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ABSTRACT: Optimization of the efficiencies of both macroscale
mass transport and microscale electron transfer is highly desired for
achieving high-performance electrocatalysts but still remains a great
challenge. Herein, a facile topological conversion method is
developed to synthesize a novel O-incorporated CoP derivative
(denoted as Co−P−O) with directed mass and electron transfer
effects, which benefits from its hierarchical porous structure and
internal atomic n-p homojunction, respectively. As a result, Co−P−
O achieves optimal hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) performance with low overpotentials
(113 and 256 mV at 10 mA cm−2, respectively) and enhanced
durability in water splitting. Density functional theory calculations
further reveal that both the degree of polarization/rearrangement of
the overall surface charge and the delocalization effects of the d electrons of Co−P−O are enhanced, leading to optimal adsorption
of H2O/OH− and desorption of the generated gases for enhancing HER and OER activities.
KEYWORDS: metal phosphides, hierarchical porous structure, homojunction, directed transfer, overall water splitting

■ INTRODUCTION
Electrocatalysis plays a central role as a sustainable technology
for green hydrogen production (from renewable electricity)
through the hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) forming the two events/half-
reactions of electrocatalytic water splitting.1 Two key features
of electrocatalytic water splitting are liquid-phase mass transfer
(involving adsorption and desorption of substrates and reactive
intermediates) and electron transfer at the anode and cathode
interfaces.2−4 The efficiencies of both processes are highly
dependent on the properties of the electrochemical catalysts.5,6

Thus, an important goal guiding the design of new high-
performance electrocatalyst systems is the optimization of
macroscale mass transport via effective strategies, such as
constructing hierarchical porosity, nanostructuring engineer-
ing, dealloying, etc.,7,8 by amplifying diffusion and increasing
the probability for contact with the active sites or by altering
the hydrophilicity and surface tension.9−11 In addition,
optimization of the efficiency of microscale electron transport
can be obtained via modulating electron structures, such as
element doping, defect engineering, interface constructing,
etc.,12,13 by selecting electrode materials in which orbital
coupling, molecular symmetry, and orbital degeneracy are
optimal.14−16

The search for materials with rapid mass transfer
proficiencies has uncovered hierarchically porous structures
that contain both abundant internal mass transfer channels and
active sites exposed on the inner surface. For example, Yu et al.
demonstrated that hierarchically porous channels in Pt
nanotubes, in which overlap of the electric double layer is
avoided, greatly promote the transfer of reactive substances
from the bulk electrolyte to the electric double layer on the
surface of the catalyst.17 In addition, we recently devised a
simple galvanic replacement method for the preparation of
efficient and durable hierarchical fractal PtPdCu sponges,
containing three-dimensional hierarchical fractal pores, which
facilitate the transport of reactants from large to small pores.18

We also demonstrated that this material serves as a high-
performance electrocatalyst in methanol electro-oxidation.
However, the synthesis of this hierarchical porous structure
is cumbersome, and it leads to the loss of catalytic active sites.
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Thus, a simple method for the fabrication of hierarchical
porous structures without destroying the original active sites is
in high demand.

Investigations focused on enhancing electron transfer in
electrocatalytic systems have shown that the presence of n-p
junctions leads to an acceleration of electron transfer because
of their ability to create a built-in electric field that promotes
directed charge transfer.19,20 Directed electron transfer at the
interfaces of n-p junctions elevates the adsorption energies of
key intermediates21 in the catalytic reactions and reduces the
internal energy barrier of electrochemical reactions.22 In one
effort, Xu and co-workers constructed a CuO@CoOOH n-p
heterojunction, which had significantly altered electronic
properties in the space charge region that led to the promotion
of electron transfer.23 Also, Qian et al. synthesized a
semiconductor p−n junction, consisting of a p-type CoP
array and an n-type FeNi-LDH nanosheet that served as a
catalytically active center, in which the electronic structure of
the space charge region of the active site was regulated.19

However, the nature of an n-p heterojunction is governed by
properties, such as band gap arrangement, crystal structure,

and lattice parameters, as well as other characteristics. In
contrast, electron transfer is more favorable at homogeneous n-
p junctions in a single material with continuous band
bending.24 Owing to the heterogeneity of charge regions in
n/p semiconductors, directed electron transfer at the atomic
scale is exceedingly difficult to regulate.

Studies carried out in the past, which were influenced by the
above considerations, revealed that cobalt phosphide (CoP) is
a universal nonprecious metal-based electrocatalyst, especially
for the water splitting process.10,25,26 In the effort described
below, we prepared and evaluated the electrocatalytic perform-
ance of a new O-incorporated CoP derivative, denoted as Co−
P−O. We observed that this material, which is fabricated using
a facile topological conversion method, has a hierarchical
porous structure that enables fast mass transfer through
constructing hierarchical porosity and n-p homojunctions
between the n-type region of Co−P and the p-type region of
Co−O, forming a new built-in electric field for directed
electron transfer. The results of electrochemical investigations
indicate that the extent of O incorporation in Co−P−O has a
remarkable effect on the efficiencies of both the HER and

Figure 1. (a) Schematic illustration of the intrinsic mechanisms for matter and electron transport in Co−P−O and a scheme of the synthesis of
Co−P−O nanocrystals. (b−e) TEM images of Co−P−O2 with different magnifications. (f, g) HRTEM images of Co−P−O2. (h) SAED pattern of
Co−P−O2. (i) HAADF-STEM image of Co−P−O2 and corresponding EDX elemental mapping results.
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OER. The as-synthesized Co−P−O exhibits excellent electro-
catalytic performance for both alkaline HER and OER with
small overpotentials (η10, at 10 mA cm−2) of only 113 and 256
mV, respectively. Overall water splitting can be stably delivered
at a low η10 cell voltage of 1.67 V, and the system exhibits
extraordinary stability over a continuous operation for 20 h.
Density functional theory (DFT) simulation supports the
experimental results by demonstrating that an appropriate level
of oxygen incorporation effectively improves electrical
conductivity, enhances d-electron delocalization on the Co
atom close to the O atom, and modulates the electronic
structure of CoP. We anticipate that the present design
strategy for directed transport of mass and electrons will offer
new insights to design high-efficiency electrocatalysts for
energy conversion devices.

■ RESULTS AND DISCUSSION
The conceptual basis for elevated directed mass and electron
transfer that we propose to occur in Co−P−O is schematically
represented in the top part of Figure 1a. Because the pore sizes
in the branches are smaller than those in the trunk (D2 < D1)
of this material, we anticipated that directed mass transfer will
be promoted by the change occurring in the electrolyte
diffusion rate in the small branches (V2) versus the trunk (V1)
according to the fluid formula V = Q/π(D/2)2, where V, Q,
and D are the respective transfer velocity, flow rate, and
diameter of the pores.18 The resulting directed mass transfer of

the electrolyte from the branches to the trunks could facilitate
maximum exploitation of inner active sites. In addition, a
difference exists between the band structures in the n-type
Co−P regions and p-type Co−O regions at the atomic level in
Co−P−O, enhancing electron utilization efficiency and
activating reactive Co atoms for better adsorption/desorption
ability accelerating the catalytic process.

A scheme for the preparation of hierarchically porous Co−
P−O nanocrystals with different oxygen contents is displayed
in Figure 1a. The Co(CO3)0.5(OH)·0.11H2O precursor
employed in the synthetic pathway was generated via simple
hydrothermal growth in a mixture of CoCl2·6H2O and urea.
Formation of the target compound in this process is likely
initiated by the decomposition of urea (CO(NH2)2 + 3H2O →
2NH4

+ + CO2 + 2OH−). The X-ray diffraction (XRD) pattern
of this substance (Figure S1) correlates with that of
orthorhombic Co(CO3)0.5(OH)·0.11H2O (PDF#48-0083).
Scanning electron microscopy (SEM) images of prepared
Co(CO3)0.5(OH)·0.11H2O (Figure S2a,b) show that individ-
ual branches are tens of microns in length. Precipitated
Co(CO3)0.5(OH)·0.11H2O was then phosphatized using
NaH2PO2 in different times and atmospheres. This process
produces Co−P−O containing different oxygen contents
denoted as Co−P−O1, Co−P−O2, and Co−P−O3 (see the
Experimental Section in the SI). Notably, the Co−P−O
nanocrystals have hierarchical porous structures caused by the
release of H2O and CO2 during the high-temperature process.
Also, they possess atomic-level n-p homojunctions as a result

Figure 2. (a) XRD patterns and (b) high-resolution XPS spectra of Co 2p3/2, (c) P 2p, and (d−f) O 1s for Co−P−O1, Co−P−O2, and Co−P−
O3. (g) Mott−Schottky plots of Co−P−O2 according to impedance measurements. (h) Planar-average charge density and (i) n/p-type region
electron transfer of Co−P−O2 (yellow region indicates charge accumulation; cyan region indicates charge depletion).
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of modifications of the electronegativity and coordination
environment of Co promoted by oxygen doping.

Figure S3 shows SEM images of multiple and single
nanocrystals of Co−P−O, which have the same morphology
as the Co(CO3)0.5(OH)·0.11H2O precursor. Moreover, the
transmission electron microscopy (TEM) images displayed in
Figure 1b−e reveal that the nanocrystals have branches,
composed of many hierarchical pores and stomatal channels in
Co−P−O2, where pores in the trunk are broader (2.5 nm)
than those in the branches (0.6 nm). Moreover, the TEM
images of branches in single nanocrystals of Co−P−O2 show
that they have a wedge-shaped structure with a width of ∼40
nm at the top and ∼80 nm at the bottom (Figure S4). As per
the fluid formula described in Figure 1a, these size differences
could result in the directed mass transfer of the electrolyte
from branches to trunks, facilitating the maximum exploitation
of inner active sites. High-resolution TEM (HRTEM) images
(Figure 1f,g) confirm that Co−P−O2 has interplane distances
at the lattice fringes of 0.189 and 0.201 nm, which correspond
to the (211) facet and (210) facet of CoP (PDF#29-0497),
respectively. The corresponding selected area electron
diffraction (SAED) pattern of Co−P−O2 (Figure 1h) shows
that it has a typical polycrystalline nature composed of
nanocrystals with three predominant diffraction rings, which
can be indexed to the (111), (210), and (211) atomic planes
of CoP. A high-angle annular dark field (HAADF) image and a
corresponding elemental mapping (Figure 1i) show that Co, P,
and O are spatially distributed in a well-defined manner.

The phase structures of the hierarchically porous Co−P−O
nanocrystals were initially examined by XRD (Figure 2a). The
results clearly show that the precursor is converted by
phosphorization into orthorhombic CoP, where the Co atom
is coordinated with six P atoms. Moreover, because the
electronegativity of Co (1.88) has a different gap from that of
O (3.44) and P (2.19), the O atoms entering the CoP lattice
will lead to changes in the local environment of the material
(such as bond length, bond angle) and in the overall electronic
structure of the material.27 Furthermore, X-ray photoelectron
spectroscopy (XPS) was employed to gain further information
about the atomic composition and the oxidation states at the
surface of Co−P−O containing different oxygen contents,
where the survey spectrum of Co−P−O2 shows the existence
of Co, P, and O (Figure S5). The high-resolution XPS spectra
of Co 2p3/2, P 2p, and O 1s are shown in Figure 2b−f. The Co
2p3/2 region contains peaks at 781.9 and 785.2 eV associated
with oxidized species and satellite peaks in Co−P−O2, along
with peaks at 782.2 and 785.3 eV corresponding to Co−P−O1,
and 782.1 and 785.1 eV associated with Co−P−O3.28 The
peak at 778.5 eV in the Co 2p3/2 XPS region of the spectrum of
Co−P−O2 is higher in energy than that of Co−P−O3 (778.4
eV) but lower than that of Co−P−O1 (778.6 eV) (Figure
2b).3 This observation indicates that the electron density at Co
is redistributed upon increasing the incorporation of O, leading
to a relatively more positively charged Co center for the
promotion of adsorption/desorption of intermediates. Specif-
ically, the more positively charged Co center could optimize
the electron configuration of the eg orbital filling, balancing the
binding energy between the catalytic site and involved oxygen
intermediates (OH*, O*, and OOH*) for OER.29 At the same
time, it could also change the d orbital electron state of Co and
then regulate its interaction with the s orbital of intermediate
(H*) for HER.30 Hence, the desorption and adsorption
behaviors of different reactions were optimized. In the XPS

spectral region corresponding to P 2p, two distinct peaks
associated with Co−P−O2 are present at 129.3 and 130.0 eV,
whereas the peaks at 129.4 and 130.1 eV are linked to Co−P−
O1, and those at 129.2 and 129.9 eV are associated with Co−
P−O3 (Figure 2c).10 In addition, the peak at 134.3 eV in the P
2p region of the spectrum of Co−P−O2 represents an oxidized
P species such as PO4

3− formed upon air exposure, and those
in the spectra of Co−P−O1 (134.5 eV) and Co−P−O3 (134.4
eV) are also linked to oxidized P species.31 These findings
show that the introduction of O induces an increase in the
valence state of P, which suggests the transfer of electrons from
phosphorus to oxygen. As can be seen by inspecting Figure
2d−f, the O 1s regions of the high-resolution XPS spectra of
Co−P−O1 and Co−P−O2 contain typical oxygen-associated
peaks denoted as O1, O2, and O3, while that of Co−P−O3 only
contains two groups of O1 and O2 peaks. Specifically, the O1

peaks at 533.0, 533.4, and 533.3 eV are linked to physisorbed
and chemisorbed water near the surface and the O2 peaks at
531.7, 531.9, and 531.7 eV are typically associated with oxygen
in OH− groups at the surface.28 The components of O3 at
530.9 eV for Co−P−O1 and 531.0 eV for Co−P−O2 are
associated with metal−oxygen bonds, indicating that oxygen
still exists after phosphorization.32 In contrast, the observation
that the O 1s region in the spectrum of Co−P−O3 does not
contain a characteristic O3 peak shows that pure CoP exists as
a result of complete phosphorization of Co(CO3)0.5(OH)·
0.11H2O. To obtain the oxygen contents of Co−P−O formed
by phosphorization, ratios of the areas of the O1, O2, and O3

peaks in the O 1s region of spectra of Co−P−O1 and Co−P−
O2 were determined. The results show that 3.2% and 2.1%
oxygen are present in metal−oxygen bonds in Co−P−O1 and
Co−P−O2, respectively (Tables S1 and S2). Based on the
results of XPS and inductively coupled plasma-atomic emission
spectrometry (ICP-AES) (Table S3), the atomic ratios of Co,
P, and O for Co−P−O1, Co−P−O2, and Co−P−O3 are
approximately 50:46.8:3.2, 50:47.9:2.1, and 50:50:0, respec-
tively. In addition, N2 absorption−desorption isotherm plots of
Co−P−O2 show typical type-II isotherm features and the
Brunauer−Emmett−Teller (BET) surface area is 117.9 m2 g−1

(Figure S6a). This suggests the possible presence of ink bottles
or tubular holes, which is consistent with our TEM
observations. Also, analysis using the Barret−Joyner−Halenda
method shows that the pores in this material have mesoporous
sizes (Figure S6b), suggesting that the pores will facilitate the
diffusion of reactants into the inner surface to achieve directed
mass transfer, which is consistent with the analysis results of
TEM.

The interfacial charge behavior of Co−P−O2 was explored
using Mott−Schottky (MS) plots and employing CoP
(without introduction of O) and Co3O4 (without introduction
of P) as references (Figures 2g and S7). The results show that
Co3O4 exhibits p-type semiconductor behavior, while Co−P−
O3 has n-type semiconductor properties (Figure S7), which
are consistent with previous reports.33,34 In contrast, MS
results show that Co−P−O2 possesses both n-type and p-type
properties (Figure 2g), where these properties endow Co−P−
O2 with inner electric potentials, creating a new built-in
electric field and suggesting that an inner n-p effect exists in the
material, which would facilitate directed electron transport.35

To further investigate the influence of oxygen incorporation on
electronic properties of Co−P−O2, planar-average charge
densities and Bader charges were calculated by utilizing DFT.
Based on the XRD and TEM results, the (211) plane was used
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to model pristine CoP, and XPS results guided the
construction of the model for Co−P−O2 (Figure S8). The
results show that the charge density is polarized along the Z-
axis and that electron enrichment is larger in the n-type Co−O
region, again suggesting that the directed transfer of electrons
could occur (Figure 2h). Bader charge analysis (Figure 2i) was
conducted to determine the overall charge gain and loss in
regions (I and II), where O exists in Co−P−O2 (Figure 2i,
inset). The results reveal that regions I and II gain 0.72 and
0.59 electrons, respectively, which is consistent with the planar-
average charge density results displayed in Figure 2h. The
above results demonstrate that atomic n-p homojunctions exist
in Co−P−O2.

The electrocatalytic activities of as-prepared Co−P−O2,
along with control materials, including Co−P−O1, Co−P−
O3, and commercial RuO2, were determined in alkaline
aqueous solutions by using a typical three-electrode electro-
chemical system. All potentials were referenced to the
reversible hydrogen electrode. The linear sweep voltammetry
(LSV) curves in Figure 3a show that among the four catalysts,
Co−P−O2 exhibits the best OER performance in aqueous
KOH (1.0 M) at 10 mA cm−2. Also, the overpotential for the
OER at 10 mA cm−2 (Figure 3b) of Co−P−O2 is 256 mV,
which is much smaller than those of Co−P−O1 (326 mV),
Co−P−O3 (297 mV), and RuO2 (382 mV). Interestingly, the
performance of Co−P−O1 is better than that of Co−P−O3 at

Figure 3. Electrocatalytic OER performance of different catalysts in a N2-saturated 1.0 M KOH electrolyte. (a) LSV polarization curves at a scan
rate of 5 mV s−1, (b) overpotentials at a current density of 10 mA cm−2, (c) Tafel slopes, (d) estimated Cdl values, and (e) Nyquist plots of as-
prepared materials measured at 1.53 V and corresponding analog circuit. (f) Chronopotentiometry curves at a constant current density of 10 mA
cm−2 in OER catalyzed by Co−P−O2 and RuO2.

Figure 4. Electrocatalytic HER performance of different catalysts in a N2-saturated 1.0 M KOH electrolyte. (a) LSV polarization curves at a scan
rate of 5 mV s−1, (b) overpotentials at a current density of 10 mA cm−2, (c) Tafel slopes, (d) estimated Cdl values, and (e) Nyquist plots measured
at −1.13 V of as-prepared materials and corresponding analog circuit. (f) Chronopotentiometry curves at a constant current density of 10 mA cm−2

in HER of Co−P−O2 and commercial Pt/C.
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a low potential, while the performance of Co−P−O3 is better
than that of Co−O−P1 at a high potential, which may be
ascribed to the adverse reconstruction of Co−P−O1 by
increasing the potential.36 This phenomenon may result from
the relatively faster increase in the dynamic barrier or decrease
in the number of exposed reaction centers for Co−P−O1 in
comparison with Co−P−O3 at a high potential. Notably, the
OER overpotential of Co−P−O2 is among those of state-of-
the-art non-noble metal-based catalysts in the previous reports
(Table S4). The Tafel slope of Co−P−O2 is 97 mV dec−1

(Figure 3c), which is smaller than those of Co−P−O1 (132
mV dec−1), Co−P−O3 (124 mV dec−1), and benchmark RuO2
(155 mV dec−1). The small Tafel slope of Co−P−O2 could
aid practical applications, because it indicates that only a small
overpotential increase is required to obtain a higher current
density,37−39 demonstrating the kinetic merit for the OER. In
addition, analysis of cyclic voltammograms (CVs) outside the
Faradaic regions, generated using different scan rates (Figures
3d and S9), shows that Co−P−O2 has a double-layer
capacitance (Cdl) value of 75.2 mF cm−2, which is noticeably
larger than those of Co−P−O1 (59.0 mF cm−2) and Co−P−
O3 (59.2 mF cm−2), implying that Co−P−O2 has a higher
electrochemically active surface area (ECSA) (Figure S10).
Evaluation of the conductivity and resistivity of all samples was
carried out using electrochemical impedance spectroscopy
(EIS) (Figure 3e), where the analog circuit from Nyquist plots
suggests a smaller impedance and faster reaction rate (Table
S5), indicating that Co−P−O2 has the smallest charge transfer
resistance (Rct) among all tested materials, which may be
attributed to the appropriate O doping that regulates the CoP
surface electronic structure.40 Hence, it accelerated an
interfacial electron transfer, suggesting that Co−P−O2 has a
higher intrinsic catalytic activity for the OER in the alkaline
electrolyte than the control materials, consistent with the
calculated turnover frequency (TOF) at an overpotential of
300 mV of 3.77 × 10−3 s−1, which is greater than that of RuO2
(Table S6). Generally, the higher TOF can accelerate the mass
transport process during the OER, resulting in the enhance-
ment of electrocatalytic activity.41 Moreover, chronopotentio-
metric (CP) measurements of Co−P−O2 during the OER for
24 h at a current density of 10 mA cm−2 (Figure 3f) show that
an insignificant loss in activity occurs in comparison to
commercial RuO2, which demonstrates that Co−P−O2 has
excellent stability.

The HER performance of Co−P−O2 and the other catalysts
under alkaline conditions was also evaluated. The LSV curves
of the catalysts (Figure 4a) demonstrate that Co−P−O2
exhibits excellent catalytic activity for the HER at 10 mA cm−2.
For quantitative comparison, the overpotentials at 10 mA cm−2

are extracted as shown in Figure 4b, where the overpotential of
Co−P−O2 in the HER is 113 mV, which is lower than those
of Co−P−O1 (134 mV) and Co−P−O3 (153 mV). Also, the
HER overpotential of Co−P−O2 is among those for state-of-
the-art non-noble metal-based catalysts in previous reports
(Table S7). Figure 4c shows that the Tafel slope of Co−P−O2
(67 mV dec−1) is smaller than those of Co−P−O1 (75 mV
dec−1) and Co−P−O3 (117 mV dec−1), demonstrating that it
has superior kinetics for the HER. According to the
corresponding CVs with different scan rates outside the
Faradaic regions, which are shown in Figure S11, Co−P−O2
exhibits a higher Cdl value (5.5 mF cm−2) compared to Co−P−
O1 (3.3 mF cm−2) and Co−P−O3 (1.8 mF cm−2), indicating
that it has more ECSA (Figures 4d, S12). Furthermore, Co−

P−O2 has a lower Rct than Co−P−O1 and Co−P−O3 (Figure
4e, Table S8), which suggests that it displays faster charge
transfer due to the optimized O doping content and interfacial
electron structure.42 The TOF value of Co−P−O2 in the HER
process is 4.60 × 10−3 s−1 (at η = 120 mV), which is
considerably larger than those of Co−P−O1 and Co−P−O3
(Table S9), contributing to the quick diffusion of the
electrolyte during the HER. Additionally, Co−P−O2 displays
a constant current output of 10 mA cm−2 (Figure 4f), showing
an insignificant increment compared with that of commercial
Pt/C through CP measurements.

To determine if the properties described above would lead
to possible practical applications, a Co−P−O2 || Co−P−O2
electrode couple was constructed for total water splitting in 1.0
M KOH. The stability of this dual electrode for water
electrolysis in 1.0 M KOH is well maintained over 20 h of
continuous operation at 1.67 V (Figure S13). Furthermore, the
Faradaic efficiency of Co−P−O2 was evaluated using an H-
style electrolytic cell at 35 mA cm−2 in 1.0 M KOH. As seen in
Figures S14−16 and Table S10, the volumetric ratio of
cathodic generative gas (H2) to anodic one (O2) matches well
with the theoretical value (2:1), where the Faradaic efficiency
of Co−P−O2 in overall water splitting was measured to be
98.8%. In addition, electrochemical tests were carried out in
alkaline simulated seawater (1.0 M KOH + 3.5% NaCl) to
assess applications of the Co−P−O2 catalyst for direct
electrolytic hydrogen production from seawater (Figure S17).
Results of these studies show that Co−P−O2 exhibits a
performance for the OER and HER in alkaline simulated
seawater that is much higher than those of Co−P−O1 and
Co−P−O3 (Figure S17a,b). Also, EIS analysis shows that Co−
P−O2 has a much lower charge transfer resistance than Co−
P−O1 and Co−P−O3 (Figure S17c,d). Finally, CP measure-
ments demonstrate that Co−P−O2 maintains its stability in
both the OER and the HER for 10 h (Figure S17e,f).

Information about structural changes in Co−P−O2 that
occur during long-term electrochemical reactions came from
the results of SEM, XRD, XPS, and ICP-AES. Interestingly, the
SEM images show that clear morphological changes for Co−
P−O2 take place after its prolonged utilization in promoting
both the OER and HER (Figure S13, inset). Specifically,
during the HER, Co−P−O2 nanorods are converted to
nanosheets, while they are converted to nanoplates during the
OER. In addition, XRD analysis shows that the crystalline
structure of Co−P−O2 undergoes a clear change during the
OER and HER (Figure S18). We speculate that oxidation at a
high potential in the OER leads to a change in which the
surface of Co−P−O2 becomes amorphous or weakly
crystalline, such as amorphous hydroxyl oxides. They may
facilitate oxygen-bridged CoIV−O−CoIV moieties forming as
the real active sites of the as-prepared Co−P−O2 when
undergoing stepwise structural reconstructions during the
OER.25,43 The leaching of P during the HER leads to OH−

immersion that induces a phase transformation, such as
hydroxide, which also may be the real active species during
the HER and has been reported previously.25,44 Specifically,
the bias potential may boost the process of reconstruction,
where P leaching urges Co−P−O2 to be chalked into P−Co−
O−Co−P configurations with low-valence metal centers.
Furtherly, the completely reconstructed catalyst with low
crystallinity Co(OH)2 nanosheets may lower the energy barrier
for water dissociation and facilitate the adsorption/desorption
of HER intermediates, thus accelerating the HER process.
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Moreover, XPS analysis reveals that the distribution of
elements on the surface changes and particularly that all
peaks in the high-resolution XPS spectra in the Co 2p, P 2p,
and O 1s regions associated with metal phosphides disappear
completely (Figure S19). These observations suggest that Co
oxides or hydroxides formed in situ are the real catalytic active
site species for the OER or HER and that leaching of surface
metal cations takes place during the OER (Figure S19a).
Moreover, the P 2p signal becomes weak, showing that Co−O
is generated by phosphate etching on the surface of the catalyst
during the OER/HER process (Figure S19b). Changes
occurring in the O 1s spectrum of Co−P−O show that a
large amount of lattice oxygen is generated during the
electrocatalytic process, which further confirms the loss of P
and the formation of metal oxides or hydroxides (Figure S19c).
ICP-AES results also show that phosphorus is leached from
Co−P−O2 (Table S11). Therefore, it can be concluded that
during the overall water splitting process in alkaline media, the
surface of Co−P−O2 undergoes oxidation to form poly-
phosphates and amorphous species.

Insight into the inner mechanism for the enhanced HER and
OER activity of Co−P−O2 was obtained by using DFT
calculations. Considering the complexity of catalyst modeling
after reconstruction, we only study the catalyst in the initial
state of the reaction, where the structure models are built from
our as-prepared phosphide catalysts according to previous
XRD, TEM, and XPS results. In our initial catalyst reaction
mechanistic considerations, the phosphorus atom is replaced
by oxygen in the lattice during the construction of Co−P−O1,
Co−P−O2, and Co−P−O3 (Figure S8). The DFT results

(Figure 5a−c) indicate that a clear difference exists in the
charge density distribution of Co−P−O2, pristine Co−P−O3,
and Co−P−O1. This observation suggests that O doping into
the pristine lattice greatly influences the valence states of Co
atoms near O atoms owing to the greater electronegativity of
O compared to P. Electronic configuration changes were
further analyzed by using density of states (DOS)
calculations.45 The projected DOS (PDOS) reveals that the
regulation of the relative content of the O atoms adjusts the
delocalization of 3d electrons, which facilitates Co−O bond
formation by overlap of Co 3d orbitals (dxz, dyz, and dz2) with
O 2p orbitals (Figure 5d−f). Notably, due to the symmetry
conservation of the octahedral field, the interactions between
the dx2−y2 and dxy orbitals of the metal ion and the orbitals of
the adsorbed intermediates during the HER/OER are
negligible.46 Hence, neither dx2−y2 nor dxy is shown in the
above figure. Electron localization function (ELF) results of
Co−P−O1, Co−P−O2, and Co−P−O3 are shown in Figure
5g−i. The ELF results indicate that the electronic structure of
the Co−P bond is more active and delocalized when oxygen
atoms are incorporated into pure CoP.47 In general, the
polarization and rearrangement of overall surface charge and
delocalization effects of d electrons would be enhanced with
the introduction of O, while excessive oxygen content would
be unfavorable to the adsorption of the reactant.48 Thus, the
appropriate oxygen content in Co−P−O2 could optimize the
adsorption of H2O/OH− and the desorption of H2/O2 for
enhancing HER and OER activities in alkaline conditions.

To understand the origin of the excellent HER and OER
performance of Co−P−O2, the free energy diagram of its

Figure 5. DFT calculated charge density contour maps of (a) Co−P−O1, (b) Co−P−O2, and (c) Co−P−O3 (red region indicates charge
accumulation; blue region indicates charge depletion). Computed PDOS of the Co atom at the adsorption site for (d) Co−P−O1, (e) Co−P−O2,
and (f) Co−P−O3. (g−i) ELF profile along the interatomic axes of Co and P.
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(211) basal plane along with those of Co−P−O1 and Co−P−
O3 was generated (Figure 6a,b). The calculated Gibbs free
energy changes for the HER processes catalyzed by Co−P−
O2, Co−P−O1, and Co−P−O3 are −0.05, 0.13, and 0.26 eV,
respectively (Figure 6a). According to Sabatier’s principle,49 as
the adsorption energy approaches zero, the catalytic reaction
becomes more favorable, which indicates that the HER activity
of Co−P−O2 is enhanced by changes taking place in the
surface electronic structure to optimize the adsorption and
desorption of H intermediates. Step 4 (formation of O2 from
OOH*) in the pathway for the OER catalyzed by Co−P−O3
(Figure 6b) has the highest free energy change, indicating that
it is rate-determining. P substitution by O to produce Co−P−
O1 and Co−P−O2 causes step 3 (formation of OOH* from
O*) to become rate-determining. This trend indicates that
appropriate O-substitution in Co−P−O2 effectively decreases
the free energy of the rate-determining step during the OER
process.

A plot of overpotentials vs calculated d-band center (Ed)
values for the Co−P-based catalysts has a volcano shape
(Figure 6c), which is widely used to assess the adsorption
energy of adsorbents.50 Co−P−O2 is at the top of the volcano
plot, showing that it has the best HER and OER activity. To
further confirm the regularity of the volcano-shaped plot, four
comparison experiments were performed by regulating the
phosphorization time in the synthesis of Co−P−O2 (Figure
S20), and the overpotential of the comparison samples (Co−
P−O2−80 min, Co−P−O2−100 min, Co−P−O2−140 min,
Co−P−O2−160 min; the time after Co−P−O2 means the
phosphating time) for HER/OER corresponds well to the
trend of the volcano diagram. It is important to point out that
the fitting rules for constructing the volcano diagram include
fitting the measured HER and OER overpotentials of Co−P−
O1, Co−P−O2, and Co−P−O3, as well as the d-band centers
calculated using DFT (black points indicate OER; red points
indicate HER). Then, the overpotential values for the OER at
10 mA cm−2 of Co−P−O2−80 min, Co−P−O2−100 min,

Co−P−O2−140 min, and Co−P−O2−160 min were fitted to
the volcano diagram to determine the location of their d-band
centers (green points indicate OER). Impressively, the points
formed by using the newly determined d-band center and the
measured value of the HER were further fitted to the volcano
diagram (orange points indicate HER), where the obtained
results demonstrate the accuracy of the volcano diagram. Thus,
it can be inferred that a moderate adjustment in the Ed energy
level could lead to a balance between the adsorption and
desorption capacities of intermediates. Impressively, Ed values
of Co−P−O1, Co−P−O2, and Co−P−O3 relative to the
Fermi level (Ef) are −1.73, −1.57, and −1.42 eV, respectively
(Figure 6d), which clearly shows that O incorporation causes
the d-band center of Co−P−O1 and Co−P−O2 to become
more remote from the Fermi level, facilitating desorption of
H2/O2. However, a good catalyst often requires appropriate
adsorption and desorption capacity,51 so the excessive O
incorporation of Co−P−O1 will lead to unfavorable
adsorption of the reactant. Notably, the wave function of
antibonding states plays a dominant role in the catalytic
process,52 while the upshift of the Co−P−O2 hybridization
valence band center compared to Co−P−O1 will correspond-
ingly promote the antibonding level, which thus will improve
the strong adsorption capacity due to less electron-filling
antibonding states.

■ CONCLUSIONS
In summary, in the above investigation, we prepared a series of
Co−P-based catalysts that possess hierarchical porous
structures and atomic-level n-p effects that facilitate directed
mass and electron transfer in overall water splitting in an
alkaline aqueous solution. The experimental results arising
from the investigation along with DFT simulations show that
an appropriate level of O incorporation into the CoP lattice
significantly modulates ECSA, conductivity, and d-electron
structure. The Co−P−O2 nanocrystals with an optimized level
of O incorporation exhibited efficient bifunctional performance

Figure 6. Gibbs free energy diagrams for Co−P−O1, Co−P−O2, and Co−P−O3 in the (a) HER and (b) OER. (c) Relationships between
overpotentials and d-band centers for Co−P−O1, Co−P−O2, and Co−P−O3, Co−P−O2−80 min, Co−P−O2−100 min, Co−P−O2−140 min,
and Co−P−O2−160 min (black and red points indicate calculated OER and HER d-band centers, respectively; green and orange indicate
conjectural OER and HER d-band centers, respectively). (d) The DOS of Co−P−O1, Co−P−O2, and Co−P−O3 as well as the corresponding
schematic illustration for noncovalent bond formation between the reaction surface and adsorbate (ads.). The d-band centers are also highlighted in
the DOS curves.
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in the alkaline electrolyte, requiring overpotentials of 113 and
256 mV to deliver a current density of 10 mA cm−2 for the
HER and OER, respectively. The methods and concepts in this
effort may shed new light on the future design of high-
performance electrocatalysts.
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