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ABSTRACT: Application of transition metal phosphide (TMP) catalysts for full
water splitting has great potential to help relieve the energy crisis. Various methods
have been investigated to obtain high catalytic activity, but the use of electronic
structure regulation by incorporation of different elements is of particular simplicity
and significance for development of a universal TMP synthesis method. We herein
describe a novel approach for fabricating a series of TMPs by pyrolyzing phytic acid
(PA) cross-linked metal complexes. The introduction of oxygen atoms into TMPs
not only enhanced their intrinsic electrical conductivity, facilitating electron transfer,
but activated active sites via elongating the M−P bond, favoring the hydrogen
evolution reaction (HER) or oxygen evolution reaction (OER). MoP exhibited
relative low HER overpotentials of 118 mV and 93 mV while supporting a current
density of 20 mA·cm−2 in 0.5 M H2SO4 and 1 M KOH electrolytes, respectively.
When CoP was applied as a catalyst for OER, only 280 mV overpotential was
required to reach current density of 10 mA·cm−2. Additionally, PA-containing
precursors enabled intimate embedding of TMPs onto a flexible substrate surface (carbon cloth), so that electron injection from
substrate and transport to the active sites was facilitated. Remarkably, an alkaline electrolyzer was able to achieve a current density
of 40 mA·cm−2 at the low voltage of 1.6 V, demonstrating its potential for practical overall water splitting without the use of
noble metals.

■ INTRODUTION

Production of hydrogen (H2) via electrolytic water-splitting has
been considered as a key alternative to the traditional fuels
(coal, oil, and natural gas).1,2 The electrochemical production
of hydrogen is hampered by the following limitation: lack of
effective replacements for noble-metal-based materials, which
are still the best known catalysts to reduce overpotentials of the
two half-reactions (hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER)) in full water-splitting
reaction. Notably, Pt-based catalysts are considered as state-
of-the-art for the HER,3 while Ir and Ru oxides are the
benchmark electrocatalysts for the OER.4 Therefore, it is highly
imperative to develop new electrocatalysts with both superior
properties and low cost. A number of alternatives including
non-noble metal,5 metal composites,6 and metal-free electro-
catalysts7 have been recently investigated as potential
substitutes for noble-metal catalysts.
During recent years, considerable efforts have been made to

clarify the catalytic mechanism for the transition metal
phosphides (TMPs) for the purpose of achieving excellent

electrocatalytic performance.8−10 Some former theoretical and
experimental studies have concluded that the catalytic activity
for the HER arises from metal sites located on the surface.11 In
TMPs (M = Mo, Ni, Co, Fe, etc.), the concentration of M is
diluted due to the existence of P atoms, and the formation of
M−P bonds seems to have a negligible effect on the electronic
properties of the metal species.12 However, the M−P bonds not
only induce a weak “ligand effect” that enables a high activity
for the dissociation of molecular hydrogen but also provide
moderate bonding to trap catalytic intermediates to prevent the
deactivation of the catalysts.13 Once the metal sites have been
occupied, the adsorbates (H+/H2O) prefer to interact with M−
P bridge sites, where the electron transfer to a bridging proton
was determined to be the rate-determining step (RDS) for the
whole HER process. This suggests that the M−P bond length
could be a reasonable reactivity descriptor. As the M−P bond
length increases, greater electron localization will be facilitated
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on the P sites and thus reduce the barrier for bonding to the
adsorbates.
Moreover, the elongation of the M−P bond can also

accelerate the oxidation process of metal atoms at high
overpotential. Formation of a TMP/MOx core−shell assembly
is key for a high OER activity, in which the TMP core plays a
significant role as a conductive support in providing an effective
electron pathway to the active MOx shell.

14 However, limited
intrinsic conductivity impedes transport of electrons from
electrode to catalyst, so that additional potential is required to
overcome the energy barriers.15,16 Numerous works have
recently reported that it is possible to enhance the electron
mobility by doping with other elements, including both metal
and nonmetal elements.17,18 By means of oxygen incorporation,
Xie and co-workers reported an optimized MoS2 catalyst with
superior activity for the HER.19 An important implication of
this report is that the introduction of foreign elements indeed
provides the opportunity to modulate the intrinsic conductivity
and change the electronic structure of the electrocatalyst.
Taking inspiration from these beneficial changes induced by

elemental substitution, we here attempted to synthesize a series
of nanosized O-doped TMPs by pyrolyzing phytic acid (PA)
cross-linked complexes for full water splitting. The naturally
ecofriendly and renewable biological compound PA (myo-
inositol 1,2,3,4,5,6-hexakisphosphate, Figure S1) was consid-
ered to be a suitable precursor, in which six phosphate groups
can not only provide a P source but can readily cross-link the
metal precursors. The incorporation of a small amount of
oxygen into TMP was certainly confirmed by physical
characterizations. On the basis of a combination of
experimental results and theoretical calculations, the oxygen
incorporation was determined as one of the decisive factors for
superior electrocatalytic activities, which can not only elongate
M−P bonds but can promote the intrinsic conductivities in
TMP. Additionally, because of two drawbacks present in bulk
transition-metal-based catalysts, namely low density of active
sites and poor stability, the graphene sheets were simulta-
neously introduced as a structured support.20 MoP produced
exhibited low HER overpotentials of 118 mV and 93 mV at a
current density of 20 mA·cm−2 in 0.5 M H2SO4 and 1 M KOH
electrolytes, respectively. When CoP was applied as a catalyst
for OER, a 280 mV overpotential was required to achieve a
current density of 10 mA·cm−2. In addition, the PA-complexed
precursor was able to firmly bond to a carbon cloth surface, so
that an alkaline electrolyzer that achieved a current of 40 mA·
cm−2 at a voltage of 1.6 V was constructed by using TMPs@CC
as electrodes.

■ RESULTS AND DISCUSSION
The two TMPs (MoP, CoP) were successfully prepared by
calcining product from a solution-based reaction, where metal
compounds and PA were used as precursors. As shown in
Scheme 1, metal-containing precursors were first chelated with
PA molecules via an impregnation method in water−ethanol
solution, and the as-formed complexes were meanwhile bonded
with functional groups on graphene oxide (GO) (step I). After
heating precursors in H2 (step II), TMP nucleation was highly
dispersed on the GO surface, which was eventually converted
to RGO under reduction atmosphere. Due to confinement
provided by the GO sheets, the growth of TMP crystals was
restricted in that area, resulting in nanosized particles
embedded in the layered graphene. The samples were
structurally characterized by X-ray diffraction (XRD). As

depicted at the top of Figure 1a, the diffraction peaks of the
samples could be well indexed to the hexagonal MoP (space

group: P6 ̅m2; a = b = 3.222 Å; c = 3.191 Å), and orthorhombic
CoP (space group: Pnma; a = 5.077 Å, b = 3.281 Å, and c =
5.587 Å) (Figure 1a bottom) structures, respectively.
To obtain information on the morphology and structure of

the as-synthesized TMPs, detailed microscopic character-
izations were performed. According to the results of scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM), TMP nanoparticles with a diameter
around 20 nm were clearly surrounded by layered RGO
(Figure 1b,c). The substantial numbers of hydroxyl groups on
the GO surface served as nucleation sites after coupling the
metal precursors, and the as-formed RGO sheets subsequently
encapsulated the as-formed nanoparticles during the reduction
process. A control experiment in the absence of GO sheets
induced the TMP aggregates (Figure S2), indicating that
encapsulation by RGO effectively restricted the growth of TMP
particles.

Scheme 1. Synthesis Process for TMP@RGO by Pyrolyzing
Phytic Acid Cross-Linked Complexes

Figure 1. Characterization of TMP samples. (a) XRD patterns and (b,
c) SEM images of MoP@RGO and CoP@RGO. (d) STEM image of
MoP nanoparticle. Inset: intensities for different elements. (e) Large
area STEM-EDS mapping to panel d. (f) HAADF-STEM image of
MoP with the corresponding crystal structure superimposed. The
intensity profile along the orange dashed line directly shows the
presence of O atoms. (g) The STEM image of CoP. Inset: the
intensities of the elements present in particles. (h) HAADF-STEM
image of CoP with the crystal structure superimposed. Scan bars, 1
nm.
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Furthermore, the high-resolution TEM (HRTEM) and
aberration-corrected scanning transmission electron micros-
copy (STEM) images were then analyzed in great detail to
investigate atomic models for the TMP NPs. Energy-dispersive
X-ray (EDX) spectra (Figure 1d,e) analysis confirmed the
MoP@RGO hybrid structure with Mo, P, O, and C as principal
elemental components, in good agreement with X-ray photo-
electron spectrometry (XPS) results (Figure S3). The
intensities of signals for Mo, P, and a small amount of O
were limited to the area of the particle, whereas C was present
in the entire area (Figure 1d inset). Moreover, the subsequent
inspection of resolved high-angle annular dark field (HAADF)
images of MoP provided some important clues to the structure.
In HAADF images (Figure 1f), bright spots corresponding to
Mo atomic columns with the highest atomic number (Z = 42),
the intermediate-brightness spots representing P (Z = 15)
atoms, and weak spots probably representing O (Z = 8) atoms
can be observed in the MoP crystal. The high-resolution TEM
image demonstrates the presence of [001]-oriented ortho-
rhombic CoP, and the STEM image reveals the presence of a
small amount of oxygen, in all likelihood, in CoP NPs (Figure
1g,h).
To assess electrocatalytic performance, catalyst-based thin

films were prepared on glassy carbon (GC) electrodes for cyclic
voltammetry in 0.5 M H2SO4 and 1 M KOH electrolytes. To
remove the emerging bubbles, the working electrode was
rotated (1600 rpm) during the measurements. In the acidic
electrolyte, a reductive sweep of MoP@RGO hybrid showed a
low overpotential (η) of 10 mV for the HER (Figure 2a).

Afterward, a sharply increased cathodic current was observed
when the η value increased beyond 10 mV, corresponding to
abundant catalytic H2 evolution. Meanwhile, in the absence of
GO, the MoP aggregates exhibited inferior HER activity, while
much lower HER catalytic activity was observed in T-MoP
(inorganic phosphorus was used as P resource) with the same

catalyst loading of ∼0.28 mg·cm−2 (Figure S4). At high current
densities (such as 20 mA·cm−2 with η of 118 mV), MoP@RGO
shows high efficiency relative to other comparable noble-metal-
free HER catalysts.21−23 The HER kinetics of the catalysts were
then measured by analyzing Tafel plots (log j ∼ η). The Tafel
slope confirms that the HER proceeds via a Volmer−
Heyrovsky mechanism. A Tafel slope of ∼58 mV·decade−1

was measured for MoP@RGO, which was lower than the value
of ∼76 mV·decade−1 for the MoP catalyst and that of 105 mV·
decade−1 for T-MoP. In KOH solution, the cathodic current for
HER increased rapidly starting from a smaller η; only a 93 mV
overpotential was required to drive the current density of 20
mA·cm−2. Moreover, the stability was investigated by
continuous cyclic voltammetry (CV) on glassy carbon substrate
at a constant scanning rate of 20 mV·s−1 for 5000 cycles both in
0.5 M H2SO4 and 1 M KOH. Only subtle differences were
observed in the polarization curves after 5000 cycles, suggesting
stability of the catalyst in the long-term electrochemical
process.
Electrochemical impedance spectroscopy (EIS) analysis was

then performed on MoP catalysts. Consistent with previous
studies on Mo-based catalysts, EIS Nyquist plots of the MoP
electrodes exhibit behavior characterized by two time constants
(Figure 2b). The impedance model for the material consists of
a series of resistances: the one in the high frequency region is
related to surface porosity (Cd2-Rp); the other at low frequency
depends on overpotential (Cd1-Rct), reflecting the charge
transfer process during the electrochemical reaction.24,25

Nyquist profiles of MoP were investigated over a range of
overpotentials (0−80 mV), and the constants were fitted by an
equivalent electrical circuit with two constant-phase elements.
Figure S5 presents low-frequency charge transfer resistance
(Rct) and constant-phase element (CPE) as a function of HER
overpotential. The calculated values of Rct decreased from 3049
Ω at 0 mV to 184 Ω at 80 mV, indicating that the charge
transfer kinetics were significantly accelerated upon η
increasing. Meanwhile, the applications of high η increased
the double layer capacitance, from 2.63 mF·cm−2 at 0 mV to
7.49 mF·cm−2 at 40 mV. However, due to the generation of
fresh hydrogen species at more negative η, the double layer
capacitance promptly decreased to 0.17 mF·cm−2 at 80 mV.
Nyquist profiles collected at η = 80 mV on various MoP
electrodes are listed in Table S1. MoP@RGO electrode
exhibited a lower charge transfer impedance value than that
for the bulk MoP, in good agreement with the different HER
activities. The exchange current density (j0) of MoP catalysts,
an inherent measure of HER activity, was also deduced from
the Tafel plots. The j0 of 2.01 × 10−1 mA·cm−2 in MoP@RGO
was higher than the values of 1.05 × 10−1 mA·cm−2 and 1.86 ×
10−2 mA·cm−2 for MoP and T-MoP. The electrochemical
surface area (ECSA) was next evaluated for further insight into
the different catalytic performances. ECSA is proportional to
double-layer capacitance (Cdl), which can be calculated from
different scan rate cyclic voltammograms (CV) (Figure S6a−
c).26,27 Cdl values of MoP and T-MoP were 8.05 mF·cm−2 and
0.61 mF·cm−2, respectively, almost 2 and 25 times less than a
value of 15.30 mF·cm−2 presented by MoP@RGO in 0.5 M
H2SO4 (Figure S6d). A higher ECSA in MoP@RGO indicated
that a rapid charge transfer between active sites and electrolyte
was achieved. Due to effective dissolution of surface oxides
(HER inert species), an abundance of new active sites on the
MoP@RGO surface was thereby exposed for the HER in KOH
solution, resulting in the slightly higher catalytic performance

Figure 2. (a) Polarization curves of MoP measured both in 0.5 M
H2SO4 and 1 M KOH (left) and curves after 5000 potential sweeps at
20 mV·s−1 (right), without iR-drop corrections. (b) Nyquist plots at
different η values of MoP on glass carbon electrode (GCE). (c)
Polarization curves in 1 M KOH with different forms of CoP as
catalysts, and curve (dashed line) after 5000 potential sweeps at 20
mV·s−1. (d) TOFs with respect to Co atoms of CoP (inorganic
phosphorus as P source) and CoP@RGO hybrid (PA as P source) at
different η values.
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than under acid conditions. An increased Cdl value of 16.67 mF·
cm−2 was therefore noticed in 1 M KOH (Figure S7).28

To study the OER activity, the electrochemical measurement
of CoP was carried out at a loading of 0.28 mg·cm−2 on a GC
electrode. In contrast to CoP phosphatized by inorganic
phosphorus (NaH2PO2), the polarization curve for CoP@RGO
hybrid in linear sweep voltammetry (LSV) exhibited a much
higher current and earlier onset of catalytic current (Figure 2c).
Meanwhile, a η of 280 mV could support a 10 mA·cm−2 current
density for CoP@RGO, significantly lower than the 400 mV for
the CoP comparison electrode and even for other CoP-based
forms reported in recent publications.29,30 As η increased, the
catalyst displayed a larger electrocatalytic reaction current, with
100 mA·cm −2 at an overpotential of 440 mV, which was almost
4 times higher than that of the contrasted one. Meanwhile, to a
part of current density that can possibly result from oxidation of
RGO, RGO-400 and RGO-650 were prepared via directly
reducing GO with H2 at temperatures of 400 °C and 650 °C.
RGO-400 exhibited an obvious oxidation current before water
oxidation (1.23 V vs RHE), while the subtle current observed in
RGO-650 was mainly due to the non-Faradaic current (Figure
S8).31 The comparison of Raman and FTIR spectra before and
after linear sweep voltammetry (from 0.6 to 1.23 V vs RHE) in
1.0 M KOH showed that RGO-650 with lower ID/IG possessed
thermodynamic stability better than that of RGO-400 (Figure
S9). Similarly, PA-GO mixture calcined under 650 °C that we
applied here showed no current before the water oxidation
potential. Furthermore, observations of previous research have
confirmed that the OER is catalyzed by Co and that the
presence of a suitable amount of Fe can alter their oxidation
state sites, thereby a concurrent increase in OER activity.32,33

Around 14 μg of Fe was identified in the CoP precursor using
inductively coupled plasma mass spectrometry (ICP-Ms)
(Figures S10 and S11), the amount of which was not sufficient
to alter OER activity. The anodic current was proportional to
oxygen yield, and thus the higher current density obtained here
demonstrated the prominent oxygen evolution behavior of the
catalyst.34 To gain insight into this oxygen evolution activity,
Tafel plots of the catalysts were further investigated. The Tafel
slope for CoP@RGO was 75 mV·dec−1, much smaller than 110
mV·dec−1 measured for the aggregate material. For testing the
durability of the catalyst, continuous potential cycling was
performed and no perceptible variation was observed between
two LSV polarization curves measured before and after 5000
CV cycles, indicating the excellent stability of the hybrid
material. To learn more about reaction dynamics during the
OER process, the gas generation was further quantitatively
measured using gas chromatography (GC) analysis in the
anode compartment of the electrolytic cell. The electrolysis was
conducted by maintaining a CoP@RGO-loaded anode at 1.60
V vs RHE for 240 min. Faradaic efficiency (FE) was therefore
determined from the difference between theoretical calculation
and experimental measurement. In addition to molecular O2,
no other volatile products were detected during the OER
process, and the subtle difference (FE approximated to 98%)
between the two values mainly resulted from oxidation of the
Co center (Figure S12). Moreover, turnover frequencies
(TOFs) for each active site were further estimated via the
following function,35

= × × ×J A F nTOF ( )/(4 ) (1)

where J is current density at a given overpotential, A is surface
area of electrode, 4 represents 4 electrons·mol−1 of O2, F is

Faraday constant, and n is number of moles of metal in the
electrode. We first assumed that all of the Co ions are
catalytically active and thereby calculated their TOFs. However,
because some metal sites are indeed inaccessible in the OER
reaction, the calculated TOFs represent a lower limit.36 Much
higher TOFs were estimated for the CoP@RGO hybrid under
different η values (Figure 2d). At η = 500 mV, TOF of the
hybrid was 0.12 s−1, more than 4 times higher than that of the
contrasted one.
Good catalytic performance of the PA-derivative TMPs

aroused our curiosity as to the chemical structure of the
catalysts. Extended X-ray absorption fine structure spectroscopy
(EXAFS) measurements were first performed to investigate the
arrangement of atoms around the photoabsorbers (Mo, Co).
The Mo K-edge oscillation curves for two PA-derivative MoPs
exhibit remarkable differences in contrast to the T-MoP,
indicating different atomic arrangements (Figure 3a inset). The

Fourier transform (FT) curves present some peaks ranging
from 1 to 4 Å, corresponding to Mo−Mo and Mo−P
coordination in all MoP samples. However, new peaks at
1.40−1.60 Å corresponding to Mo−O coordination were
observed in PA-derivative MoP, in good agreement with the
HAADF image. Compared with T-MoP, diffraction peaks in
MoP@RGO slightly shifted to lower degrees, which possibly
resulted from the lattice expansion by O incorporation (Figure
S13). Additionally, Mo−P peak intensities significantly
decreased in the presence of Mo−O coordination, which was
due to missing atoms in the Mo coordination sphere. Mo−O,
Mo−P, and Mo−Mo pairs were then fitted in real space
(Figure S14). According to XRD results, a crystal structure with
P-m2 space group was applied to generate the initial structure
for EXAFS analysis in the fitting. In this model, the
photoabsorber Mo atom was surrounded by P atoms and Mo
atoms as the first and second shells. Fit for T-MoP showed the
coordination numbers of 4.83 and 5.28 for P shell and Mo shell,
almost the same as for the model (Table S2). However, the fits
for PA-derivative MoPs showed that the coordination number

Figure 3. Mo (a) and Co (b) K-edge extended XAFS oscillation
function k3[χ(k)] (inset) and their corresponding Fourier transform
(FT) (k is wave vector, χ(k) = oscillation as a function of
photoelectron wavenumber). (c) Room temperature (273 K) EPR
measurements for various MoP catalysts. (d) X-ray absorption near-
edge structure (XANES) analysis of Co-based compounds. Note: IP is
an abbreviation for inorganic phosphorus.
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of the P shell decreased to 4.4 and 2.8 for MoP@RGO and
MoP, respectively. The missing atoms in the Mo sphere were
compensated by the O shells (coordination number of 0.4 and
1.3), whereby the Mo−P distance increased by 0.02 and 0.03 Å,
respectively. According to DFT calculation, the bond length of
Mo−P was 2.476 Å for pure MoP after optimization, while the
bond length increased to 2.82 Å with the introduction of O
atoms. The reason may be due to the strong interaction
between O and Mo, thus weakening the bonding strength of
Mo−P based on the principle of bond order conservation.
In the temperature-programmed reduction process, the

metal-containing precursor was first reduced to metal particles,
followed by phosphatization to TMPs. The P−O bond is
strong, and its reduction requires higher temperatures than that
for metal ions. However, active H atoms with high reducing
ability will be easily formed by dissociation of H2 by the as-
formed metal particles, which is available to break the P−O
bond. The reductive H atoms can spill over to the phosphate
and reduce it to phosphorus or phosphine, and the product can
readily react with metal particles to form metal phosphide. In
contrast to inorganic phosphate, the myo-inositol hexaki-
sphosphate structure is conducive to breaking the P−O
bond; thereby a small amount of the M−O bonds can be
reserved during the TMP formation process. Similarly, the Co
K-edge oscillation curve and FT k3[χ(k)] functions in R space
for CoP@RGO exhibited obvious differences in comparison
with the contrasted one (Figure 3b). FT curves present peaks
ranging from 1 to 3 Å, corresponding to Co−P and Co−Co,
with new Co−O coordination appearing around 1.3 Å,
respectively. The FT curve of the contrasted CoP exhibited
Co−P coordination with a peak at 1.75 Å, while the peak
shifted to 1.81 Å in the PA-derivative CoP@RGO, which
resulted from the coordinative unsaturation or surface
structural disorder in the presence of O atoms.37 The Co−P
distance increased from 2.21 to 2.23 Å, which was also due to
the strong interaction between O and metal atom.
Obviously, the small charge transfer resistance observed

would be primarily related to the synergistic effect between
TMP crystallites and RGO, which facilitates electron transfer
from the electrode to catalyst. On the other hand, it should be
noted that the incorporation of the oxygen atom into MPs has
the potential to regulate electronic structure and therefore tune
their intrinsic conductivities.38 For example, molybdenum
dioxide (Mo(IV)O2) is a classical metallic material with high
electrical conductivity.39 From the EPR spectrum, the absence
of paramagnetic signals indicated that only Mo(III) was present
in T-MoP (Figure 3c).40−42 In contrast, prominent para-
magnetic species signals at g = 1.937 were observed in the
spectrum of PA-derivative MoPs. According to the negligible
EPR signal in PA@RGO and up-shifted Mo 3d peaks in the
high resolution XPS scan (Figure S15), we confirmed that the
paramagnetic centers were due to the presence of Mo(VI),
which should be the partial coordination of Mo with O atoms.
Moreover, the EPR signal intensity for MoP@RGO was about
6 times more intense than that of bulk materials in the absence
of GO, which gave solid evidence that the limited particle
diameter (20 nm) in the presence of RGO could enhance the
number of catalytically active sites. As depicted in Figure 3d,
due to the presence of O atoms, the observed low edge position
(7716 eV) in the first-order derivatives of Co−K XANES
implied a richness of Co species with a low valence state in
CoP@RGO.

First-principle calculations were then carried out to study the
effect of O doping. Our theoretical investigations revealed that
TMP (M = Mo, Co) showed metallic behavior, with a high
density of states (DOS) at the Fermi level, indicating the high
microscopic conductivity (Figure S16).43 After O doping, the
metal atoms neighboring the O atom exhibited increased DOS
across the Fermi level in contrast to the residual ones (Figure
4); therefore, O-doped TMPs can achieve a much higher DOS

across the Fermi level, indicating enhanced intrinsic con-
ductivity. Meanwhile, the substituted O atoms increased the
electron concentration especially in the conduction band,
further facilitating the charge carrier transfer during the
electrocatalytic process.44

The Gibbs free energy for hydrogen adsorption on the
surface of a catalyst is considered to be a reasonable indicator of
HER activity.45 In acid solution, the HER reaction path is
mainly composed of proton adsorption and reduction on the
surface to form Hads, followed by H2 formation and desorption,
which can be divided into two steps:

+ + * → *+ −H e H (hydrogen bonded to catalyst) (2)

* → + * *+ + + *

→ + *

+ −2H H or H H e

H (release of H )
2

2 2 (3)

where * denotes an active site on the surface. As the binding
energy of H atoms plays a key role in determining the overall
HER catalytic activity, only the first step was investigated here.
Ideal HER activity should be achieved at a value of ΔG ≈ 0.
Lower ΔG causes a high surface coverage of hydrogen atoms
(Hads), while a higher value indicates that the protons bond
weakly on the electrocatalyst surface, both of which bring about
slow HER kinetics.46 Table S3 gives the calculated binding

Figure 4. Average density of electronic states of different atoms in (a)
O-doped MoP and (b) O-doped CoP.
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energy and Gibbs free energy at single H coverage on various
MoP models. It was found that the H atom tends to bind with a
P atom on a surface site. After the introduction of oxygen
atoms into MoP, the P binding site is still the optimal site, but
the H atom binding energy is slightly reduced compared to that
on pure MoP (from −0.83 to −0.68 eV). On the basis of the
most stable adsorption site for H atom, the Gibbs free energy
was evaluated for the reaction at various H coverages. As
depicted in Figure 5, the Gibbs free energy for pure MoP

system is a slightly far away from zero energy level. Strikingly,
O-doped MoP displays higher HER catalytic activity due to the
Gibbs free energy being nearly zero at 3/4 ML for 1O−P−MoP
or 2/4 ML for 2O−P−MoP systems. O-doped MoP shows a
unique activity because the presence of O elongated the Mo−P
bond length, primarily reducing the proton binding barrier for
the MoP. Furthermore, a strong binding strength between the
catalyst surface and atomic H would slow down the HER due
to the difficult desorption of H2 product. An optimal HER
kinetic in the O-doped MoP was achieved when the H binding
energy was weakened via increasing Mo−P bond length and
thereby promoting the catalytic activity eventually.
Mechanistic studies have proposed that OER on Co-based

catalysts in an alkaline electrolyte involves four consecutive
steps and can be depicted as follows:47

+ ↔ + +− −step I: Co 3OH Co OOH H O eII III
2 (4)

+ ↔ +− −step II: Co OOH OH Co O(OH) eIII IV
2 (5)

+ ↔ + +− −

step III:

Co O(OH) 2OH Co OO 2H O 2eIV
2

IV
2 2

(6)

+ → + ↑ +− −step IV: Co OO OH Co OOH O eIV
2

III
2

(7)

Steps I, II, and III are reversible and determine the OER rate,
while step IV is fast and irreversible. A similar OER mechanism
takes place on our CoP. Co atoms on the surface were first
partially oxidized into CoOOH and form the CoP/CoOOH

core−shell assemblies as the actual surface-active sites,48 which
was evidenced not only by CoII-to-CoIII oxidation peak around
1.1 V vs RHE in cyclic voltammetry results (Figure 6) but also

by the changed P chemical state after CV cycles (Figure
S17).49,50 Intermediate I, including the CoOx/CoP (route I:
surface doping) and CoOx/O-doped CoP (route II: subsurface
doping), was possibly involved during the O-doped CoP
transformation at a high potential. The introduction of O
element shifted the electron localization to the P sites via
elongation of the Co−P bond length (Figure S18), facilitating
the conversion of Co to active CoIII species. The calculated
formation energies of 1.33 and 1.52 eV in routes I and II,
respectively, were much less than the value of 1.62 eV in the
undoped one. The enhanced conductivity conferred by O
doping meanwhile reduced the barrier for electron transport
between electrode and catalyst, also contributing to its high
ECSA (Figure S19). In the OER process, CoIII species (step I)
acted as an initiator, and the other key process (step II) was
related to the reversible interconversion between CoIII and CoIV

(intermediate II). In good agreement with the TOF results,
much higher amounts of active sites in O-doped CoP can be
directly observed by comparing the CoIII-to-CoIV oxidation
peak around 1.4 V vs RHE. The calculated adsorption energy of
*OOH on CoOx/CoP was 2.42 eV, while it decreased to 2.19
eV in the CoOx/O-doped CoP system, implying a facile
formation of *OOH after O incorporation.
Furthermore, in consideration of its unique properties, it is

reasonable to speculate that the PA-cross-linked complex
should be a promising precursor that can readily bond to
various substrates, which provides a significant potential for
scalable application of highly efficient TMP electrocatalysts.
The nanoparticles are commonly loaded on the substrates with
high intrinsic conductivity,51,52 among which carbon cloth
(CC) is the best choice due to the tunable structures, low cost,
and strong tolerance to acid/alkaline environments.53 The CC
surface was first mildly oxidized to create abundant functional
groups to promote its interaction with the PA-containing
complex, so that the CC surface can be conformably coated by
the PA-containing precursor via chemical bonding between
phosphoric acid groups in PA molecules and functional groups

Figure 5. Free energy versus the reaction coordinate of HER for
various MoP models (1O−P−MoP and 2O−P−MoP mean that one
oxygen or two oxygen atoms are substituted for P into the MoP
model). Silver and pink indicate Mo and P atoms, respectively. Our
calculation model was designed with four P atoms on the first layer
(inset); H coverage can therefore be changed from 1/4 ML to 4/4
ML.

Figure 6. Cyclic voltammetry (CV) responses of O-doped CoP (blue
line) and pure CoP (red line) in N2-saturated 1 M KOH. Catalyst
loading was 0.028 mg·cm−2. Scan rate was 20 mV·s−1. Inset shows the
reaction Gibbs free energy for the OER on CoP (calculated energies
are displayed in Å and eV). Blue, purple, red, and white indicate Co, P,
O, and H atoms, respectively.
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on the CC surface (Figure S20). Subsequent pyrolysis led to
the formation of TMPs/CC. Meanwhile, a low ID/IG value in
Raman spectra clearly confirmed the emergence of high degree
graphitized carbon after pyrolyzing the PA solution (Figure
S21). The high degree graphitized carbon not only enhanced
the electrical conductivity but also strengthened the cohesion
for TMPs onto CC, whereby electron injection from the
substrate and transport to the active sites were further
facilitated. According to the SEM images in Figure 7a−d, the
changes in roughness on the CC surface were due to the firmly
embedded catalysts.

A water splitting configuration was then devised using MoP/
CC and CoP/CC as the anode and cathode in 1.0 M KOH,
respectively. Long-term stability of the electrodes was assayed
by means of chronoamperometry measurement (j ∼ t) (Figure
7f). The configuration was able to maintain stable current
densities of 40 mA·cm−2 and 210 mA·cm−2 for 20 h at constant
applied biases of 1.6 and 1.8 V, respectively. Additionally, the
stability of the electrodes at high current density was exhibited
in full water splitting at 1.8 V applied potential with vigorous
gas (H2/O2) evolution on the electrodes (Figure 7e).
Furthermore, the activity of flexible TMPs/CC electrodes was
investigated after deformation of the CC electrode to varying
degrees. After two deformation steps, steady current nearly as
high as that for the pristine electrode was outputted, revealing

that the electrodes are flexible and can have considerable
potential for application applied in harsh environments.

■ CONCLUSIONS
In summary, we have reported a universal and scalable method
to prepare highly active TMP electrocatalysts for full water
splitting by pyrolyzing phytic acid cross-linked metal
complexes. Moderate introduction of O atoms into the TMPs
enhanced their intrinsic conductivities and elongated the M−P
bonds, facilitating electron transfer to active sites for catalyzing
the HER or OER. The MoP catalyst exhibited low HER
overpotentials of 118 mV and 93 mV at a current density of 20
mA·cm−2 in 0.5 M H2SO4 and 1 M KOH electrolytes,
respectively. Only 280 mV overpotential was required to
achieve a current density of 10 mA·cm−2 when CoP was applied
as the catalyst for the OER. We further firmly embedded PA-
derivative TMP electrocatalysts onto a flexible substrate
(carbon cloth) in a one-pot process to achieve an electrolyzer,
which exhibited remarkably high current densities under
relatively low voltage (1.6 V voltage can drive the current
density of 40 mA·cm−2). Thus, in view of the energy crisis
nowadays, these active O-doped TMP-loaded electrodes have
the potential to be employed on a large scale for clean H2 fuel
production. Further, this approach seems quite general and
should have applications in the preparation of a wide series of
TMPs other than MoP and CoP and can be easily integrated
with other substrates, such as a photocatalytic layer, for solar
fuel production.
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