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Abstract: A synergistic N doping plus PO43@ intercalation
strategy is used to induce high conversion (ca. 41 %) of 2HMoS2 into 1T-MoS2, which is much higher than single N doping
(ca. 28 %) or single PO43@ intercalation (ca. 10 %). A scattering
mechanism is proposed to illustrate the synergistic phase
transformation from the 2H to the 1T phase, which was
confirmed by synchrotron radiation and spherical aberration
TEM. To further enhance reaction kinetics, the designed
(N,PO43@)-MoS2 nanosheets are combined with conductive
vertical graphene (VG) skeleton forming binder-free arrays for
high-efficiency hydrogen evolution reaction (HER). Owing to
the decreased band gap, lower d-band center, and smaller
hydrogen adsorption/desorption energy, the designed
(N,PO43@)-MoS2/VG electrode shows excellent HER performance with a lower Tafel slope and overpotential than NMoS2/VG, PO43@-MoS2/VG counterparts, and other Mo-base
catalysts in the literature.

Introduction
Two-dimensional (2D) transition-metal dichalcogenides
(TMDs, such as MoS2) have been the research hotspot over
the past decade owing to their unique electronic structures,
controllable band gap, and adjustable phase components,
which are the key to achieve high performance for optical and
electrochemical applications.[1] As a typical representative of
2D layer-structured materials, MoS2 possesses different
phases including thermodynamically stable trigonal prismatic
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2H phase, octahedral coordinated 1T phase, and distorted
octahedral coordinated 1T’-phase.[2, 3] It has been demonstrated that the electrochemical reactivity and reaction kinetics of
MoS2 are closely bound up with its phase component. Among
them, 2H-MoS2 is not only the most stable phase, but also can
be most easily prepared owing to its low formation energy.[4, 5]
Unfortunately, its semi-conductive nature with low electronic
conductivity hampers its applications in electrochemical
energy storage and conversion.[6] In contrast, both 1T-MoS2
and 1T’-MoS2 show metallic characteristics with high intrinsic
electronic conductivity leading to significantly boosted electrochemical properties.[7] However, to date, it is still very
difficult to directly synthesize pure 1T-MoS2 or 1T’-MoS2
owing to their high formation energies.[3, 7–9] Moreover, they
are metastable and can be spontaneously converted into
stable 2H phase at low temperature (+ 200 8C). Given all that,
reverse phase modulation from 2H-MoS2 to 1T-MoS2 has
aroused great attention, but the degree of phase transformation (2H!1T) is still limited to a low level. Therefore, it is
highly critical to explore controllable strategy to achieve
a large proportion of 1T-MoS2 from 2H-MoS2.
Currently, various strategies have been proposed to
realize 2H!1T phase transformation, including electron
beam scanning,[10] ion intercalation (such as Li+, tert-butyllithium),[6, 11] mechanical strain,[12] and element doping.[13]
Particularly, phase transformation induced by element doping
or ion intercalation is much more attractive because the
doped element or intercalated ion can not only trigger the
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formation of 1T-MoS2, but also may introduce defects leading
to more active sites and decreased band gap of active
materials. For example, Ge et al.[14] adopted Pd doping to
realize partial phase transformation from 2H-MoS2 to 1TMoS2 and enhanced hydrogen evolution reaction (HER)
performance was demonstrated in their 2H-1T system.
Ambrosi et al.[15] used tert-butyllithium intercalation to induce the formation of (2H-1T)-MoS2 nanosheets with improved HER reactivity. Furthermore, a similar phase transformation has also been verified in molybdenum selenide
(MoSe2) nanostructures via element doping[16] or ion intercalation.[17] Nevertheless, the 2H!1T phase transformation
efficiency is still not high. In other words, the proportion of 1T
phase in the above obtained (2H-1T)-MoS2 systems is low
leading to undermined electrochemical performance. This is
due to fact that the nonmetal element doping or ion
intercalation usually takes place at the surface of MoS2 to
produce superficial low proportion of 1T phase with limited
depth and concentration. Hence, it is highly desirable to
develop strategies to realize the large-proportion of 1T-MoS2
from 2H-MoS2. In recent years, single N doping or single
PO43@ intercalation methods have been verified as effective
ways to induce phase transformation in molybdenum selenide
(MoSe2) systems (2H!1T). Motivated by these results, we
are focusing on synergistic element doping plus ion intercalation strategy to fabricate the large proportion of 1T-MoS2
from 2H-MoS2. To the best of our knowledge, up to now, there
is no report on construction of the large-proportion of 1TTMDs from 2H-TMDs by synergistic element doping and ion
intercalation. Furthermore, related phase transformation
mechanism has not been revealed yet. Furthermore, nanoscale conducive design is also indispensable for MoS2 electrocatalysts, which need to be rationally combined with highquality conductive matrix (such as vertical graphene (VG)) to
accelerate electron transfer and reaction kinetics, while no
work has yet been reported.
In this work, for the first time, we report a novel
synergistic N doping plus PO43@ intercalation strategy to
induce high conversion of about 41 % from 2H-MoS2 to 1TMoS2, much higher than single N doping or single PO43@
intercalation (ca. 28 % and ca. 10 %, respectively). We also
propose a scattering mechanism to illustrate the synergistic
phase transformation. The above results are demonstrated by
spherical aberration corrected transmission electron microscopy (SACTEM), synchrotron radiation technology (X-ray
absorption fine structure (XAFS), X-ray absorption nearedge structure (XANES)), and X-ray photoelectron spectroscopy (XPS). To further enhance reaction kinetics, the
designed (N,PO43@)-MoS2 nanosheets are rationally combined
with conductive vertical graphene (VG) skeleton forming
binder-free arrays for HER application. Arising from decreased band gap, lower d-band center, and smaller hydrogen
adsorption/desorption energy supported by density functional
theory (DFT) calculations, the as-prepared (N,PO43@)-MoS2/
VG electrode exhibits excellent HER performance with a low
overpotential of 85 mV at a current density of 10 mA cm@2,
a small Tafel slope of 42 mV Dec@1 and ultra-long stability,
much better than those of N-MoS2/VG and PO43@-MoS2/VG
counterparts. Our work paves a new road to construct the
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large proportion of 1T-phase TMDs and unravels the
synergistic phase transformation mechanism from 2H-TMDs
to 1T-TMDs.

Results and Discussion
The simplified preparation process of the (N,PO43@)MoS2/VG array is illustrated in the Supporting Information,
Figure S1. First of all, the VG skeleton is prepared on the
carbon cloth substrate via a facile microwave-assisted plasma
enhanced CVD method. The graphene nanosheets are
vertically grown on the carbon cloth forming VG array with
macropore channels (Supporting Information, Figure S2).
The measured lattice spacing of about 0.34 nm is well indexed
with the (002) plane of graphitic carbon (JCPDS 75-1621),
suggesting its good crystallinity with high electrical conductivity.[18–20] After the following hydrothermal (HT) process
and annealing treatment in Ar, wrinkled MoS2 nanosheets are
uniformly grown along the VG skeleton to form MoS2/VG
core–shell array (Supporting Information, Figure S3a,b). It is
noteworthy that the obtained MoS2 in this stage belongs to 2H
phase (2H-MoS2). Then (N,PO43@)-MoS2/VG array would be
formed after successive annealing with NaH2PO2 and in NH3
atmosphere. For comparison, N-MoS2/VG and PO43@-MoS2/
VG arrays are also prepared as the same conditions. Note that
the 3D porous array architecture of (N,PO43@)-MoS2/VG is
still well preserved (Figure 1 a,b) and the VG skeleton is
uniformly decorated by cross-linked (N,PO43@)-MoS2 nanosheets (Figure 1 c,d), indicating its good structure stability.
Similar morphologies are also observed for PO43@-MoS2/VG
(Figure S3c,d) and N-MoS2/VG arrays (Supporting Information, Figure S3e,f). Furthermore, energy-dispersive X-ray
(EDX) mapping images (Supporting Information, Figure S4)
of (N,PO43@)-MoS2/VG demonstrate the uniform distributions
of C, Mo, S, P, and N elements, further suggesting the
successful fabrication of (N,PO43@)-MoS2/VG array. Impressively, notice that the interlayer distance of (N,PO43@)-MoS2/
VG is 0.695 nm (Figure 1 d), which is larger than that of pure
2H-MoS2 (0.64 nm) (Supporting Information, Figure S3b).[21]
The enlarged interlayer distance implies the introduction of
1T phase, which has intrinsic larger interlayer distance than
that of 2H phase. To investigate the microstructure change

Figure 1. a),b) SEM and c),d) TEM-HRTEM images of (N,PO43@)MoS2/VG. HAADF images (Inset: corresponding FFT patterns) of
e) pristine MoS2 and f) (N,PO43@)-MoS2.
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from 2H phase to 1T phase MoS2 in detail, aberrationcorrected TEM/STEM was conducted. The pristine MoS2
exhibits typical trigonal prismatic (2H) phase as shown in
high-angle annular dark-field (HAADF) image along [001]
zone axis (Figure 1 e), but (N,PO43@)-MoS2 shows the largeproportion octahedral coordinated 1T-phase (Figure 1 f; Supporting Information, Figure S5).[6, 7, 22, 23] Moreover, the corresponding FFT diffraction images indicate that the anisotropy
of (N,PO43@)-MoS2 broadens. Meanwhile, to further verify the
phase transformation from 2H phase to 1T phase in
(N,PO43@)-MoS2 sample, AC-HRTEM images were obtained
along the [100] zone axis (Supporting Information, Figure S6). Note that the 1T phase is clearly presented because
Mo atoms are aligned in a line, matching well with its
theoretical structure model. The above results indicate that
the synergistic N doping and PO43@ intercalation can effectively induce the formation of 1T-MoS2 from 2H-MoS2.
To check the phase evolution, chemical composition, and
electronic state of samples, XRD, Raman, and XPS were
carried out. Typical XRD patterns of all samples are
presented in the Supporting Information, Figure S7a. The
diffraction peaks at 2688 and 4388 of VG are indexed with the
(002) and (101) planes of graphitic carbon (JCPDS 751621).[11] Apart from the peaks of VG skeleton, other peaks of
MoS2/VG located at 1488 and 3388 are indexed well with (002)
and (100) plane of 2H-phase MoS2, respectively.[24, 25] Notably,
the typical diffraction peaks of (002) planes for PO43@-MoS2/
VG, N-MoS2/VG, and (N,PO43@)-MoS2/VG all shift left
compared to that of MoS2/VG. This phenomenon is due to
the introduction of 1T-MoS2 transformed from 2H-MoS2 by N
doping and PO43@ intercalation. Impressively, the (002) peak
of (N,PO43@)-MoS2/VG shows the strongest left shift, implying
that the degree of phase transformation from 2H-MoS2 to 1TMoS2 is deeper in (N,PO43@)-MoS2/VG.[21] Raman spectra
further verify the conclusion above. The characteristic Raman
peaks at 380 and 405 cm@1 can be observed in the spectra of all
samples (Supporting Information, Figure S7b) and these two
peaks belong to E12g (in-plane) and A1g (out-of-plane)
vibrations of MoS2,[1, 7, 8] While there are only E12g, A1g, and
E1g peaks for MoS2/VG, suggesting its typical 2H-phase.
Compared to MoS2/VG, the characteristic peaks of J1, J2, and
J3 are weak in PO43@-MoS2/VG and N-MoS2/VG samples,
especially in PO43@-MoS2/VG, owing to a small amount of 1TMoS2. Noticeably, (N,PO43@)-MoS2/VG not only presents the
weakest characteristic peaks of E12g and A1g, but also exhibits
other strong characteristic peaks of 1T-MoS2, which are
attributed to J1, J2, and J3 vibration modes of S-Mo-S
bonds.[3, 6] In a nutshell, (N,PO43@)-MoS2/VG has the largest
proportion of 1T phase due to synergistic effect of N doping
and PO43@ intercalation.
Furthermore, XPS was also employed to analyze the
phase transformation mechanism and phase composition. In
our case, it should be highlighted that different photon
energies (1254 eV, 600 eV or 400 eV) and Ar ion etching
technology was used for XPS test of N and P elements. Photon
energy of 1254 eV is used to detect the deep signal, while 600
and 400 eV for accurate superficial signal. N 1s spectra of NMoS2/VG and (N,PO43@)-MoS2/VG tested at 1254 eV before
and after Ar+ etching are shown in Figure 2 a,b. Apart from
Angew. Chem. Int. Ed. 2019, 58, 16289 – 16296
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Figure 2. XPS spectra before and after Ar+ etching (photon energy:
1254 eV): N 1s of a) N-MoS2/VG and b) (N,PO43@)-MoS2/VG; P 2p of
c) PO43@-MoS2/VG and d) (N,PO43@)-MoS2/VG; XPS spectra: e) S 2p
and f) Mo 3d of four samples; g) Mo L-edge XANES spectra; h) Mo Kedge XANES spectra.

the peak of Mo 3p at 395.1 eV, N-MoS2/VG shows a peak at
399.5 eV before etching, matching well with the N@Mo bond.
After Ar+ etching, the peak intensity of the N@Mo bond
sharply decreases for N-MoS2/VG, implying that the degree of
N doing is depth-dependent (Figure 2 a). When N 1s tested at
photon energy of 600 eV, note that the N@Mo peak shows
higher intensity than Mo 3p peak (Supporting Information,
Figure S8a). Therefore, it can be concluded that the N
dopants mainly exists at the surface layer of N-MoS2/VG
after single NH3 treatment. This is probably due to the fact
that NH3 (with a small size of about 1.0 c) could easily escape
from the in-plane MoS2. For (N,PO43@)-MoS2/VG, the typical
peak of the N@Mo bond is seen with a higher relative intensity
ratio (N@Mo bond/Mo 3p) than that of N-MoS2/VG (Figure 2 b), suggesting the successful introduction of more
nitrogen in (N,PO43@)-MoS2/VG. Interestingly, (N,PO43@)MoS2/VG also exhibits stronger peak of N@Mo bond after
etching by Ar ion. P 2p spectra of PO43@-MoS2/VG and
(N,PO43@)-MoS2/VG tested at 1254 eV before and after Ar+
etching are shown in Figure 2 c,d. PO43@-MoS2/VG shows
a peak at 134.2 eV characteristic of PO43@,[17, 26] while the peak
for P@Mo bond, located in the range of 128–130 eV, is not
detected.[27] This result excludes the possibility that P element
is doped into MoS2. Instead, PO43@ exists at the intercalation
site (intercalation site represents the interstitial site at the
center of the six-membered ring formed by S-Mo-S atoms in
both the upper and lower layers). Moreover, the characteristic
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peak of PO43@ at 134.2 eV still exist after etching with Ar+
(Figure 2 d) or tested at photon energy of 400 eV (Supporting
Information, Figure S8b). Moreover, based on the value and
corresponding ratio (for details, see the Supporting Information, Figure S9), relative intensity ratio of DI P2p/DI C1s is
almost the same, close to 0.9 (Supporting Information,
Table S1). These results reveal that the intercalation depth
of PO43@ is extended to the bulk phase of MoS2, not only
concentrated on the surface layer. Furthermore, we calculated the doping amount of N and P in N-MoS2, PO43@-MoS2,
and (N,PO43@)-MoS2 samples according to their XPS results,
respectively. The results are listed in the Supporting Information, Table S2. Compared to N-MoS2 sample (ca. 3 %), higher
N content (ca. 9 %) has been introduced into (N,PO43@)-MoS2.
Additionally, both PO43@-MoS2 and (N,PO43@)-MoS2 samples
have similar P content (ca. 10–11 %).
Meanwhile, the phase transformation from 2H-MoS2 to
1T-MoS2 is also supported by S 2p and Mo 3d spectra. The
S 2p spectrum of MoS2/VG shows two peaks located at
161.9 eV (S 2p3/2) and 163.1 eV (S 2p1/2), while the peaks of
PO43@-MoS2/VG, N-MoS2/VG and (N,PO43@)-MoS2/VG shifts
negatively (Figure 2 e), indicating that N-MoS2/VG possesses
lower valance state with higher electron density compared to
PO43@-MoS2/VG.[6, 28] Note that (N,PO43@)-MoS2/VG exhibits
the lowest binding energy and thereby the lowest valance
state. This result suggests that (N,PO43@)-MoS2/VG possesses
the highest content of 1T-phase MoS2 and the best conductivity among all samples. Correspondingly, all core level peaks
of Mo 3d spectra of N-MoS2/VG, PO43@-MoS2/VG, and
(N,PO43@)-MoS2/VG samples are left-shifted with a similar
extent mentioned above (Figure 2 f). To further verify the
phase transformation from 2H to 1T, the Mo 3d5/2 and
Mo 3d3/2 peaks can be deconvoluted to four peaks, corresponding to the co-existence of 1T and 2H-MoS2. The
concentration of the 1T phase in the converted region is
obtained and found to be about 40 % in (N,PO43@)-MoS2/VG
sample,[23] further indicating that more 1T-MoS2 were formed
in (N,PO43@)-MoS2/VG owing to the synergistic N doping and
PO43@ intercalation. To exclude the interference of VG
skeleton, N-VG, PO43@-VG, and (N,PO43@)-VG were prepared
as the same methods. As shown in the Supporting Information, Figure S10, there are no N, P, or PO43@ signals detected in
N 1s and P 2p spectra of these samples, demonstrating that N
doping and PO43@ intercalation only happen in MoS2, not at
the VG skeleton. The above evidences confirm the successful
synergistic N doping and PO43@ intercalation in MoS2 and
more N can be introduced into (N,PO43@)-MoS2 sample, which
breaks the limitation of surface nitrogen doping. We propose
a plausible scattering mechanism to illustrate the synergistic
phase transformation from 2H phase to 1T phase. In our
experiment, the intercalated PO43@ will first be located
between the interlayer of MoS2. Then the following N
decomposed from NH3 hits the pre-anchored PO43@ and
random scattering occurs leading to more N doped into MoS2,
and finally forming (N,PO43@)-MoS2. Without the pre-intercalated PO43@, the odds of N doping will decrease resulting in
reduced 1T phase (Supporting Information, Figure S11). To
further investigate the doping-intercalation mechanism of
(N,PO43@)-MoS2/VG, synchrotron radiation technology
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(XANES and XAFS) were conducted. P L-edge spectra of
both PO43@-MoS2/VG and (N,PO43@)-MoS2/VG samples show
four characteristic XANES peaks, which are attributed to
PO43@ (Supporting Information, Figure S12a).[29] Furthermore, P K-edge XANES spectrum is utilized to specify the
form of P in these samples. As shown in the Supporting
Information, Figure S12b, only peak of P@O bond can be
noticed, and P-metal peak at 2145 eV is absent, suggesting
that the introduced P is in the form of PO43@ and thus further
confirming the bulk phase intercalation of PO43@.[30]
Beyond that, similar result is proven by Mo L-edge
XANES spectra (Figure 2 g). The Mo L3-edge XANES
spectra of PO43@-MoS2/VG demonstrate a decrease in the
white line resonance strength, which is due to the dipoleallowed 2p!4d transition in comparison to the MoS2/VG
sample, confirming the reduction in the unoccupied Mo 4d
state owing to the charge transfer.[28] Concurrently, the white
line resonance strength of Mo L3-edge XANES spectra in NMoS2/VG decreases in comparison to that of PO43@-MoS2/VG.
The lower absolute amplitude of the broad peak has been
assigned to more charge transfer from S to Mo atoms, further
suggesting that the N doping is more favorable to form higher
electron density for MoS2. More importantly, (N,PO43@)MoS2/VG demonstrates the lowest white line intensity, which
reveals that the synergistic N doping and PO43@ intercalation
could cause the most charge transfer. These results are
consistent with the above XPS analysis. Furthermore, as
shown in the Supporting Information, Figure S13a, prominent
peak A centered at 2529.6 eV can be observed in the spectra
of N-MoS2/VG and (N,PO43@)-MoS2/VG, and the latter is
more obvious. This peak could be attributed to the splitting of
the white line, reflecting the ligand field splitting of the final
state d-orbital. These distinct spectral features could be
reproduced by XANES calculations using FEFF9 code.[5] It
indicates that more N doping is the major factor for the larger
proportion formation of 1T-MoS2 in (N,PO43@)-MoS2/VG.
Meanwhile, Peak B in Mo L3-edge spectra probably corresponds to the transition of Mo 2p3/2 electrons to unoccupied
Mo 5s states, which is the exclusive characteristic peak of
MoS2. To further verify the doping-intercalation effect of 1TMoS2, we employed XAFS to elucidate the distinct structure
of Mo species in atomic level. As shown in Figure 2 h and the
Supporting Information, Figure S13b, the Mo K-edge
XANES spectrum of MoS2/VG exhibits four characteristic
peaks A, B, C, and D. The PO43@-MoS2/VG shows similar
XANES features to MoS2/VG, but possesses lower energy at
the absorption edge position, suggesting lower valance state
in the Mo element. Meanwhile, the N-MoS2/VG and
(N,PO43@)-MoS2/VG display quite different spectral features.
It is found that peak D disappears, while a new peak A1
appears between peaks A and B, in accordance with the
calculated XANES results of Yan et al. by using FEFF8.2
code,[5, 14] which suggests the formation of larger proportion of
1T-MoS2 phase in the N-MoS2/VG and (N,PO43@)-MoS2/VG
samples, particularly in (N,PO43@)-MoS2/VG sample. Figure 3 a shows the oscillation curves of Mo K-edge for all
samples in the k range of 0–14.0 c@1. Obviously, k2 c(k) of
VG/MoS2 is quite different from those of PO43@-MoS2/VG, NMoS2/VG and (N,PO43@)-MoS2/VG. Generally, the decrease
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Figure 3. a) Mo K-edge EXAFS oscillations of the four samples;
b) Fourier transform of the k2-weighted Mo K-edge of the EXAFS
spectra; c) The corresponding EXAFS fitting curves in R space for
(N,PO43@)-MoS2/VG and d) wavelet transform (WT) contour plots of
MoS2/VG, PO43@-MoS2/VG, N-MoS2/VG, MoN2, and (N,PO43@)-MoS2/
VG, respectively.

in oscillation curve intensity suggests the increase in disorder.
It is obvious that (N,PO43@)-MoS2/VG exhibits the greatest
disorder owing to synergistic N doping and PO43@ intercalation, remarkably prompting the transformation from 2HMoS2 to 1T-MoS2. EXAFS spectra can clearly elucidate the
Mo atoms local bonding environment and the occupation
sites in MoS2 nanosheets. As shown in Figure 3 b, Fourier
transform (FT) curve of MoS2/VG shows two main peaks at
1.93 c and 2.92 c, respectively, corresponding to the Mo@S
and Mo@Mo scattering contribution. The FT curve of PO43@MoS2/VG (Supporting Information, Figure S14b) reveals the
decreases in the peak intensities of Mo@S and Mo@Mo as
compared to MoS2/VG sample (Supporting Information,
Figure S14a), suggesting higher disorder and the appearance
of 1T phase. Moreover, the absence of first-shell Mo-P
scattering demonstrates the possibility that phosphorus is
mainly in the form of phosphate ion, thereby directly
confirming that P does not occupy S sites in PO43@-MoS2/
VG. Furthermore, except for intensity decrease of Mo@S and
Mo@Mo peaks, a peak centered at a much lower R position is
observed at 1.45 c for N-MoS2/VG. The origin of this peak
can be ascribed to the dominance of the Mo@N scattering. It
reveals that nitrogen atoms are introduced into the unit cell of
MoS2 lattice. Moreover, the fitting results of N-MoS2/VG
show more 1T-MoS2 with higher disorder, lower coordination
number of S-Mo, and higher coordination number, with the
Mo@Mo bond at about 2.9 c, than those of MoS2/VG and
Angew. Chem. Int. Ed. 2019, 58, 16289 – 16296
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PO43@-MoS2/VG (Supporting Information, Figure S14c and
Table S3). Compared to N-MoS2/VG, as shown in Figure 3 c,
a more prominent peak is also observed at 1.45 c for
(N,PO43@)-MoS2/VG, demonstrating more nitrogen atoms
are doped into MoS2 lattice. Moreover, the lowest intensities
of Mo@S and Mo@Mo peaks further reveal more 1T-phase
MoS2 based on fitting results (Supporting Information,
Table S3). The (N,PO43@)-MoS2 shows a higher proportion
of 1T-phase (ca. 41 %), which is much higher than PO43@MoS2 (10 %) and N-MoS2 (28 %) according to fitting results.
Furthermore, the wavelet transform (WT) of Mo K-edge
EXAFS oscillation further displays visually atomic dispersion
of Mo for these samples due to its capability to separate
backscattering atoms in both R-space and k-space resolution.[28, 31, 32] In Figure 3 d, the WT plot of MoS2/VG shows two
maximums at 1.93 c and 2.92 c, respectively, which are
associated with the Mo@S and Mo@Mo bonding, implying the
successful preparation of MoS2. As for PO43@-MoS2/VG, Mo@
S and Mo@Mo bonding can be clearly observed and the P@Mo
bond is absent, in good agreement with the above results.
Particularly noteworthy is that the value of intensity maximum is mainly related to different coordinates (R, k), whose
location is connected with the path length and atomic number
of the scattering atoms. As seen from the WT contour plots of
MoN2, the k and R values of intensity maximum can be
observed at 9.5 c@1 and 1.45 c, respectively, which is
associated with Mo-N path. Consequently, WT maximum
can be observed at 1.45 c for N-MoS2/VG and (N,PO43@)MoS2/VG, which is assignable to Mo@N path in comparison
with Mo@N bond in MoN2 standard. Moreover, the intensity
of Mo@N scattering of (N,PO43@)-MoS2/VG is much larger
than that of N-MoS2/VG, further confirming more nitrogen
doping.
To investigate the electrochemical HER performance,
these samples were tested using a simple three-electrode
setup in 0.5 m H2SO4 solution. As shown in linear sweep
voltammetry (LSV) curves (Figure 4 a), (N,PO43@)-MoS2/VG
exhibits the best HER activity with the smallest overpotential
(@85 mV at 10 mA cm@2), which is superior to MoS2/VG
(@187 mV), PO43@-MoS2/VG (@135 mV), N-MoS2/VG
(@122 mV), and VG at the same current density. This result
is further supported by Tafel slope (Figure 4 b). Notice that
the Tafel slopes of MoS2/VG, PO43@-MoS2/VG, N-MoS2/VG,
and (N,PO43@)-MoS2/VG electrodes are 120, 53, 51, and
42 mV dec@1, respectively, implying (N,PO43@)-MoS2/VG presents the fastest HER process with better electrical conductivity and reactivity.[33–35] The negligible HER activity of VG
skeleton suggests that the VG is mainly used as a highly
conductive support for active MoS2 nanosheets. The excellent
catalytic performance of (N,PO43@)-MoS2/VG is attributed to
the synergistic doping-intercalation effect and higher proportion of 1T-MoS2. The HER performance of (N,PO43@)-MoS2/
VG is also better than those of reported Mo-based materials
(Figure 4 c) reported previously.[36–44] To eliminate the influence of surface area and reveal the intrinsic catalytic
behavior, turnover frequency (TOF) is calculated to gain
the intrinsic per-site activity,[28, 45] as shown in the Supporting
Information, Figure S15. Impressively, the TOF values of
(N,PO43@)-MoS2/VG are larger than those of MoS2/VG, N-
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sents the charge transfer resistance (Rct) during HER. As
expected, the (N,PO43@)-MoS2/VG electrode shows the smallest semicircle (Figure 4 f), indicating its fastest hydrogen
evolution reaction rate. These results suggest the as-prepared
(N,PO43@)-MoS2/VG array possesses superior catalytic activity and long-term cycle life.
To further deepen the understanding of the improved
catalytic performance of (N,PO43@)-MoS2/VG, DFT calculations were carried out. Figure 5 a displays the top and main
view of 2H-MoS2 and (N,PO43@)-MoS2. Density of states
(DOS) plots of 2H-MoS2, PO43@-MoS2, N-MoS2, (N,PO43@)MoS2 and 1T MoS2 were calculated in Figure 5 b and Figure S19a. The calculated band gaps of 2H-MoS2, PO43@-MoS2,
N-MoS2, 1T MoS2 and (N,PO43@)-MoS2 are 1.41, 0.85, 0.22,
0.22, and 0 eV, respectively. The corresponding band structures of 2H-MoS2, (N,PO43@)-MoS2, PO43@-MoS2, and N-MoS2
are shown in Figure 5 c,d and the Supporting Information,
Figure S19b–d. Both results reveal that 2H-MoS2 and PO43@MoS2 are indirect band gap semiconductors, while N-MoS2,
1T MoS2, and (N,PO43@)-MoS2 are metal-like conductors with
improved conductivities, especially for (N,PO43@)-MoS2 in
which the doping of N and intercalated PO43@ can highly
enhance the conductivity. DOS near the Fermi energy from
the d-band is monitored to illustrate the interaction between
Figure 4. a) LSV curves and b) Tafel plots. c) HER performance comparison; d) electrochemical stability; e) the ratio of current density
with various scan rates; f) Nyquist plots of MoS2/VG, PO43@-MoS2/VG,
N-MoS2/VG, MoN2 and (N,PO43@)-MoS2/VG electrode.

MoS2/VG, and PO43@-MoS2/VG counterparts, clearly revealing that the synergistic effects of N doping and PO43@
intercalation can essentially promote the activity for HER
catalysis. The cycling durability test was carried out at
10 mA cm@2 for 10 h, and there is no obvious decay observed
for the all electrodes (Figure 4 d), suggesting their excellent
long-term stability. Moreover, comparatively, the S 2p and
Mo 3d XPS spectra of (N,PO43@)-MoS2/VG after 1000 cycles
(Supporting Information, Figure S16) do not change and all
characteristic peaks are noticed, demonstrating its excellent
stability. Furthermore, SEM image (Supporting Information,
Figure S17) after 10 h stability test reveals that the morphology of (N,PO43@)-MoS2/VG array is well maintained, further
suggesting its excellent structure stability. To further study the
superior HER performance of the (N,PO43@)-MoS2/VG
electrode, the effective electrochemical active surface areas
(ECSA) of these electrodes were calculated by monitoring
the double-layer capacitance (Cdl) according to the CV results
at different scan rates (Supporting Information, Figure S18).[35, 46] The obtained current densities are plotted as
a function of the scan rates and shown in Figure 4 e. It can be
seen that the ECSA of (N,PO43@)-MoS2/VG electrode is as
high as 140 mF cm@2, which is superior to those of MoS2/VG
(50 mF cm@2), PO43@-MoS2/VG (104 mF cm@2), and N-MoS2/
VG (110 mF cm@2) electrodes, suggesting synergistic N doping
plus PO43@ intercalation can effectively improve the electrochemical active area and expose more active sites. EIS tests
were also performed to monitor electrochemical reaction
kinetics.[47] The semicircle displayed in Nyquist plots repre-
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Figure 5. a) Crystal structures of 2H-MoS2 and (N,PO43@)-MoS2 ;
b) density of states (DOS) plots of 2H-MoS2, PO43@-MoS2, N-MoS2,
and (N,PO43@)-MoS2 ; band structures of c) 2H-MoS2 and d) (N,PO43@)MoS2 ; e) the density of states (DOS) plots of 2H-MoS2, PO43@-MoS2,
N-MoS2, and (N,PO43@)-MoS2 d-band and the corresponding d-band
center potentials. The corresponding diagrams of bonding and antibonding of 2H-MoS2 and (N,PO43@)-MoS2 are also displayed; f) HER
free energy diagrams of 2H-MoS2, PO43@-MoS2, N-MoS2, (N,PO43@)MoS2, and 1T-MoS2.
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the valence states of adsorbate and 2H-MoS2, PO43@-MoS2, NMoS2, and (N,PO43@)-MoS2, respectively, which could be
regarded as the interaction between the valence states of H
and d states of the transition metal.[48] The interaction forms
completely filled bonding states and antibonding states.
Furthermore, the binding strength is determined by the
antibonding states whose filling status decides their energy
levels. The d band center model is widely used in analyzing
catalytic activity on the adsorbate-metal interaction. As
shown in Figure 5 e, the d-band centers of 2H-MoS2, PO43@MoS2, N-MoS2, and (N,PO43@)-MoS2 are calculated to be
@1.35 eV, @1.41 eV, @1.43 eV, and @1.93 eV, respectively.
This indicates that the interaction between the valence states
of adsorbate and 2H-MoS2, PO43@-MoS2, N-MoS2, and
(N,PO43@)-MoS2 weaken in turn. In particular, the d-band
center of (N,PO43@)-MoS2 is far lower than that of 2H-MoS2,
revealing that (N,PO43@)-MoS2 with more electron filling of
the antibonding states greatly promotes the hydrogen adsorption/desorption from HER catalyst surface. The hydrogen adsorption free energy (DGH) is further calculated to
illustrate the hydrogen evolution activity (Figure 5 f).[45] The
calculated DGH of 2H-MoS2, PO43@-MoS2, N-MoS2, 1T MoS2,
and (N,PO43@)-MoS2 is @2.08 eV, @0.41 eV, @0.21 eV, 0.11 eV,
and 0.07 eV, respectively. It convincingly demonstrates that
(N,PO43@)-MoS2 is more favorable for hydrogen adsorption/
desorption, superior to other counterparts and even better
than pure 1T MoS2. Owing to the metallic property, lowest dband center and smallest hydrogen adsorption/desorption
energy, the as-prepared (N,PO43@)-MoS2 dramatically improves the HER catalytic activity.
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