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ABSTRACT: Despite the recent advances in electrochemical water
splitting, developing cost-eﬀective and highly eﬃcient electrocatalysts for
oxygen evolution reaction (OER) still remains a substantial challenge.
Herein, two-dimensional cobalt phosphate hydroxides
(Co5(PO4)2(OH)4) nanosheets, a unique stacking-disordered phosphate-based inorganic material, are successfully prepared via a facile
and scalable method for the ﬁrst time to serve as a superior and robust
electrocatalyst for water oxidation. On the basis of the detailed
characterization (e.g., X-ray absorption near-edge structure and X-ray
photoelectron spectroscopy), the obtained nanosheets consist of special
zigzag CoO6 octahedral chains along with intrinsic lattice distortion and
excellent hydrophilicity, in which these factors contribute to the highly
eﬃcient performance of prepared electrocatalysts for OER. Speciﬁcally,
Co5(PO4)2(OH)4 deposited on glassy carbon electrode (loading amount ≈0.553 mg cm−2) can exhibit an unprecedented
overpotential of 254 mV to drive a current density of 10 mA cm−2 with a small Tafel slope of 57 mV dec−1 in alkaline
electrolytes, which outperforms the ones of CO3(PO4)2 (370 mV) and Co(OH)2 (360 mV) as well as other advanced catalysts.
Evidently, this work has opened a new pathway to the rational design of promising metal phosphate hydroxides toward the
eﬃcient electrochemical energy conversion.
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metal oxides,2−4 transition-metal hydroxides,5−7 transitionmetal chalcogenides/carbides,8,9 transition-metal borides/
nitrides,10,11 and carbon-based materials.12,13
Among many promising material candidates, phosphatebased materials play an indispensable role there. Back in 2008,
Nocera and co-workers reported the ﬁrst cobalt phosphate
(CoPi) as being an excellent electrocatalyst for water oxidation
in neutral pH condition.14 After that, many phosphate-based
materials were then explored, such as NiPi,15,16 FePi,17 IrPi,18
etc. Lately, Driess et al. developed a new kind of phosphate as a
bifunctional catalyst, Ni11(HPO3)8(OH)6, that can reach a
water-splitting current density of 10 mA cm−2 simply by
applying a cell voltage of 1.6 V.19 In addition to developing
new materials, some research groups have also adopted several

INTRODUCTION
In recent years, the problems of continuous fossil fuel
consumption and uncontrolled greenhouse gas emission have
driven intensive research on innovative technologies to
generate clean energies through sustainable electrocatalytic
water splitting.1 In water splitting, hydrogen and oxygen gases
are typically generated via two half reactions, namely, hydrogen
evolution reaction (HER) and oxygen evolution reaction
(OER). As compared to those of HER, the high overpotential
and the sluggish reaction kinetics of OER (4OH− → 2H2O +
O2 + 4e−) have heavily restricted the eﬃciency of overall water
splitting. Until now, precious-noble-metal oxides (e.g., IrO2
and RuO2) are usually used as the state-of-the-art electrocatalysts for OER. However, the high cost and poor long-term
stability of these noble materials inevitably limit their industrial
utilizations. In this regard, substantial works are currently
focused on the development of highly eﬃcient and nonprecious-metal-based electrocatalysts, including transition© 2019 American Chemical Society
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Waltham, MA, USA). All XPS peak positions were calibrated with the
carbon peak position. Their crystal structural information was
obtained using a Bruker D2 Phaser (Bruker, Billerica, MA, USA)
with Cu Kα radiation (λ = 0.15406 nm). The corresponding Fouriertransform infrared spectroscopy (FT-IR) spectra were recorded from
KBr disks using a PerkinElmer GX instrument in the wavenumber
range of 4000−500 cm−1. Contact angle measurements were carried
out on a standard testing machine integrated with a CCD camera.
Electron density mapping was obtained from software Crystal Maker
X.
Electrochemical Measurements. Gamry G300 potentiostat was
employed to operate all electrochemical measurements at room
temperature. A typical process for preparing the electrode is depicted
as follows. The fabricated electrocatalyst (5 mg) and Naﬁon (20 μL, 5
wt %) were dispersed in a deionized water/ethanol (volume ratio,
5:17) mixture solution (440 μL) by ultrasonication to obtain a
homogeneous ink. Then the electrocatalyst ink (10 μL) was dropped
onto a polished glassy carbon electrode (0.19625 cm2) with a
diameter of 5 mm (loading amount ≈0.553 mg cm−2). After overnight
drying (8 h), the fabricated electrode can serve as the working
electrode. For catalysts fabricated on the nickel foam, the electrochemical activity and stability tests were carried in 1 M KOH (pH
13.71) with a three-electrode conﬁguration where the processed
glassy carbon electrode, carbon rod, and saturated calomel electrode
(SCE, Ag/AgCl) were used as the working electrode, counter
electrode, and reference electrode, respectively. Linear sweep
voltammetry (LSV) polarization curves were recorded to investigate
the OER performance in 1 M KOH electrolyte (pH 13.71) at a scan
rate of 5 mV s−1. Unless otherwise mentioned, all the electrochemical
data collected were iR-corrected automatically. According to the
Nernst equation, ERHE = Eexp + ESCE + 0.059 × pH, all potentials
expressed here are converted to reversible hydrogen electrode (ERHE),
where Eexp is the recorded potential against Ag/AgCl reference
electrode. Electrochemical impedance spectroscopy (EIS) conducted
from 0.01 Hz to 300 kHz was used to determine the charge-transfer
resistance. The total amount of produced gas (H2 and O2) was
conducted via gas chromatography (GC-2014, Shimadzu). The
Faraday eﬃciency (FE) was calculated based on the equation of
nF/It, where n is the number of electrons needed for product (2 for
H2 and 4 for O2, respectively), I is the recorded current (A), t is the
reaction time (s), and F is the Faraday constant (96 485.338 C
mol−1).
X-ray Absorption Spectroscopy (XAS) Measurement. X-ray
absorption near-edge structure (XANES) and its derivative spectra
were collected at Taiwan Photon Source beamline (TPS 44A) station
of National Synchrotron Radiation Research Center (NSRRC) in
Hsinchu, Taiwan, to identify the valences of cobalt (Co) in the
sample powder. The TPS 44A station located within the electron
storage ring was operated at an energy of 3.0 GeV and a ring current
of 500 mA. A Lytle detector in the energy range of Co K edge (7709
eV) was adopted for the XANES spectra collection at room
temperature. For data processing, the collected XANES spectra
were ﬁrst calibrated with a signal of the cobalt foil and then
normalized using Athena software (version 0.9.26). Extended X-ray
absorption ﬁne structure (EXAFS) spectra were converted to the
wavevector K- and R-space forms for the comparison of each other to
identify the average local environment of the sample around the target
Co atoms for further discussions.

approaches to further improve their electrocatalytic activity,
which involves electronic structure and morphology modiﬁcation as well as coupling with highly conductive materials.
For instance, Xu’s group demonstrated the cobalt phosphate
nanoparticles decorated with nitrogen-doped carbon layers
using a hydrothermal method, where this hybrid material
system can exhibit excellent catalytic performance in 1 M
KOH electrolyte.20 Also, Zhang’s group prepared Co3(PO4)2−
Co3O4 mesoporous nanosheet hybrid networks that can yield
high performance and excellent stability in alkaline electrolyte.21 Evidently, these examples suggest the potential of
further enhancing metal-phosphates-based materials as highperformance electrocatalysts.
This work, to the best of our knowledge, is the ﬁrst report to
investigate a novel, eﬃcient, and robust cobalt phosphate
hydroxide (Co5(PO4)2(OH)4) prepared via a simple hydrothermal method for alkaline electrochemical OER. Importantly, the Co5(PO4)2(OH)4 catalyst exhibits a much lower
overpotential of only 254 mV at a current density of 10 mA
cm−2 on the glassy carbon electrode with a mass loading of
0.553 mg cm−2 and a small Tafel slope of 57 mV dec−1. On the
basis of thorough structural analysis (e.g., X-ray absorption
near-edge structure (XANES) and X-ray photoelectron
spectroscopy (XPS)), excellent electrocatalytic performance
of Co5(PO4)2(OH)4 resulted from its abundant electrochemical active sites exposed in the constituent zigzag edges
of CoO6 octahedron, easier formation of active species in the
distorted CoO6 structure, and its outstanding hydrophilic
characteristics. All these results can clearly conﬁrm the metal
phosphate hydroxides as a new type of stable electrocatalysts
for highly eﬃcient oxygen evolution reaction.

■

EXPERIMENTAL SECTION

Preparation of Cobalt Phosphate Hydroxide, Cobalt
Phosphate, and Cobalt Hydroxide. Synthesis of Cobalt
Phosphate Hydroxide. Typically, two solutions were ﬁrst prepared
by dissolving 0.3 g of Co(NO3)2·6H2O in 5 mL of deionzed water and
0.08 g of (NH4)H2PO4 in 5 mL of deionzed water, respectively. After
the solutions were stirred for 5 min, the (NH4)H2PO4 solution was
slowly added into the Co(NO3)2·6H2O solution. Next, the pH of the
processed solution was slowly adjusted to the value of 12 via the
addition of NH4OH solution. The mixture was then transferred into a
15 mL Teﬂon-lined stainless-steel autoclave and heated for 180 °C for
48 h. Fianlly, the product was obtained by centrifugation, washed
thoroughly with deionized water and ethanol three times each, and
dried at 60 °C.
Synthesis of Cobalt Phosphate. Cobalt phosphate was prepared
according to a previous report.20 In detail, 0.3 g of Co(NO3)2·6H2O
and 0.12 g of Na3PO4 were added into 10 mL of deionzed water. After
the mixture was stirred for 10 min, it was transferred into a 15 mL
Teﬂon-lined stainless-steel autoclave and heated for 120 °C for 6 h.
The product was then washed with deionized water and ethanol three
times each, collected by centrifugation, and dried at 60 °C.
Synthesis of Cobalt Hydroxide. Speciﬁcally, 1.2 g of Co(NO3)2·
6H2O and 0.02 g of C6H12N4 were added into 40 mL of deionized
water. After the mixture was stirred for 10 min, it was transferred into
a 15 mL Teﬂon-lined stainless-steel autoclave and heated for 180 °C
for 6 h. The product was then washed with deionized water and
ethanol three times each, collected by centrifugation, and dried at 60
°C.
Characterization. Scanning electron microscopy (SEM, Phenom
Pro, Phenom-World, The Netherlands) conducted at 10 kV was
utilized to observe the morphologies and the dimensions of fabricated
samples. The valence state and the surface composition were assessed
via X-ray photoelectron spectroscopy (XPS) with a VG Multilab 2000
system using a photoelectron spectrometer (Thermo Fisher Scientiﬁc,

■

RESULTS AND DISCUSSION
Here, the cobalt phosphate hydroxides, Co5(PO4)4OH2
(CPH), are prepared via a simple hydrothermal method. For
a fair comparison, Co3(PO4)2 (CP) and Co(OH)2 (CH) are
also constructed to compare their OER performances against
CPH. To begin with, we employed XRD to investigate the
chemical composition and the structure of obtained products.
As illustrated in the XRD patterns of CP, CH, and CPH in the
Supporting Information (Figure S1), there are multiple
38634

DOI: 10.1021/acsami.9b11594
ACS Appl. Mater. Interfaces 2019, 11, 38633−38640

Research Article

ACS Applied Materials & Interfaces
characteristic peaks observed, which are associated with the
orthorhombic cobalt phosphate hydroxide Co5(PO4)2(OH)4
(JCPDS no. 70-0515). The photograph image (Supporting
Information, Figure S2) also shows that these three samples
yield diﬀerent colors in the appearance. Both CP and CPH
give the purplish color, while CH exhibits the pink color,
indicating the diﬀerence in their electronic structures. At the
same time, Fourier transform infrared spectroscopy (FTIR) is
also employed to disclose the chemical composition and
bonding state of all the samples (Supporting Information,
Figure S3). Evidently, there are three major peaks located at
1040, 1090, and 1618 cm−1, which are attributed to the P−O
stretching bonds.22 Other dominant peaks appearing in the
range of 2750−3600 cm−1 can be assigned to the O−H
stretching vibration associated with the water and exchangeable OH−.19 It is also noted that there is a minor peak
observed at 1350 cm−1 for both CH and CPH, this peak being
absent in CP, further verifying the presence of OH moiety in
CPH. All these ﬁndings can undoubtedly conﬁrm the
composition and structure of fabricated compounds.
In addition, the morphologies of these samples are also
thoroughly investigated by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). As
depicted in the SEM image of obtained CP and CH samples in
the Supporting Information (Figure S4a,b), CP gives a layered
structure while CH exhibits a nanowire morphology. The
diameter of this nanowire is found to be around 240 nm.
Interestingly, the CPH sample yields a nanosheet conﬁguration
(Figure 1a,b) that is similar to the one witnessed for CP. On

sheets is typically smaller than that of nanowires. In this case,
the speciﬁc surface area (SSA) of these samples is anticipated
to come after the following trend: SSACP < SSACPH < SSACH.
Indeed, the Brunauer−Emmett−Teller (BET) measurement
results further conﬁrm this trend, where the CH sample has the
largest SSA of 30.410 m2 g−1, followed by CPH (11.642 m2
g−1) and CH (8.543 m2 g−1), accordingly (Supporting
Information, Figure S6). Also, an HRTEM image of the
product is shown in Figure 1c. The clear lattice fringes of ca.
0.279 and 0.260 nm correspond to the (002) and (112) planes,
respectively. More importantly, as presented in the elemental
mapping of CPH nanosheets in Figure 1d, the distribution of
all constituents (i.e., Co, P, and O) are highly uniform,
indicating the homogeneous composition of obtained samples
via our simple synthesis method. This nanosheet morphology
with enhanced surface area as well as uniform composition of
the CPH sample would be essential for further development as
a highly eﬃcient electrocatalyst.
Apart from the composition and morphology, the electrocatalytic OER performance of CP, CH, and CPH are also
evaluated in detail as these catalyst samples are deposited onto
the glassy carbon electrode operating in a typical threeelectrode system in 1 M KOH. In comparison, commerical
RuO2 was chosen as the reference. Particularly, Figure 2a
depicts the OER linear sweep voltammetry (LSV) polarization
curves of the glassy carbon electrodes loaded with diﬀerent
catalyst samples. The mass loading of the catalyst is kept as
0.553 mg cm−2 for each sample tested. It is clear that both CP
and CH exhibit relatively large overpotentials of 370 and 360
mV, respectively, at a current density of 10 mA cm−2. In
contrast, the CPH catalyst and RuO2 are highly active for
OER, which can reach the same current density of 10 mA cm−2
with only an overpotential of 254 and 256 mV. Tafel plots
were obtained from the LSV curves, indicating the kinetic
properties of OER progress as shown in Figure 2b. The
excellent electrocatalytic performance of CPH can be proved
by its small Tafel slope of 57 mV dec−1, which is smaller than
those of CH (210 mV dec−1) and CP (246 mV dec−1) in the
range of high overpotential, accordingly. Co-based materials
have been studied for OER for a long time and the common
consensus for the electrocatalysis of OER is a heterogeneous
reaction in which the bonding interactions within the
intermediates (M−OH, M−O, and M−OOH) followed by
O−O formation as shown below:23
M−OH 2 + OH− → M−OH + H 2O + e−
−

M−OH + OH → M−O* + H 2O + e
−

M−O* + OH → M−OOH + e

−

−

M−OOH + OH− → M−OH 2 + O2 + e−

(1)
(2)
(3)
(4)

In this case, the relatively large Tafel slopes of CH and CP
prove that the rate-limiting step of OER processes is located in
the ﬁrst step described above where one electron is transferred,
which is consistent with previous reports.24,25 At the same
time, the Tafel slopes of CPH and RuO2 are close to the
featured Tafel slope of 60 mV dec−1, indicating a diﬀerent ratelimiting step here. These superior OER characteristics of CPH
are even comparable to other state-of-the-art electrocatalysts,
such as Ni3N−NiMoN/CF,26 NiMo/Ti mesh,27 and CoFePO/NF28 (Supporting Information, Table S1).
In general, electrochemical active surface areas (ECSA) play
an important role in electrocatalytic reactions. In this work, the

Figure 1. (a) SEM image, (b) TEM image, and (c) HRTEM image of
CPH; (d) EDX mapping of diﬀerent elemental constituents of the
CPH sample.

the basis of the detailed SEM analysis, the average layer
thickness of CP is determined to be 287.5 nm, which is
obviously larger than the value (55.8 nm) of CPH (Supporting
Information, Figure S5). This reduced layer thickness indicates
that the CPH sample possesses the larger surface area there.
However, the surface area of two-dimensional (2D) nano38635
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Figure 2. (a) OER polarization curve of CP, CH, and CPH deposited onto glassy carbon electrodes. The sweep rate is 5 mV s−1 in 1 M KOH. (b)
Corresponding Tafel slope plots. (c) ECSA evaluation from the plots of the current density at 0.15 V vs RHE. (d) EIS spectra of all samples at an
overpotential of 350 mV. (e) Speciﬁc current densities of all samples obtained via normalizing the geometric current densities to the ECSA. (f)
Stability test of CPH at the current density of 10 mA cm−2 and then 30 mA cm−2.

Table 1. Summary of the BET and Electrochemical Properties of Diﬀerent Catalyst Samples
catalyst

BET (m2 g−1)

Cdl (μF cm−2)

Cdl/BET

j (mA cm−2)

overpotential (mV)

Tafel slope (mV dec−1)

CP
CH
CPH

8.543
30.410
11.264

4
6
14

0.468
0.197
1.243

10
10
10

370
360
254

246
210
57

Figure 3. (a) Schematic diagrams illustrating the crystal structure of Co5(PO4)2(OH)4 with diﬀerent orientations, which comprises the constituent
zigzag double chains connected by (PO4)3− groups. (Co, gray; P, blue; O, red; O−H, yellow). (b) Cell structure of CoO6 octahedron and (c)
phosphate tetrahedron after distortion. Inset number is the bond length after distortion commonly reported in the literature. (d) Cross section of
the (001) plane in the CoO6 octahedron and corresponding electron density mapping.

CH (6 mF cm−2), which proves that CPH exposes more
electrochemical active sites and surface areas than CP and CH
samples.29 The electrochemical impedance spectroscopy (EIS)
plots also reveal the ionic and ohmic resistance of CPH being
much smaller than those of CP and CH, indicating that CPH

ECSA of all samples are carefully evaluated via cycle
voltammetry at diﬀerent scan rates as shown in the Supporting
Information (Figure S7). It is obvious that CPH possesses
double layer capacitance (Cdl) of 14 mF cm−2 that is nearly 3.5
times and 2.3 times larger than those of CP (4 mF cm−2) and
38636
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has better electrical conductivity (Figure 2d), which is in good
agreement with the above-discussed Tafel analysis.30 Meanwhile, the same consistent phenomenon can be observed in the
OER performance assessment without iR compensation. As
given in the Supporting Information (Figure S8), CPH, CH,
and CP samples can achieve an overpotential of 268, 368, and
373 mV, respectively, to deliver a current density of 10 mA
cm−2. In any case, Table 1 summarizes the speciﬁc surface area
and the electrochemical properties of diﬀerent catalyst samples.
It is surprising that although CPH possesses the smaller SSA
compared to CH, CPH still contributes the largest ECSA
among all catalyst samples, suggesting that the intrinsic
activities of active sites in the CPH catalyst is higher than
those of the CP and CH samples.31 When the speciﬁc current
density is normalized with respect to ECSA, CPH also exhibits
much higher speciﬁc current density than CH and CP for the
entire voltage range measured (Figure 2e), further conﬁrming
that the CPH catalyst is indeed intrinsically more active than
CP and CPH. At the same time, a long-term operation test is
another important evaluation for eletrocatalysts, which
quantify their practicability. To assess the stablilty of the
CPH catalyst sample, the water oxidation is performed on the
sample at a current density of 10 mA cm−2 and then 30 mA
cm−2 continuously for 75000 s (Figure 2f). It is evident that
there is not any signiﬁcant degradation durng the stablilty
measurement. Good stability combined with excellent OER
performance demonstrates that CPH can function as an
outstanding and robust electrocatalyst. The faradaic eﬃciency
(FE) for overall water splitting was estimated by comparing the
volumes of experimentally measured H2 and O2 with the
theoretically obtained ones (Figure S9). The molar ratio of H2
and O2 is close to 2:1, conﬁrming the FE is nearly 100%.
To shed light on the excellent OER performance of CPH, it
is essential to ﬁrst evaluate the precise crystal structure of these
nanosheets. Typically, CPH consists of the constituent zigzag
double-chained structure, which includes an edge-shared
octahedra chain and corner- and edge-shared octahedra
connected via phosphate tetrahedra as shown in Figure 3a.32
It is commonly known that the 6-fold coordination of each Co
constituent located within the CoO6 octahedron would cause
severe distortion in the double hexagonal net; therefore, the
ladder-like zigzag chain is formed rather than the simple closepacked array (Figure 3b).32,33 This way, the two phosphate
tetrahedra are distorted accordingly in a similar manner
(Figure 3c).32 Previously, it was shown that the hydroxides
connected with the zigzag double chain of the phosphate can
be beneﬁcial for the rapid M−OOH intermediate formation
while this step has been evidenced to be a rate-limiting step for
both CP and CH as shown in Tafel plots.19,34 Also, the
irregular circle of the Co atom in the electron density mapping
indicates that this unique stacking-disordered phase would
induce the electron density imbalance of the constituent
species (Figure 3d), which can signiﬁcantly modulate the
electronic structure of the active catalytic site of Co.24
In detail, synchrotron radiation X-ray absorption ﬁne
structure (XAFS) was then employed to assess further
understanding of the electronic structure and the local atomic
arrangement of products. Figure 4a shows the absorption edge
of the Co K edge spectra of all samples where the peak and
threshold position sites in edge-jump region exhibit obvious
diﬀerences, indicating that Co atoms of these three samples
have diﬀerent local environment and oxidation states.35 The
valence state of Co among these samples can be conﬁrmed

Figure 4. (a) Co K-edge XANES spectra and (b) the magniﬁcation of
threshold positions in the edge-jump region for an easy view. (c)
Corresponding oscillation function κ2χ(k) for CP, CPH, and CH. (d)
Fourier transformation results of CP, CPH, and CH.

following the order of CH > CPH > CP as shown in Figure 4b.
Furthermore, the oscillation function of the samples at the
wavelength range 0−14 Å show the diﬀerence, indicating
diﬀerent main structures (Figure 4c). Extended XAFS was
obtained via Fourier transformation (FT) of the XAS curve. As
depicted in Figure 4d, there are three main peaks observed for
all the samples. The ﬁrst main peak of CPH located at ∼2 Å is
attributed to the single scattering path from the metal ion to
the closest crystal oxygen which is consistent with the crystal
structure of CPH, conﬁrming the successful preparation of
CPH again.36 At the same time, the existence of other two
main peaks of CPH witnessed at 2.5 and 3 Å resulted from the
scattering paths from metal ion to closest metal ion,
demonstrating the CoO6 octahedron structure of the CPH
catalyst.36 Also, it is noticed that the peak intensities of Co−O
follow the sequence of CH (covalent compound) > CPH > CP
(ionic crystal), which suggest the reduced coordination
number and the distortion environment around the Co atom
in CPH.37 In this case, the imbalance of electron density in the
distorted CoO6 structure induces the increase of hole states in
t2g orbital, beneﬁcial for the direct electron transfer between
surface cations and absorbed −OOH intermediates.24
After that, we used X-ray photoelectron spectroscopy (XPS)
to explore the surface structure of cycled CPH, which could
help us evaluate the origin of the observed OER performance
and stability. As presented in the deconvoluted Co spectra in
Figure 5a, there are two main peaks located at 782.9 and 798.9
eV, which can be assigned to the Co2+ bonding for all
samples.2,38 The other two peaks at 780.7 and 796.6 eV can be
ascribed to the characteristic peaks of Co3+ bonding, while the
rest at 786.4 and 803.2 eV are the satellite peaks.2,38 Obviously,
the ratio between Co3+/Co2+ increases after reaction because
of the oxidation progress under the applied potential. The
high-resolution XPS proﬁle of CPH O 1s region can reveal the
existence of two diﬀerent oxygen species before reaction
(Figure 5b). The peak located at 531 eV is commonly
38637
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Figure 5. XPS spectra of (a) Co 2p3/2 region and (b) O 1s region of CPH before and after OER stability test; (c) TEM and (d) HRTEM of CPH
after OER stability test.

continuous operation for more than 20 h also reveals the
robustness and stability of these catalysts in alkaline solutions.
After careful analysis, the excellent performance of these
hydroxide nanosheets can be attributed to the abundant
electrochemical active sites existing in the constituent zigzag
edges of distorted CoO6 octahedron, improvement of active
species formation, and their outstanding hydrophilic characteristics. Evidently, this work has opened a new pathway to the
rational design of promising metal phosphate hydroxides
toward the highly eﬃcient electrochemical energy conversion.

associated with the oxygen from phosphate groups and
hydroxyl groups, while the peak appearing at 532.6 eV refers
to the oxygen species in the surface-adsorbed H2O molecule.39
After OER stability test, an additional peak at 528.7 appears,
which can be assigned to the Co−O bond. Obviously, a large
amount of surface hydroxides and oxyhydroxides are formed
under anodic potential.40 It is also noted that a contact angle
test is performed with deposition of a droplet (1 M KOH) on
diﬀerent catalyst ﬂakes as shown in the Supporting Information
(Figure S10). This droplet is seen to cover the entire surface of
CPH and CH samples, whereas a contact angle of 27.2°
appears on the surface of CP. This phenomenon is due to the
existence of OH in both CPH and CH. More importantly,
apart from enhancement of formation of active species, these
better wetting characteristics between the CPH surface and the
alkaline reactant would further improve the surface contact
properties of CPH for enhanced OER performance.41
Furthermore, the TEM and HRTEM images conﬁrm the
clear crystal lattice without the amorphous layer formation on
the edge or the severe structure change, indicating the excellent
stability and sustainability (Figure 5c,d). Similar to the
previous reports of Ni11(HPO3)8(OH)6 and Co pyrophosphates, the phosphate of CPH can not only maintain the
structure integrity but also improve the structure ﬂexibility,
which is consistent with the HRTEM image depicted
above.19,25
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CONCLUSIONS
In summary, two-dimensional cobalt phosphate hydroxides,
Co5(PO4)4OH2, a unique class of metal phosphate hydroxide
with stacking-disordered phase, are successfully prepared and
explored for the ﬁrst time to serve as high-performance
electrocatalysts for water oxidation. Speciﬁcally, with use of
these catalysts, the small overpotential of 254 mV is witnessed
to drive a current density of 10 mA cm−2 with a small Tafel
slope of 57 mV dec−1 for oxygen evolution reaction. A
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