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chemical stability. For example, Zhong et al.[14] reported the production and application of aspergillus spore carbon as carbon
host for lithium–sulfur battery with enhanced rate performance
and high capacity. Inspired by this result, we are focusing on
new N-doped mold spore carbon (N-MSC) converted from
gray-blue mold spore, which is cultivated by medium-culture
fermentation method. The N-MSC shows wrinkled bowl-like
nano-microstructures. Moreover, the N-MSC is intrinsically
doped with N and its HER properties are still unknown. Hence,
it is very interesting and worth expecting to explore the rational
combination between N-MSC and nanostructured MoSe2.
Simultaneously, nanostructure engineering is essential for
MoSe2 due to the fact that the bulk MoSe2 has a small number
of active edge sites and poor electron transportation.[17–20]
Meanwhile, phase modulation engineering must be taken on
nanostructured MoSe2 to boost HER performance. It is well
accepted that MoSe2 is a typical multiphase material including
trigonal prismatic 2H phase, distorted octahedral coordinated
1T′ phase and octahedral coordinated 1T phase. The 2H-MoSe2
is an indirect bandgap semiconductor with low electrical conductivity, while the 1T′ and 1T-MoSe2 show metallic property
and better HER performance. Unfortunately, it is still a great
challenge to directly prepare pure 1T-MoSe2 because of their
high formation energy and spontaneous conversion from 1T
to stable 2H phase at temperature above 200 °C. Consequently,
high-performance biphase-mixed (1T-2H)-MoSe2 is becoming
the new pet with the aid of phase conversion from 2H-phase
to 1T-phase via different strategies including electron beam
scanning, Li+ intercalation, mechanical strain, chemical vapor
deposition, and N doping. For instance, Qu et al.[21] prepared
Mo/(1T-2H)-MoSe2 with a low Tafel slope of ≈35 mV dec−1 and
good cycling performance by adopting plasma-assisted selenization process. Recently, our group[14] successfully constructed
(1T-2H)-MoSe2 on TiC-C by N doping and showed a low HER
overpotential of 137 mV at 10 mA cm−1. In the meantime, it
has been reported that biphase molybdenum sulfide ((1T-2H)MoS2) can be prepared by P doping.[22,23] The above works
provide us great impetus to study (1T-2H)-MoSe2 by a new
way−phosphate ion (PO43−) intercalation and no work has been
reported to date. Moreover, there is no report on the controllable fabrication of (1T-2H)-MoSe2 on N-MSC matrix by PO43−
intercalation, let alone their phase transformation mechanism
and HER properties.
Herein, for the first time, we report phosphate ion intercalated (1T-2H)-MoSe2/N-MSC (namely, P-MoSe2/N-MSC) composites by a facile biological fermentation plus hydrothermal
(HT)-phosphorization (PP) strategy. In our design, conductive
N-MSC serves as the backbone for MoSe2 nanosheets to evolve
forming high-quality (1T-2H)-MoSe2 via PO43− intercalation.
The phase transformation from 2H-MoSe2 to 1T-MoSe2 is illustrated by spherical aberration-corrected transmission electron
microscope (SACTEM), synchrotron radiation technology (X-ray
absorption fine structure (XAFS), and density functional theory
(DFT) calculation. Due to positive synergistic effects (such as
higher conductivity, decreased bandgap and low adsorption
energy of H+) between high conductive N-MSC matrix and
P-MoSe2, the designed P-MoSe2/N-MSC composites exhibit
exceptionally superior HER performance with a low Tafel slope
(≈51 mV dec−1) & overpotential (≈126 mV at 10 mA cm−1),
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better than pure MoSe2/N-MSC and MoSe2/carbon spheres
(MoSe2/CNS) counterparts. Our results provide a new technology to realize phase transformation of MoSe2 and demonstrate the usefulness of mold spore carbon for construction of
advanced HER electrocatalyst.

2. Results and Discussion
The simplified fabrication schematics of P-MoSe2/N-MSC composites are illustrated in Figure 1a–c. First, the gray-blue mold
spore is cultivated by a facile medium-culture 
fermentation
method and corresponding digital photos at different stages
are presented in Figure S1a–c (Suporting Information). Then
the gray-blue mold spore is converted into N-doped mold spore
carbon (N-MSC) after the annealing process (Figure S1d, Supporting Information). As shown in SEM images (Figure S2a,b,
Supporting Information), the N-MSC possesses hollow bowllike architecture with rugged and wrinkled ektexine. The
N-MSC has an average diameter of ≈1.5 µm and is closely
connected with each other forming a high-quality conductive
matrix. Then MoSe2 nanosheets are grown on N-MSC by
a hydrothermal-annealing process. Notice that the N-MSC
core is uniformly decorated with interconnected ultrathin
MoSe2 nanosheets shell (Figure S2c,d, Supporting Information), implying the good compatibility between each other.
After phosphorization, the N-MSC cores are still decorated
with homogeneous MoSe2 nanosheets, suggesting that the
phosphorization will not affect the morphology and the integrated composite structure P-MoSe2/N-MSC is well preserved
(Figure S2e,f, Supporting Information). The microstructure
evolution of samples at different stages is monitored by TEMHRTEM and SACTEM test. As shown in Figure 1d,e, it is seen
that the N-MSC sample possesses curved wrinkled carbon wall.
HRTEM image (Figure 1e) and selected area electron diffraction
(SAED) pattern (inset of Figure 1e ) demonstrate its amorphous
nature. For the MoSe2/N–MSC composites, the core/shell
structure is clearly distinguished by TEM image (Figure 1f).
MoSe2 nanosheets shell is uniformly coated on the N-MSC core
(Figure 1f). Moreover, the measured interlayer distance is about
0.65 nm, which is indexed well with the 2H-phase MoSe2.
The MoSe2 without PO43– intercalation (Figure 1g) exhibits a
common honeycomb lattice, corresponding to the trigonal prismatic 2H phase. Though the P-MoSe2/N-MSC shows a similar
morphology (Figure 1h), the interlayer distance of the P-MoSe2
nanosheets increases to ≈0.68 nm, due to the introduction of
1T phase (Figure 1i). The above results suggest that the 2H
phase could be partially converted into 1T phase because the
phosphate ion intercalation can rearrange Se and Mo atoms
to induce phase transformation and achieve the final coexisted (1T-2H)-MoSe2, further supported by detailed SACTEM
analysis. In the high-angle annular dark-field (HAADF) image
(Figure 1i), the atomic arrangements are represented by the
bright spots, where the Mo sites are relatively brighter than
the Se sites due to the stronger scattering capability of electrons
for high-Z atoms. Thus, the biphase (1T-2H) structure is clearly
distinguished according to the models of crystal structure
(Figure S3, Supporting Information). The 2H phase shows the
common honeycomb lattice (trigonal prismatic coordination),
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Figure 1. a–c) Simplified schematics of growth process of P-MoSe2/N-MSC. TEM-HRTEM images of different samples: d,e) N-MSC; f,g) MoSe2/NMSC and h,i) P-MoSe2/N-MSC. j) EDS elemental mapping images of Mo, Se, C, N, and P for P-MoSe2/N-MSC.

while 1T phase exhibits octahedral coordination. Moreover, the
interplanar d-spacing of 0.28 nm matches well with the (100)
plane of 2H-MoSe2. The P-MoSe2 shows the coexistence of
octahedral coordinated 1T-MoSe2 and trigonal prismatic coordinated 2H phase,[24] demonstrating that the introduction of
phosphate ion can induce the phase transformation from 2H
to 1T. Moreover, uniform distributions of Mo, Se, P, N, and
C elements are detected in EDS elemental mapping images
(Figure 1j) for the P-MoSe2/N-MSC sample, further proving the
successful assembly of P-MoSe2 on the N-MSC matrix.
To investigate the phase evolution and doping mechanism of
PO43− intercalation, X-ray diffraction (XRD), Raman and X-ray
photoelectron spectroscopy (XPS) were performed. Typical
XRD patterns of the N-MSC, MoSe2/N-MSC, and P-MoSe2/NMSC samples are presented in Figure 2a. The diffraction peaks
at ≈26° and ≈43° in the pattern of N-MSC are ascribed to (002)
and (101) planes of graphitic carbon (JCPDS 75-1621), respectively. While these two peaks are broad due to the amorphous
nature of N-MSC. For the MoSe2/N-MSC composites, apart
from the peaks of N-MSC, the 2H-MoSe2 exhibits strong diffraction peaks of (002) and (100) planes (JCPDS 29-0914,
Figure S4a, Supporting Information). After phosphorization,
the (002) peak of P-MoSe2 moves leftward and its (100) peak
shows a positive shift, suggesting that partial 2H-MoSe2 is converted into 1T-MoSe2 after intercalation of PO43− (Figure S4b,
Supporting Information). This sophisticated change of XRD
peaks is also demonstrated by other works on biphase (1T-2H)MoSe2.[21,25] These findings are further supported by Raman and
XPS analyses. According to the Raman data, the MoSe2/N-MSC
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exhibits characteristic Raman peaks at 238.3 and 286.1 cm−1
(Figure 2b), respectively, belonging to the vibration of A1g and
E12g of MoSe2. Meanwhile, no characteristic peaks of N-MSC
are noticed in the range of 200–320 cm−1. It is seen that, after
combination with MoSe2 and phosphorization, the G/D ratio
of N-MSC greatly increases, leading to improved electrical
conductivity (Figure S5, Supporting Information). It is noteworthy that, compared to the 2H-MoSe2, the two characteristic
peaks of P-MoSe2 show sharply decreased intensity and shift
toward smaller wavelength slightly due to the coexistence of
1T- and 2H-MoSe2,[14,21] verified by XPS analysis. For Mo 3d
spectra (Figure 2c), two peaks of Mo 3d5/2 (228.8 eV) and Mo
3d3/2 (232.0 eV) characteristic of 2H-MoSe2 are observed for the
MoSe2/N-MSC. For the P-MoSe2/N-MSC, the two Mo 3d core
levels show noticeable shift and locate at 228.6 eV (Mo 3d5/2)
and 231.8 eV (Mo 3d3/2), matching well with the electronic
states of mixed-phase 1T-2H.[21] The above findings are also
corroborated by Se 3d spectra (Figure 2d). The Se 3d spectrum
of the MoSe2/N-MSC presents two typical peaks at 55.2 eV
(Se 3d3/2) and 54.5 eV (Se 3d5/2) belonging to 2H-MoSe2. After
phosphorization, these peaks shift to 54.9 and 54.2 eV, respectively, suggesting the existence of (1T-2H)-MoSe2.[21,25] Mutual
authentication by the above results convincingly corroborates
the coexistence of 1T-2H phase in the P-MoSe2/N-MSC composites. In addition, a peak at 133.7 eV characteristic of PO43−
is detected in the P 2p spectrum of P-MoSe2/N-MSC sample
(Figure 2e), while the characteristic signal for PMo bond at
128–130 eV is not observed, indicating that the doped PO43−
locates between the interlayer of MoSe2 owing to the large size
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Figure 2. Phase and composition characterization of N-MSC, MoSe2/N-MSC and P-MoSe2/N-MSC: a) XRD patterns. b) Raman spectra. c) Mo 3d core
level. d) Se 3d core level XPS high-resolution spectra of MoSe2/N-MSC and P-MoSe2/N-MSC composites. e) Core-level P 2p spectra of MoSe2/N-MSC
and P-MoSe2/N-MSC composite. f) Mo L-edge XANES spectra.

of PO43− ≈1.5 Å, and thus resulting in the phase transformation
from 2H-MoSe2 to 1T-MoSe2. Meanwhile, PO43− is not found in
the sample of MoSe2/N-MSC, which further confirms the successful preparation of PO43− intercalated MoSe2.[26–28] Similar
conclusions are also demonstrated by X-ray absorption nearedge structure (XANES) spectra of P L-edge and P K-edge. The
P L-edge spectrum of P-MoSe2/N-MSC (Figure S6a, Supporting
Information) exhibits four peaks, which are attributed to phosphate ion group.[29] Meanwhile, only one characteristic peak of
PO bond (2145 eV) corresponding to PO43− is detected in P
K-edge spectrum (Figure S6b, Supporting Information), indicating the successful intercalation of PO43−.[30,31] Additionally,
the presence of N in the N-MSC is also confirmed by XANES
and XPS results (Figure S6c,d, Supporting Information). All the
aforementioned results mutually support each other and demonstrate that the PO43− has been successfully intercalated into
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the layers of 2H-MoSe2 nanosheets, leading to the phase transformation from 2H to 1T phase.
To further understand the phase transformation mechanism via PO43− intercalation, the Mo L-edge XANES spectrum
and Mo K-edge XAFS spectrum were carried out. As shown
in Figure 2f, as compared to the MoSe2/N-MSC, the Mo
L3-edge XANES spectrum of P-MoSe2/N-MSC shows a
decreased intensity of L3-edge peak (namely, white line
peak) owing to the transition from the dipole-allowed 2p to
4d. It suggests a reduction in the unoccupied Mo 4d state
due to the charge transfer. In addition, according to the Mo
K-edge XAFS spectrum, the P-MoSe2/N-MSC presents smaller
energy of absorption edge (Figure 3a and Figure S7a, Supporting Information), implying higher average electron density than that of MoSe2/N-MSC sample, where Mo foil is used
as the reference.[32,33] The oscillation curves of Mo K-edge in
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Figure 3. a) XAFS spectra at the Mo K-edge of MoSe2, P-MoSe2 sample and Mo foil; b) k2-weighted Mo K-edge EXAFS oscillations of MoSe2, P-MoSe2
sample and Mo foil; c) The radial distribution functions (RDF) of the MoSe2, P-MoSe2 sample and Mo foil obtained from the k2χ(k) by Fourier transform
(FT) and d–f) Wavelet transform (WT) contour plots of Mo foil, MoSe2, and P-MoSe2, respectively.

the k range of 0–14.0 Å−1 are shown in Figure 3b. Based on
the decreased intensity of oscillation curves, noticeably, the
k2χ(k) of P-MoSe2/N-MSC is different from that of MoSe2/NMSC, suggesting the increase in disorder and promoting the
transformation from 2H-MoSe2 into 1T-MoSe2. In addition,
extended X-ray absorption fine structure (EXAFS) spectra
can powerfully illuminate the local bonding environment of
Mo atoms in these samples (Figure 3c and Figure S7b, Supporting Information). Two peaks located at ≈2.14 and 2.94 Å
in MoSe2/N-MSC and P-MoSe2/N-MSC are indexed well with
MoSe and MoMo bonds, respectively. The P-MoSe2/N-MSC
shows decreased intensities of Mo–Se and Mo–Mo peaks, due
to the increase in disorder and formation of partial 1T-phase.
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We further fit the main Fourier transform (FT) peaks from 1.0
to 3.3Å (Figure S8, Supporting Information) and the EXAFS fit
results are shown in Table S1 (Supporting Information). The
best fitting analysis quantitatively extracts the strength of disorder along with the formation of partial 1T-phase.[32] Another
interesting finding is that the absence of first-shell MoP scattering (Figure S8b, Supporting Information) excludes the possibility that phosphorus is introduced to the doping sites of TMo,
TSe, and PSe (TMo stands for the doping site at the center of the
four Mo atoms in a MoSe2 layer; TSe presents the doping site
at the center of the four Se atoms; PSe means that P replaces
the position of Se atom),[14] in agreement with the above XPS
and XANES results. Based on these results, it is justified that
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the intercalation of PO43− can induce the phase transformation of MoSe2 from 2H to 1T, also proven by wavelet transform
(WT) technology. The WT plots of Mo K-edge EXAFS oscillations were performed to confirm the atomic dispersion of
Mo throughout the whole MoSe2/N-MSC due to its powerful
resolution in both R and k spaces. Seen from the WT contour
plots of Mo foil in Figure 3d, it displays one intensity maximum at 10.0 Å−1, corresponding to the Mo–Mo coordination.
As shown in Figure 3e, the WT intensity maximum at 8.6 Å−1
could be considered as the MoSe bonding for MoSe2/N-MSC
sample. For the higher coordination, the intensity maximum at
10.0 Å−1 can be ascribed to Mo–Mo scattering compared with
the WT plots of Mo foil. Additionally, from the WT contour
plots of P-MoSe2/N-MSC (Figure 3f), it is noticed that the intensity maxima at 8.6 and 10.0 Å−1 are associated with the MoSe
and MoMo contributions, respectively. However, no intensity
maximum corresponding to MoP is detected.[34] Therefore,

according to FT- and WT-EXAFS analysis, it could demonstrate
the existence of PO43– intercalation for P-MoSe2/N-MSC composites by van der Waals force. These evidences further demonstrate the successful preparation of (1T-2H)-MoSe2 on N-MSC
by PO43− intercalation.
The electrochemical HER activity of P-MoSe2/N-MSC sample
was first investigated by linear sweep voltammetry (LSV) in
0.5 m H2SO4 solution. The HER activities of three control
samples (MoSe2/N-MSC, MoSe2/carbon sphere (MoSe2/
CNS), and pure N-MSC) were also measured at the same condition for comparison. As shown in Figure 4a, pure N-MSC
displays negligible HER activity, indicating that the N-MSC
core is mainly used as a high-quality conductive matrix for
the MoSe2 nanosheets. Apparently, the MoSe2/N-MSC shows
enhanced HER performance compared with MoSe2/CNS (TEM
images of MoSe2/CNS are presented in Figure S9, Supporting
Information) due to the intrinsic nitrogen doping and better

Figure 4. Electrochemical characterization of N-MSC, MoSe2/N-MSC and P-MoSe2/N-MSC: a) LSV curves and b) Tafel plots. c) HER performance
comparison; d) Nyquist plots; e,f) Electrochemical stability of the MoSe2/N-MSC and P-MoSe2/N-MSC electrodes.
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conductivity of N-MSC matrix. Impressively, the P-MoSe2/NMSC electrode exhibits the best HER performance with the
smallest overpotential of ≈126 mV at 10 mA cm−2, better than
the MoSe2/N-MSC (≈179 mV), MoSe2/CNS (≈226 mV), and
N-MSC. It is indicated that the coexistence of 1T- and 2H-MoSe2
in the P-MoSe2 via PO43− intercalation can effectively ameliorate the electronic structure of MoSe2, thus improving the HER
activity. The corresponding Tafel slope is further provided as
the support for the above results. Tafel slope can be used to
evaluate the kinetic rate during HER process according to three
mechanisms of Volmer reaction (Tafel slope ≈ 120 mV dec−1),
Heyrovsky reaction (Tafel slope ≈ 40 mV dec−1) and Tafel
reaction (Tafel slope ≈ 29 mV dec−1).[35] It is noticed that the
P-MoSe2/N-MSC electrode shows the smallest Tafel slope of
≈51 mV dec−1, while MoSe2/N-MSC and MoSe2/CNS electrodes exhibit ≈92 and ≈108 mV dec−1, respectively (Figure 4b),
indicating the fastest HER process on the P-MoSe2/N-MSC.
In our case, the HRE process of P-MoSe2/N-MSC electrode is
determined by Volmer-Heyrovsky reactions. The HER performance of P-MoSe2/N-MSC is also superior to those reported
Se-based materials such as 1T-MoSe2,[36] MoSe2/graphene,[15]
and WSe2 nanofilm[37] (Figure 4c and Table S2, Supporting
Information). Further insight into the HER reaction kinetics of
P-MoSe2/N-MSC was investigated by electrochemical impedance spectroscopy (EIS) tests. The semicircle in Nyquist plots
(Figure 4d) reflects the electrochemical reaction impedance (Rct)
and represents the hydrogen reaction rate in HER. Note that
the P-MoSe2/N-MSC electrode presents the smallest Rct, suggesting the fastest hydrogen evolution reaction. Moreover, the
small solution resistance (Rs) of N-MSC reveals its good conductivity. The P-MoSe2/N-MSC electrode also exhibits a small
Rs of 1.50 Ω, indicating that the PO43− intercalation endows
the P-MoSe2/N-MSC with higher electronic conductivity than
that of the MoSe2/N-MSC (1.64 Ω). The enhanced HER performance is mainly due to good conducive network from N-MSC
and the coexistence of (1T-2H)-MoSe2 via PO43− intercalation.
The introduction of 1T-MoSe2 into 2H-MoSe2 can greatly
enhance the electron transfer, and simultaneously make more
active sites exposed. The above results are further supported
by electrochemical active specific area (ECSA), which was calculated by measuring the double-layer capacitance (Cdl) originated from the CV results at different scan rates (Figure S10b,c,
Supporting Information). The measured current density is
plotted as a function with scan rates in the Figure S10a (Supporting Information). Obviously, the ECSA of P-MoSe2/N-MSC
electrode is up to ≈95 mF cm−2, much larger than the value
of MoSe2/N-MSC (≈48 mF cm−2). Meanwhile, both MoSe2/NMSC and P-MoSe2/N-MSC electrodes show excellent long-term
durability with no decay after 1000 cycles (Figure 4e,f). Furthermore, the MoSe2/N-MSC and P-MoSe2/N-MSC electrodes show
negligible voltage change even operated at the current density
of 10 mA cm−2 for 10 h. To check the stability of coexisted
1T-2H phase, the XPS test of P-MoSe2/N-MSC before and after
cycling was conducted. As shown in Figure S11 (Supporting
Information), the Se 3d and Mo 3d spectra of P-MoSe2/N-MSC
after cycling still possess higher electronic density than those of
MoSe2/N-MSC, and do not show obvious change compared to
their initial states. Moreover, the signal of PO43− is still detected
and preserved.
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DFT calculations were further used to investigate the phase
transformation and enhanced HER performance with the help
of introduction of 1T-phase by PO43− intercalation. The crystal
structures of 2H-MoSe2 and PO43− intercalated 2H-MoSe2
(P-MoSe2) are shown in Figure 5a, respectively. The band structures of 2H-MoSe2 and P-MoSe2 are presented in Figure 5b,c.
The calculated bandgaps of 2H-MoSe2 and P-MoSe2 are ≈1.18
and 0.88 eV, respectively, indicating that the PO43− intercalation
can decrease the bandgap with higher electronic conductivity,
supported by the total density of states (TDOS) and projected
density of states (PDOS) (Figure S12a,b, Supporting Information). Consequently, the improved electronic conductivity could
effectively accelerate HER kinetics. We carried out the first-
principle calculations to reveal that the intercalation PO43− can
promote the formation of 1T phase by investigating the pathway
and energy barrier of phase transformation from 2H-MoSe2 to
1T-MoSe2. As shown in Figure S12c,d (Supporting Information) and Figure 5d, the energy barrier of the phase transformation from P-MoSe2 to 1T-MoSe2 is 0.76 eV, lower than that from
pure 2H-MoSe2 to 1T-MoSe2 (0.82 eV), indicating that the intercalation of PO43− is favorable for the phase transformation from
2H-MoSe2 to 1T-MoSe2. On the other hand, the PO43− intercalation enlarges the layer spacing and further promotes the
formation of 1T phase. We also calculated the hydrogen absorption free energy (∆GH) of 2H-MoSe2, P-MoSe2, and simulated
2H-1T heterostructure interface (designated as 1T/2H-MoSe2),
which was used to estimate the hydrogen evolution activity. The
crystal structure of 2H-1T heterostructure interface is shown
in Figure 5e. The P-MoSe2 and 1T/2H-MoSe2 show smaller
∆GH of 0.41 and 0.48 eV, respectively, much lower than pure
2H-MoSe2 (-1.14 eV), demonstrating that biphase 1T-2H structure can boost the hydrogen absorption/desorption ability.[38]
Moreover, as for P-MoSe2, the near Se of intercalated phosphate
ions is favorable for desorption of H+ because of longer SeH
bond (1.498 Å), larger than that of pure 2H-MoSe2 (1.486 Å). In
the meantime, the 1T/2H-MoSe2 also presents a longer SeH
bond (1.488 Å) than pure 2H-MoSe2, suggesting the 2H-1T
heterostructure interface is also favorable for desorption of H+
(Figure S13, Supporting Information).
The positive synergistic effects between N-MSC and P-MoSe2
are responsible for the enhancement of HER performance.
i) The conductive N-MSC matrix plus introduction of 1T phase
into 2H-MoSe2 can offer fast electron transfer paths from both
internal and external. ii) The phosphorization process triggers
more active sites exposed by PO43− intercalation accompanied by phase transformation. iii) Lower bandgap & adsorption energy of H+ of P-MoSe2/N-MSC can accelerate the HER
kinetics leading to highly efficient production of H2.

3. Conclusion
To sum up, for the first time, we have explored a new kind of
N-doped carbon material (N-MSC) via biological fermentation
technology with gray-blue mold. Furthermore, we have demonstrated the successful fabrication of phosphate ion (PO43−)
intercalation induced-MoSe2 (P-MoSe2) nanosheets on N-MSC
forming high-quality P-MoSe2/N-MSC composites. Our work
clearly reveals the phase transformation mechanism from
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Figure 5. a) Schematic crystal structures of 2H-MoSe2 and P-MoSe2; b,c) Calculated band structures of 2H-MoSe2 and P-MoSe2, respectively; d) Kinetic
energy barrier of phase transition from 2H-MoSe2 to 1T-MoSe2 by PO43− intercalation; e) The HER models of mixed 1T/2H-MoSe2 and f) HER free
energy diagrams of 2H-MoSe2, P-MoSe2 and mixed 1T/2H-MoSe2.

2H-MoSe2 to 1T-MoSe2 via PO43− intercalation and demonstrates the coexistence of 1T and 2H-MoSe2 in the P-MoSe2
by SACTEM, XANES, and XAFS characterizations. The HER
performance enhancement mechanism of the P-MoSe2/NMSC is also studied by combining experiment data and DFT
calculations. Our research provides valuable insights to understand the phase transformation and performance improvement
mechanisms of 2D transition metal dichalcogenides (TMDs)
by PO43− intercalation. Our results open up a new way to construct advanced composites electrocatalysts for electrochemical
energy conversion.

4. Experimental Section
Materials Synthesis: N-MSC sample was prepared by a mediumculture fermentation technology combined with annealing process in Ar

Small 2019, 1901796

atmosphere. First, the gray-blue mold spores were inoculated in potato
dextrose agar (PDA) medium and cultivated at a constant temperature of
28 °C and relative humidity of 75% for 7 d. After that, the gray-blue mold
spores were collected and annealed at 800 °C for 2h in Ar to form N-doped
mold spore carbon (N-MSC). Then, 0.32 g selenium powder was put into
10 mL hydrazine hydrate, and 0.48 g sodium molybdate powder was mixed
with 50 mL deionized water with strong agitation. After 15 min, the N-MSC
powders were added into the above two mixed solution. The reaction
solution was transferred into a Teflon-linked steel autoclave and held at
200 °C for 6 h. Then, the obtained samples were washed and pyrolyzed
at 300 °C for 2 h in Ar to form the MoSe2/N-MSC composites. After that,
MoSe2/N-MSC was treated by a low-temperature phosphorization method
using NaH2PO2 as the phosphorous source to obtain the final P-MoSe2/
N-MSC composites. The phosphorization process was conducted at
300 °C for 1 h in Ar. As a comparison, the MoSe2/carbon nanospheres
(MoSe2/CNS) were prepared as the same method above without
phosphorization treatment. The carbon spheres were prepared by a facile
hydrothermal method by keeping 0.2 m glucose solution at 180 °C for
5 h. The carbon nanospheres were obtained after annealing at 800 °C in Ar
for 3 h.
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Materials Characterization: Morphologies and microstructures of
these samples were monitored by using field emission scanning electron
microscope (FESEM, Hitachi SU8010) and the transmission electron
microscope (TEM, JEOL 2100F) as well as spherical aberration-corrected
transmission electron microscope (SACTEM). The crystal structure of
all materials was analyzed by using X-ray diffraction (XRD) reactor with
Cu Kα radiation (Rigaku D/Max-2550). Raman spectra were obtained by
using RenishawinVia Raman microscopy under 514 nm laser excitation.
The X-ray photoelectron spectroscopy (XPS) spectra of these samples
were measured by an ESCALAB_250Xi X-ray photoelectron spectrometer
with Al Kα source. The X-ray absorption near-edge structure (XANES)
spectra of P K-edge and Mo L3-edge were obtained with the total
electron yield (TEY) mode in the 4W7A beamline of the Beijing
Synchrotron Radiation Facility (BSRF), China, where the sample drain
current was gathered under a vacuum smaller than 5 × 10−8 Pa and the
storage ring was operated at 2.5 GeV with maximum injection currents
of 250 mA. The X-ray absorption spectra of Mo K-edge were conducted
in fluorescence mode at the BL14W1 beamline of the Shanghai
Synchrotron Radiation Facility (SSRF), China, in which the storage ring
was operated at 3.5 GeV with maximum injection currents of 230 mA
and the synchrotron beam was monochromatized using a double-crystal
monochromator (DCM) equipped with a Si (111) crystal to reduce the
harmonic component of the monochrome beam. The N K-edge, P Ledge, and P L-edge XANES spectra were tested at the photoemission
end-station at beamline BL10B in the National Synchrotron Radiation
Laboratory (NSRL) in Hefei, China.
Electrochemical Measurements: First, 10 mg of the P-MoSe2/N-MSC
was mixed with 2 mL of water and 20 µL Nafion (5 wt% in ethanol) by
at least 15 min sonication to form a homogeneous slurry. Then, 20 µL
of the above slurry was drop-coated onto carbon cloth (1 × 1 cm−2)
to obtain P-MoSe2/N-MSC electrode. For comparison, bare N-MSC,
MoSe2/C and pure MoSe2/N-MSC electrodes were also fabricated
in the same way. HER performances of the above electrodes were
performed using an electrochemical workstation (CH Instrument 660D)
with a standard three-electrode setup at room temperature, where the
as-obtained electrodes, saturated calomel electrode (SCE), and carbon
rod (D = 8 mm) were used as the working electrode, reference electrode,
and counter electrode, respectively. The 0.5 m H2SO4 solution was acted
as the electrolyte. The conversion potential of E(RHE) was obtained
based on the following equation: E(RHE) = E(SCE) + 0.059*pH + 0.244.
The cyclic voltammetry (CV) tests were carried out using these
electrodes at 100 mV s−1 for 50 cycles to stabilize the curves. The LSV
curves were measured at a scan rate of 1 mV s−1. The Tafel curves were
also obtained from LSV curves. The EIS spectra were obtained by testing
at the polarization voltage of –0.3 V within a frequency range from
100 kHz to 0.01 Hz, where AC amplitude was set as 10 mV. The stability
test was carried out by CV cycles over 1000 cycles and a continuous
current test at 10 mA cm−2 for 10 h. The above results were obtained by
iR-compensation.
DFT Models and Calculations: All calculations were performed in
the Vienna ab initio simulation package (VASP) based on the density
functional theory (DFT).[39–41] The band structure and density of states
calculations were carried out by the projector augmented wave (PAW)
method. The generalized gradient approximation (GGA) with exchangecorrelation functional provided by Perdew-Burke-Ernzerh (PBE) was
applied.[42,43] The plane wave cutoff energy was set to be 420 eV. The
energy convergence threshold for atomic relaxation was 10−4 eV per atom
and the force convergence criterion was 0.01 eV Å–1. A vacuum space of
15 Å was set in z-direction in order to avoid the interaction of bounding
layers because of the periodic boundary condition. The (110) planes of
2H-MoSe2, P-MoSe2, and 1T/2H-MoSe2 were sliced in 2 × 3 supercell and
a k-mesh of 5 × 3 × 3 applied to sample the Brillouin zone.[44] Furthermore,
the formula was used to calculate the hydrogen adsorption free energy
(∆GH): ∆GH = E(surface+H) – E(surface) -1/2E(H2) + ∆EZPE – T∆S.[38,45] In this
formula, E(surface+H) and E(surface) were the total energy of the surface with
H adsorption and the total surface energy, respectively. E(H2) was the
energy of a hydrogen molecule, ∆EZPE was the difference in zero-point
energy, T∆S was entropy difference about 0.2 eV at room temperature.
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