based materials and identifying their active sites
are critical to improve the catalytic performance for oxygen evolution reactions (OERs). Herein, we
report a template-free and rapid high-pressure synthesis protocol to fabricate irregular CoMoP,
nanoparticles for OER catalysts. Pure CoMoP; electrocatalysts show a reduced overpotential of 270 mV
at 10 mA cm™2, improved kinetics and long-term stability. XAS, XPS and DFT calculations reveal that the
reorganization induces highly active Co sites with a Co(OH), layer on the surface, while Mo atoms
regulate electronic conductivity towards OER reduction potential and maintain the structural integrity of
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Introduction

Water oxidation associated with the conversion of electric
energy into clean and renewable chemical energy is of impor-
tance in energy conversion and storage systems such as water-
splitting cells, rechargeable metal-air batteries and fuel cells."
The oxygen evolution reaction (OER) is the anode reaction of
water splitting to produce molecular oxygen during water
oxidation. Due to sluggish kinetics involving the multiple
proton-coupled electron transfer in OERs,” there is an
increasing need to improve the conversion efficiency of electro-
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catalysts. Tremendous efforts have been devoted to exploring
highly efficient and cost-effective OER electro-catalysts to
replace the high-cost and scarce noble metal oxides.*®

In recent years, transition metal phosphides (TMPs) have
been found to be an interesting class of OER catalysts because
of their earth-abundance, outstanding catalytic activity and
infinite function tunability.” During the electrochemical
process, phosphorus atoms can accommodate electrons
enhancing the charge density on the phosphide surface, and
phosphates that form on the surface can prompt proton-
coupled electron transfers.® As we know, the overall OER
performance is determined by the adsorption energy (AG,)
between the exposed metal active sites and O species (O*, OH*
or OOH*), and AG, is closely related to the electronic structure
of transition metal atoms.® Therefore, compositional control of
binary phosphides has been recently performed by introducing
3d-transition metals (TMs) such as ternary Ni, ,Fe,P, Fe-doped
CoP and M(Fe/Co/Mo)-doped Ni,P"*** to tailor electronic
structures essentially for boosting OERs."

Currently, various conventional experimental methods have
been employed to realize phosphide catalysts under atmo-
spheric pressure.”*'> Such examples include a nano-tubular
structure of Cr-doped FeNiP/NCN prepared via a pyrolysis-
phosphide process,'® an Ni-doped CoP;/CC nano-needle array
synthesized by a hydrothermal method followed by a phosphi-
dation process,” translucent nanosheets of Fe-CoP/CoO
prepared by an instantaneous method utilizing molten,®
bicontinuous nanoporous np-(Nige,Fe33),P5 fabricated by
electrochemical dealloying,” and a hierarchical flower-like
CoM-P-3DHFLM (M = Ni, Mn, and Cu) derived from bottom-
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up MOF-intermediated synthesis.>® Nevertheless, the general
synthetic strategies suffer from complex procedures, imprecise
control, poor crystallinity and phase separation leading to
difficulties in performance optimization and mechanism
understanding. Thus, it is of great significance to develop
a facile synthesis method to obtain a pure, homogeneous and
high-activity phosphide catalyst.

High pressure (HP), as an additional thermodynamic
parameter to conventional synthesis, is an efficient and clean
approach for the rapid realization of solid-state compounds not
accessible at ambient pressure.>** Extensive progress made in
high-pressure chemistry has enabled the understanding of
chemical reactions of inorganic compounds for OER catalysts,
such as Co-doped Fe;C@CNOs, perovskite CaCuzFe 04, and
Bay 5510.5C00.5F€.203 5.4

High pressure has advantages of clean and simple procedure
and rapid reaction that effectively surmount the deficiency of
conventional synthetic routes.”” Herein, we report the synthesis
of CoMoP, irregular nanoparticles by a rapid high-pressure
annealing approach. CoMoP, exhibits particle-like shapes con-
taining irregular nanoparticles and have remarkable catalytic
activity and long-term stability. Experimental results suggest
that the surface reconstruction of homogeneous CoMoP,
produces a layer of Co hydroxide that boosts the OER activity.
The DFT reveals the roles of Co, Mo and hydroxide species for
the enhanced OER of CoMoP,. The present results highlight the
great significance of exploring homogeneous structures of
multi-metal phosphides for catalysts, and accurately identifying
the active sites without complex structure interference.

Results and discussion

A rapid high-pressure process is performed for the preparation
of crystalline CoMoP, followed by ball-milling treatment
(Scheme 1). First, all reagents of Co, Mo and P were weighed by

. 230 min
e ——
Ar, 0, & H,0 <0.1 ppm

Pyrophyllite assembly

Raw materials
Mechanical ball-milling
10 h, 350 r'min-! .

40H- = 2H,0 + 0,1

Water electrolysis schematic Irregular CoMoP, nanoparticles

Scheme 1 Schematic of the synthesis process of irregular CoMoP,
nanoparticles, including bulk sample preparation by HP and
mechanical ball-milling process.

2002 | J Mater. Chem. A, 2020, 8, 2001-2007

View Article Online

Paper

molar ratio (1 : 1 : 2), well-mixed and then heated at 1500 °C for
5 min under 5 GPa to form bulk CoMoP,. Finally, as-synthesized
CoMoP, is ball-milled to a fine powder. Fig. Slat shows that
CoMOoP, can be indexed with the hexagonal phase (space group:
P63/mmc, JCPDS# 33-0428),* and the diffraction peaks at
20 =15.8°,31.4°,45.4° and 55.7° are corresponding to the (002),
(100), (104) and (110) crystal planes of hexagonal CoMoP,. The
structural parameters of CoMoP, were obtained by the Rietveld
refinement (Fig. 1a) with lattice parameters of @ = b = 3.296 A,
¢ = 11.223 A, indicating the successful synthesis of a single-
phase CoMoP,. Meanwhile, MoP, and CoP, were also synthe-
sized to make comparison under the same high-pressure
condition. The diffraction peaks are in accordance with the
orthorhombic structure (JCPDS# 76-2363) and the monoclinic
structure (JCPDS# 77-0263) shown in Fig. S1b and c.t Never-
theless, when synthesized at ambient pressure, Fig. S1d{ shows
the multiphase feature, not a single phase (Fig. 1a and S1at).
Scanning electron microscopic (SEM) images reveal that the
as-prepared CoMoP, nanoparticles have spherical shapes with
grain sizes ranging from tens to hundreds of nano-meters
(Fig. 1b). In addition, the spherical structure of CoMoP,
consists of irregular nanoparticles with very rough surface
shown in Fig. S2a.} Transmission electron microscopic (TEM)
images of CoMoP, further confirm that a large number of
nanoparticles with an average diameter of about 50 nm are
stacked randomly to form spheroidal clusters (Fig. 1c and S3af).
The nanoparticles with rough surfaces can ensure sufficient
contact between the catalyst and the electrolyte facilitating
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Fig. 1 Characterization of bimetallic phosphides (CoMoP,). (a) Riet-
veld refinement XRD patterns of CoMoP, nanoparticles. (b) SEM
image. (c) Bright-field TEM image. (d) High-resolution TEM image, with
the inset showing the corresponding fast-Fourier transform diffraction
pattern of the red circle area. (e) High-angle annular dark-field
(HAADF) image and the corresponding elemental maps of Co, Mo and
P atoms.
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electron transfer. High-resolution TEM (HRTEM) images illus-
trate CoMoP, with a clear crystal lattice fringe in Fig. 1d and
S3b.t The interlamellar spacings of 0.198 nm, 0.274 nm and
0.250 nm are assigned to the (104), (101) and (102) planes of
CoMoP,. The corresponding inverse Fourier transform of the
red circle area shows a typical hexagonal symmetry (inset of
Fig. 1d), confirming high crystallinity. The high-angle annular
dark-field (HAADF) and element mappings demonstrate that
Co, Mo and P elements are distributed homogeneously
throughout the whole particles (Fig. 1e, S2b and ct), having the
atomic ratio of 1:1:2, shown in Fig. S3c and Table S1.t
Comparative samples of MoP, and CoP, also show the irregular
agglomerates with rough edges. Co (Mo) and P atoms are
homogeneously distributed in an atomic ratio close to 1:2
(Fig. S4 and Table S1t).

The catalytic activity of CoMoP, towards OERs is investigated
in 1 M KOH. The catalysts went through about 5 cyclic voltam-
metry (CV) cycles until a stable linear sweep voltammetry (LSV)
curve was obtained at 50 mV s~ . Fig. 2a shows that CoMoP, has
a lower overpotential of 270 mV to achieve a current density of
10 mA em™? (110 = 270 mV) compared with commercial RuO,/C
(344 mvV). Fig. 2b indicates that CoMoP, exhibits outstanding
performance compared to MnCoPO, (320 mV),** FeP,/FeNC/NPC
(330 mV),* Co,P/Co foil (319 mV),** Fe; ;Mn, 4P (350 mV) and
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Fig. 2 Performance of different catalysts in 1 M KOH aqueous elec-
trolyte. (a) OER polarization curve without iR correction, (b) compar-
ison of the overpotentials at 10 mA cm~2 between this catalyst and
other reported metal phosphides and (c) Tafel plots. (d) Electro-
chemical double-layer capacitance at different scan rates, and cor-
responding (e) turnover frequency (TOF) of CoMoP,, MoP, and MoP,.
(f) Polarization curves for CoMoP, before and after 6000 cycles. Inset:
amperometric i—t curve was obtained at a constant current density of
10 mA cm~2 over 20 h.
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Coy.6Feo 4P (300 mV),*>** and other reported catalysts are listed
in Table S2.} In order to examine the OER kinetic activity, Tafel
plots are given in Fig. 2¢.>*** The as-prepared CoMoP, catalyst
demonstrates a smaller Tafel slope of 51 mV dec™ ' than those of
CoP, (95 mV dec '), MoP, (75 mV dec ') and RuO,/C
(61 mV dec™'), implying its rapid rate of OERs. In addition,
electrical impedance spectroscopy (EIS) was performed to eval-
uate the electron transport performance (Fig. S5at).*® The
charge-transfer resistance (R.) follows the order of
CoMoP, (1.8 ohm) > MoP, (3.3 ohm) > CoP, (5.1 ohm). The
CoMoP, has the lowest charge transfer resistance among all
samples. The results further indicate that the electronic struc-
ture tuning could greatly accelerate the electron transfer at the
interface during the OER process.

To assess electrochemically active surface area,*** electro-
chemical double-layer capacitances (Cq;) were measured by the
CV method (Fig. 2d and S5b-ef). The as-prepared CoMoP,
presents a great Cg value (11.2 mF cm™?), compared to those of
RuO,/C (6.8 mF cm™?), MoP, (1.5 mF cm >), and CoP,
(1.1 mF cm?), revealing the enhancement of anion exchange-
ability between active sites and electrolyte. Fig. S5 shows high
faradaic efficiency, suggesting the reaction attributed to OERs.
The TOF of CoMoP, (2.12 x 10~ 2 s~ 1) is higher than those of
RuO,/C (0.39 x 107> s7'), MoP, (0.17 x 10> s~ ') and CoP,
(0.06 x 10~> s~ ") (Fig. 2e), while the normalized LSV curves by
Cgq1 exhibit superior OER activity in Fig. S6,T indicating the
highly intrinsic OER activity.** In addition, the great stability is
also critical for energy conversion and storage devices.** After
6000 cycles, the polarization curve of CoMoP, exhibits only
slight OER current degradation with an electrode at 100 mV s *
compared with the first curve (Fig. 2f), while the i-¢ curve also
shows that the catalytic current density is maintained around 10
mA cm 2 over 20 h of testing in alkaline solutions (inset image
in Fig. 2f), suggesting its superior catalytic durability and
structural stability.

After OER testing, the CoMoP, catalyst maintains the orig-
inal crystal symmetry (Fig. 3a), but new diffraction peaks at
26 = 19.2°, 38.0° and 51.6° appear, which match well with the
crystalline phase of Co(OH), (JCPDS# 51-1731),*>** implying
that the surface of CoMoP, underwent structural reorganization

Intensity (a.u.)

Cofin, JcPDSE30.0443

1620 30 4o S0 €0 7o 80 s 50_'""
2 Theta l(degree)

Fig. 3 (a) XRD patterns of CoMoP, samples before and after elec-
trolysis for 20 h. (b) TEM image and (c) ABF-STEM image with
magnified images showing atom arrangement at the boundary region.
(d) Bright-field TEM image with the corresponding elemental mapping
of CoMoP, after OERs.
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to form Co(OH),. The SEM images show that the morphology of
CoMoP, has a slight change after the OER process (Fig. 3b and
S7aft), but the core-shell structure is found with a shell thick-
ness of about 4 nm (Fig. S7bt). The HRTEM image shows the
interplanar spacings of the core and shell, which are 0.198 nm
and 0.230 nm, in accordance with the (104) and (002) planes of
CoMoP, and Co(OH), (Fig. 3c), respectively. The EDS mappings
show that Co, Mo and P elements are uniformly distributed in
all particles, while the O element is mainly concentrated on the
surface of the particle (Fig. 3d). The results indicate that the
reorganizations induce the formation of cobalt hydroxides on
the surface of CoMoP,, indicating that the surface Co atoms
have high activity.*

The surface valence states and chemical compositions of
CoMoP,, CoP, and MoP, catalysts were investigated by X-ray
photoelectron spectroscopy (XPS). The XPS survey (Fig. S8at)
demonstrates that the surface of CoMoP, contains Co, Mo, P and
O elements, and the existence of O is due to air exposure. After
OERs, the atomic ratio of Co: Mo :P: O on the surface has
changed to 5.47:4.28:10.55:79.7, compared with those of
3.03:8.20:17.99:70.78 for CoMoP, before the OER. The
contents of Co and O increase, accompanied by a decrease in Mo
3d and P 2p contents (Fig. S8at), consistent with a Co(OH), shell
generated for covering up the signals on the surface. In the high-
resolution XPS spectrum of Co 2p (Fig. 4a), Co 2ps, located at
778.18 eV and 792.83 eV are assigned to Co-P (Co°),** and the
peaks located at 780.93 eV and 797.4 eV are attributed to the
oxidized Co species (Co>").** Compared with CoP,, the binding
energy (BE) peak of CoMoP, before at 778.18 eV (Co°, red line)
has a relatively lower intensity, and the BE peak at 780.93 eV
(Co*") is positively shifted to 781.74 €V (green line) in Fig. 4a.
Meanwhile, the area ratio of 781.74/778.18 eV (abbreviated as
Co*/Co°) for CoMoP, before increases significantly from 1.01 to
6.33 compared with CoP,, illustrating that surface Co atoms
have a high oxidation state. Similarly, the BE peak at 227.57 eV
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Fig.4 Characterizations of CoP,, MoP,, and CoMoP, before and after
the OER. High-resolution XPS spectra of (a) Co 2p and (b) Mo 3d. “Sat.”
indicates satellite peaks. (c) XANES spectra and (d) magnitude of FT-
EXAFS spectra with a magnified inset image of Co foil, CoO, C0,0s3,
and CoMoP, before and after the OER at Co K-edges.
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(Mo-P, Mo°), 228.77 (Mo 3d5/,) and 231.2 eV (Mo 3d;,,) in the Mo
3d region are assigned to Mo®* (0 < 6 < 4),% while other doublets
at 232.5 (Mo®, 3ds,) and 235.1 eV (Mo®, 3d,,) (Fig. 4b)
are ascribed to the oxidized MoO, species.*” The area ratio of
Mo’ (0 < & < 4)/Mo° increases from 0.56 to 1.68, while the
Mo®/Mo’* (0 < § < 4) ratio drops from 3.25 to 0.49 compared
with MoP,, suggesting the strong interaction between Co and
Mo atoms in CoMoP,.*** After OERs, BE at 235.1 eV (Mo®") for
CoMoP, (after OERs) is positively shifted and the ratio of
Mo°*/Mo’" increases significantly, suggesting a higher valence
state of the Mo atom on the surface (Fig. 4b). Meanwhile, the BE
peak at 778.18 eV (Co-P) disappeared and a large amount of Co>*
was detected on the surface compared with that before the OER
(Fig. 4a), confirming that Co atoms or cobalt oxides serve as
active sites on the surface. Interestingly, the electronic structure
of Co is significantly affected by the strong interaction between
Co and Mo atoms, which induces a large number of Co®" rather
than Co** on the surface, which is beneficial for the generation
of intermediates (Co(OH),), facilitating the OER process.

In Fig. S8b,T O 1s spectra can be deconvolved into two bands,
corresponding to O-metal bonds (531.56 eV) and H,O
(533.00 eV).*® After the OER, the peak at 531.56 eV of CoMoP,
exhibits a prominent peak assigned to the O metal in Fig. S8¢,
which is related to high valence of Co active sites,**** resulting
in its superior electrocatalysis performance. The XPS spectra of
P 2p are shown in Fig. S8b,T and the peaks at 133.71 eV and
134.45 eV are assigned to phosphate (P-0).*>** The peaks at
129.15 €V and 129.94 eV are found to be Co-P and Mo-P,
respectively.”® Clearly, all samples show the signals of P-O on
the surfaces and the peaks for P 2p;, in CoMoP, are shifted
toward the lower BE peak compared with the ones of CoP, and
MoP,. The phosphates produced can serve as proton transport
mediators at the catalyst surface,"*> which are beneficial for the
OER process.

X-ray absorption fine structure (XAFS) spectra of Co K-edge
were recorded for CoMoP, (Fig. 4c and d). The presence of
pre-edge peaks for CoMoP, both before and after OERs are
similar to Co foil (Fig. 4c), indicating the metallic nature of Co
in CoMoP, catalysts.>® After the OER, the pre-edge peak
becomes weaker due to the presence of intermediates (O, OH,
and OOH) from the OER process, and the X-ray absorption near-
edge structure (XANES) of Co K-edge is positively shifted to
higher energies (Fig. S8df), suggesting Co-O species (Co>",
Co(OH),) on the surface. In order to precisely determine the
valence state of COMoP,, the absorption energy (E,, determined
from the first peak in the derivative) of Co foil was set at
7709.1 eV. CoMoP, before the OER has a high absorption energy
(Eo = 7715.74 eV), confirming that CoMoP, before the OER has
a high valence state for Co atoms. Meanwhile, the absorption
energy of CoMoP, after the OER (E, = 7716.14 eV) is similar to
those of CoO (E, = 7716.52 eV),”” suggesting that the oxidation
state of Co is close to Co**, which could be attributed to the
formation of Co(OH), on the surface, consistent with the above-
mentioned XRD and XPS results. Moreover, the main peak is
located between that of CoO and Co,03, suggesting a similar
coordination environment (Co oxides) for Co atoms on the
CoMoP, (after the OER) surface.*® The Fourier-transformed k-

This journal is © The Royal Society of Chemistry 2020
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weighted extended X-ray absorption fine structure (FT-EXAFS)
spectra at Co K-edges for CoMoP, are also displayed in
Fig. 4d. The FT-EXAFS spectra of CoMoP, (before and after)
show a prominent peak at 1.7 A (Fig. 4d), attributed to the first
coordination the Co-P shell,” indicating that CoMoP, still
maintains its crystalline structure with great stability. In addi-
tion, a small Co-O peak appears close to the main peak of CoO
(inset of Fig. 4d), related to the Co(OH), shell on the surface.
The EXAFS fittings were processed using CoMoP, (P63/mmc) and
modified CoMoP,-Co(OH), structure models in Table S3,
Fig. S8e and f.{

The fitting results show that the Co-P1 and Co-Mo1 paths
(R) are 2.26 and 2.82 A for CoMoP, before, matching well with
that of the theoretical value of CoMoP, (2.27 and 2.83 A) (Table
S31).% The Co-P1 path after the OER is 2.24 A close to COMoP,
before confirming the stability structure of CoMoP,. Addition-
ally, Co-O paths are added leading to a better fitting data,
confirming that a part of Co on the surface has been trans-
formed into oxidized Co species (Co(OH),) as indicated by the
XNFS analysis. The sum of average coordination number (Co-
01 and Co-P1 paths) for COMoP, after the OER is the same as
that of Co-P1 paths for CoMoP, before the OER, shown in Table
S3,1 and the Co-Mo1 paths (3.07 A) for COMoP, after the OER is
longer than that before the OER (2.82 A), which is affected by
Co-O (1.90 A) in Table S3.t Therefore, the X-ray absorption
analysis shows that the Co atom in CoMoP, has a higher
oxidation state as active sites formed Co(OH), shell on the
surface during the OER, while the core structure of CoMoP,
remains unchanged explaining the catalytic stability.

To understand the OER performance, the density of states
(DOS) of CoMoP,, CoP, and MoP, were calculated to uncover
the electronic structure (Fig. S91). CoMoP, has a conductive
electronic structure (DOS of 1.7 states per eV at Fermi level)
(Fig. S9at), while both CoP, and MoP, have semi-conductive
behaviors, exhibiting relatively weaker electronic conductivi-
ties (Fig. S9b and ct). The OER over CoMoP, and comparable
systems were investigated using the density functional theory
(DFT) within the Perdew-Burke-Ernzerhof exchange-correla-
tion PBE functional. First, we predict the OER energy profiles at
different surface metal sites on the CoMoP, (104) surface
(Fig. S10at) with the clean slab (*) and the surface adsorption
species (*OH, *O, and *OOH). On the (104) surface of CoOMoP,,
the Co and Mo sites form separate stripes containing Co-Co,
and Mo-Mo neighbouring pairs, but no Co-Mo pairs. The
bridge adsorption at Co-Co and Mo-Mo sites are found to be
more favourable than the linear adsorption at a single metal. It
appears that Mo is more prone to severe oxidation than Co
(Fig. S11a and bf). The predicted OER energy profile suggests
that Mo on (104) is naturally hydroxide when no external bias is
applied (Fig. S11at). With an external bias of 1.23 V, bridge
Mo,0H turns into Mo,O (Fig. Silat), and no Mo,0O0OH or
Mo,00 is formed due to strong Mo-O bonding. In contrast, the
bridge Co-Co site exhibits much weaker adsorption for the O
and OH species than the Mo-Mo site does, and the formation of
Co0,00H and Co,00 is viable. The Co,0— Co,00H elementary
step is the rate-limiting step, with its overpotential predicted to
be 0.96 eV. Fig. S11bt also suggests that, without external bias,

This journal is © The Royal Society of Chemistry 2020
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the Co on (104) is expected to be inhabited by OH species
partially and reversibly. At an external bias of 1.23 V, Co on (104)
is likely to be covered by OH and O. In addition, the OER on the
close-packed (001) surface was also looked into (Fig. S10b and
S11ct). Weaker OER activities are found for both Mo and Co site
due to too strong adsorption of O species, as compared to the
loosely packed (104) surface.

During reaction, the OER occurs simultaneously at many
surface sites, which generates partially oxidized catalytic
surfaces at any moment. To examine the influences from
surface partial oxidation, we probe the OER activity of the Co
and Mo sites that are surrounded by hydroxide species
(Fig. 5a-d). For OERs at Mo-Mo, the adjacent surface hydrox-
ides do not prevent dissociation of Mo,0O0H resulting in
a complete OER cycle (Fig. S11df). For OERs at Co-Co, the
predicted overpotential resulting from the rate-limiting
*O— *OOH step is 0.78 eV for the oxidized surface, decreased
from 0.96 eV for the clean surface (Fig. S11b¥), suggesting that
the occupation of the adjacent Co—Co sites by OH enhances the
OER activity (Fig. 5e). Such changes are likely due to the
“protective” hydroxides attenuating Co's ability to donate elec-
trons to adsorbates (O and OH). The protective OH species at
the catalytic Co-Co sites will pull electron densities from the Co
sites, and thus slightly increase the oxidation state of Co. As
a result, the Co sites are less capable of donating electrons to
the OER species at the Co-Co bridge site, as compared to Co on
the clean (104) surface with a lower oxidation state. The *O
adsorption is more sensitive to the increased oxidation state of
Co than the *OH/*OOH adsorption, in terms of adsorption
strength, as the former ideally requires an oxidation state
change of 2 for Co, whereas the latter only desires an oxidation
state change of 1. Therefore, the protective OH prevents the

MoMoP, (104)

&
S

MoP (011)

Fermi Energy (eV)
A A
> S

&
»

NiMoP, (104)

N

1.51

AG (eV)

—————  CoMoP,_ (104)

-
&
>

0.76 0.62 CoP (011)
4 047 2 CoCoP, (104)

0.29 5.2

*OH *0 *OOH *+0, 5.4

2

Fig. 5 DFT calculations for the OER over CoMoP,. (a) *, (b) *OH, (c)
*O, and (d) *OOH atomistic structures, Co = blue, Mo = orange,
P = pink, O =red, H = white. (e) OER free energy profile (Go*) for Co—
Co active sites on partially oxidized CoMoP, (104) surface at the PBE
level. (f) Predicted Fermi energies for a range of transition metal
phosphates, and colors of the horizontal bars indicate different crystal
polymorphs. The vacuum energy is set to zero.
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formation of overly stable *O species at the Co-Co bridge, and
decreases the Gibbs free energy of reaction for the rate-limiting
*O— *OOH step.

We have shown that the surface Co sites are probably the
actual catalysts for the OER over CoMoP,, while the hydroxide
species are both intermediates and co-catalysts during the OER.
Next is to understand the co-catalyzing role Mo plays in the
OER. Apparently, Mo is important in defining the crystal
symmetry of CoMoP, (different from those of CoP and MoP)
(Fig. S12%). CoMoP, is essentially a Co-doped MoP with addi-
tional inversion symmetry, meaning that the surfaces of
CoMoP, are more alike those of MoP than CoP. In addition, Mo
will likely affect the work function of the material, since the
work function of Mo and Co metals are ~4.5 and ~5 eV.** We
calculated the Fermi energies (equivalent to the negative of
work function) of the relevant phosphide materials and aligned
them with the reduction potentials of HERs and OERs (marked
at —3.61 and —4.84 eV for pH = 14), as shown in Fig. 5f. We
found that the Fermi levels of NiMoP, and CoMoP, (—4.9 and
—5.0 eV) are most close to the OER potential (within 0.15 eV),
which may favor OERs. A catalyst with the Fermi level far above
the OER potential will induce a high surface potential barrier
from the electric double layer under OER working conditions,
while that far below the OER potential will lose activity due to
surface oxidation. Interestingly, the Fermi level of NiMoP, is the
closest to the OER potential among the surveyed systems,
showing the strong work-function-tuning effects of Mo. The
NiMoP, (104) surface (Fig. S13t) is predicted to exhibit
comparable OER activities as CoOMoP, (104). NiMoP, is probably
a good OER catalyst worth further attention.

Conclusions

In summary, we have developed irregular CoMoP, nano-
particles consisting of a large number of rough edges under
high pressure followed by ball-milling. CoMoP, nanoparticles
exhibit a low overpotential of 270 mV (at 10 mA ¢cm *) and
stable durability in alkaline electrolytes. Our results in both the
experiment and the calculation support that the boosting
catalytic performance is attributed to the controllable compo-
sition, architecture and self-reorganization: (1) unique particle-
like shapes consisting of irregular nanoparticles with massive
rough edges, which improve the active surface area and the
intralayer electron (ion) transfer; (2) self-reconstruction
produces highly active Co sites to form a Co(OH), layer on the
CoMoP, surface; and (3) Mo atoms regulate the electronic
structure facilitating the OER activity. Our results might provide
guidance and insights for further design and optimization of
the OER catalysts.
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