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ABSTRACT

Heteroatom doping is one of the most promising strategies toward regulating intrinsically sluggish electronic conductivity and
kinetic reaction of transition metal oxides for enhancing their lithium storage. Herein, we designed phosphorus-doped NiMoO,
nanorods (P-NiMoO.) by using a facile hydrothermal method and subsequent low-temperature phosphorization treatment.
Phosphorus doping played an indispensable role in significantly improving electronic conductivity and the Li* diffusion kinetics of
NiMoO4 materials. Experimental investigation and density functional theory calculation demonstrated that phosphorus doping can
expand the interplanar spacing and alter electronic structures of NiMoO, nanorods. Meanwhile, the introduced phosphorus dopant
can generate some oxygen vacancies on the surface of NiMoO., which can accelerate Li* diffusion kinetics and provide more
active site for lithium storage. As excepted, P-NiMoO, electrode delivered a high specific capacity (1,130 mAh-g™" at 100 mA-g™
after 100 cycles), outstanding cycling durability (945 mAh-g‘1 at 500 mA-g‘1 over 200 cycles), and impressive rate performance
(640 mAh-g™" at 2,000 mA-g™") for lithium ion batteries (LIBs). This work could provide a potential strategy for improving intrinsic

conductivity of transition metal oxides as high-performance anodes for LIBs.
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1 Introduction

The ever-increasing demands for portable electronic devices
and electrical vehicles look toward the pursuit of lithium ion
batteries (LIBs) with high energy and power densities, as well
as ultralong lifespan [1-4]. It is widely recognized that striving
for a promising anode material is the key point to achieve
the above expectations. Among the multitude of alternatives,
transition metal oxide, in particularly NiMoO, has gradually
aroused attention as an alluring anode for LIBs owing to its
multiple accessible valence states, noteworthy high theoretical
capacity, and relatively low cost [5-7]. Analogous to other
transition metal oxides, NiMoOs goes through poor electronic
conductivity, sluggish reaction kinetics, and substantial volume
expansion, resulting in inferior rate capability and unsatisfactory
cycling stability. To reconcile these issues, various strategies
such as devising nanostructure and coupling with carbonaceous
materials have emerged and developed [8-12]. Generally,
designing diverse nanostructured materials can shorten Li*
diffusion length, but the insufficient electronic conductivity is still
desired to conquer. Hybridization with carbonaceous materials
can modify the electronic conductivity, however, the decrease

in specific capacity of the whole electrode will be occurring
[7, 13, 14]. This has led to intense research activities driving to
develop doping strategies in an effort to enhance the intrinsic
electronic conductivity of NiMoOs electrode.

Currently, a wealth of literature has demonstrated that
heteroatom doping is considered to be the most direct way
of improving the electronic conductivity of transition metal
oxides by altering the electronic structure [15, 16]. This is because
metallic dopants served as electron donors or nonmetal
dopants as electron acceptor could redistribute the charge
around doping sites and generate impurity bands inside the
bandgaps, significantly enhancing the electronic conductivity of
transition metal oxides [17-21]. For example, Song et al. [22]
doped Mo®" into TiNb,O; to improve electronic conductivity
of Nb2Os, which was because that Mo® with a higher valence
than Ti* and Nb** could enhance electron densities near Ti,
and Nb by compensating charge into doping site. In addition, Mo
doping also facilitated Li* diffusion in the lattice via increasing
electron density near O and thus achieving an impressive
rate capability in LIBs. Besides, Yan et al. [21] fabricated
carbon-doped Co;04 nanotubes using polymeric nanofibers
as the template, which delivered superior rate and cycling
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performances. Such excellent lithium storage capability mainly
originated from the introduced carbon dopants, which are
reflected in three aspects: (i) improving the electronic con-
ductivity; (ii) inducing oxygen vacancies and extending lattices;
(iil) generating more active Co*" cations.

Phosphorus possesses lone-pair electrons in 3p orbitals and
vacant 3d orbitals, which can tempt local charge density and
modulated electronic structure of transition metal oxides. This
makes it an astute choice as a dopant to metals oxides and thus
is expected to modify the electronic conductivity of transition
metal oxides as well [23, 24]. Moreover, phosphorus has been
indicated as a fascinating candidate owing to its abundant
resource and extraordinarily high theoretical capacity (2,596
mAh-g™, storing three Li atoms forming LisP) for LIBs [8, 10].
Benefiting from these merits of phosphorus, P-doped NiMoO4
materials have been reported and characterized in electro-
chemical catalysts fields, yet never used as anode materials for
LIBs. Consequently, one can envisage that phosphorus doping
NiMoOs can enlarge the lithium storage capacity of NiMoOsa.

In this light, we demonstrated phosphorus-doped NiMoO,
nanorods (henceforth, P-NiMoO,) as a fascinating anode
material for LIBs. P-NiMoOs nanorods were facilely derived from
NiMoO, precursors via low-temperature annealing adopting
NaH,PO: as the phosphorus source. The density functional
theory (DFT) calculations explained substitution of O with
P would decrease the bandgap of NiMoOs, leading to the
improvement in electronic conductivity. Meanwhile, some
oxygen vacancies were generated under the phosphorization
process, further increasing more active sites for lithium storage.
In addition, one-dimensional nanostructured NiMoOs with a
high length-to-diameter ratio could shorten Li* diffusion length
and tolerated relaxed mechanical strain upon lithium storage
process. Benefiting from these merits, the as-prepared P-NiMoO,
nanorods exhibit superior capacity and high-rate performance
compared with undoped NiMoO, nanorods.

2 Experimental

2.1 Preparation of P-NiMoO:

P-NiMoO. nanorods were synthesized through the simple
hydrothermal method, calcination treatment, and subsequent
phosphorization processes. Here, 1.5 mmol Ni(NOs), and
1.5 mmol Na2MoQOs were dissolved into 60 mL deionized (DI)
water under constant magnetic stirring. The obtained light green
solution was transferred into a 100 mL Teflon-lined stainless
steel autoclave and maintained at 150 °C for 5 h in an oven.
After cooled down naturally, the green product was washed
several times with DI water and alcohol to remove impurities.
Then the product was converted to NiMoOs through annealing
at 500 °C for 2 h in the air. Lastly, two ceramic boats containing
NiMoO, and NaH,PO, were placed in the downstream
and upstream of the tubular furnace respectively. Under Ar
atmosphere, the samples were heated to 300 °C for 1 h with a
heating rate of 2 °C-min™".

2.2 Characterization

The crystalline structures of the as-prepared samples were analyzed
by X-ray diffraction (XRD, DX-2700BH). High-temperature
XRD (H-XRD) measured by a Philips PW1730 diffractometer was
conducted in the air using an in-situ temperature-programmed
heating mode. Scanning electron microscopy (SEM) and
corresponding energy-dispersive X-ray (EDX) mapping images
were collected on Gemini SEM 300 field emission scanning
electron microscopy. Transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) images were obtained by
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FEI TF20 electron microscopy. The valence states of materials
were investigated by the X-ray photoelectron spectroscopy
(XPS, ESCALABMK II) using Mg as the exciting source. EPR
experiments were conducted by a Bruker ELEXSYS E580
spectrometer.

2.3 Electrochemical measurements

The electrochemical performances were evaluated in CR2025
half cells which were assembled in a glove box in an argon
atmosphere. The working electrodes were prepared by coating
the slurry active materials (NiMoOs and P-NiMoOs), Ketjen
Black, and polyvinylidene fluoride (PVDF) with a mass ratio
of 70:20:10 using N-Methyl pyrrolidone as the solvent on Cu
foil. After drying at 100 °C under vacuum overnight, the electrode
was pressed and cut into disks. The mass loading of the active
materials is 1.5-2.0 mg for a single electrode. Li foil was utilized as
counter electrode, and Celgard 2400 film was served as separator,
while the electrolyte contained 1 M LiPFs dissolved in a mixture
of ethylene carbonate (EC), diethyl carbonate (DEC), and 5
wt.% of fluoroethylene carbonate (FEC). The galvanostatic
charge/discharge cycling was carried out on a Neware battery
tester (Shenzhen, Xinwei) in a voltage window from 0.01 to
3.0 V. GITT was carried out on a LAND battery measurement
apparatus (CT3001A) to calculate the Li* diffusion coefficient.
CV and EIS tests were conducted on a CHI 660E electro-
chemical workstation (Chenhua, Shanghai).

2.4 Computational method

The calculations were carried out utilizing the Vienna Ab Initio
Simulation Package (VASP) [25, 26]. The projected enhancement
wave pseudopotential [27] and the Perdew-Burke-Ernzerhof
(PBE) function [28] based on the generalized gradient
approximation were performed to optimize the structure and
calculate the exchange and correlation energies until the total
energy on all atoms and force were converged to 10~ eV/atom
and 0.05 eV-A™Y, respectively. The cut-off energy of plane-wave
basis set was 500 eV and Brillouin region on the grid with a 20 x
20 x 20 and 7 x 7 x 7 k-point was performed for calculation of
bandgap and density of states, respectively. A vacuum region of
10 A was built in the model of NiMoOs and P-NiMoO,, and van
der Waals interactions corrected using DFT-D; are considered [29].

3 Results and discussion

The designed concept of heteroatom doping is to introduce a
suitable species into NiMoO, materials, aiming to improve
electronic conductivity and reaction kinetics in the electrode.
The driving force is undoubtedly originated from the reduced
bandgap and generated impurity bands inside the bandgaps [17,
30]. In this work, phosphorous atoms were purposely chosen
to enhance the electronic conductivity of NiMoOs, and the
corresponding synthesis process was expounded in Fig. 1(a).
First of all, a facile approach of hydrothermal treatment was
used to synthesize the precursor (hydrated NiMoO, nanorods).
Then, the precursors were calcined in the muffle roaster to fabricate
NiMoOs nanorods, in which the calcination temperature was
confirmed by in-situ H-XRD in a temperature range of 15-600 °C
(Fig. 1(b)). As shown in Fig. 1(c), the resulting samples produced
via hydrothermal treatments display the hydrated NiMoO
phase which is stable up to 480 °C. When the temperature is
increased to 500 °C, the diffraction peaks of the hydrated NiMoOx
phase have disappeared accompanied by the emergence of the
NiMoOs phase. It is noted that the crystallinity increases with
the ascent in temperature but the diffraction peaks appear
with less intensity when the temperature is further elevated
to 600 °C. Based on the above analysis, the high crystalline
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Figure 1
corresponding contour plots in in-situ XRD for the selected 26 range.

NiMoOs phase can be obtained by calcinating under the air at
~ 500 °C. Ultimately, P-NiMoO. nanorods were fabricated by
low-temperature phosphorization treatment.

The morphologies and structures of NiMoOs and P-NiMoOs
nanorods were characterized by SEM and TEM techniques. It
is clearly seen that NiMoOx consists of nanorods with several
micrometers in length and the average diameter around 300 nm
(Figs. 2(a) and 2(b)). Notably, the nanorod feature is well-
preserved after P-doping (Figs. 2(d) and 2(e)). Such 1D nanorod
architecture of P-NiMoO. with a high length-diameter ratio
benefits lithium storage since it possesses bifunctional features
that facilitate electronic and ionic transport as well as offer
strong tolerance to stress-strain upon charge/discharge process
[14, 31, 32]. As shown in the HRTEM image (Fig. 2(c)), the
interplanar distance of 0.300 nm is assigned to the (220) plane
of NiMoOs, which is well matched with the XRD results. Note
that the corresponding lattice fringe spacing of the (220) plane
in P-NiMoOy is 0.305 nm (Fig. 2(f)), which is slightly larger
than that of undoped NiMoOs due to P doping into the lattice
of NiMoOs, which can accelerate the lithium-ion diffusion in the
lattice [5, 33]. Furthermore, the diffraction spots from SAED
pattern (Fig. S1 in the ESM) confirms that the enlarge of lattice
spacing in P-NiMoO. materials, and the single crystalline
nature of NiMoOs; still remains after introducing P. Besides, the
elemental mapping images of P-NiMoO, (Fig. 2(g)) further

(a) Schematic depiction of synthesizing P-NiMoOs nanorods. (b) In-situ H-XRD patterns of hydrated NiMoO. precursors and (c) the

/ (220)
-~
0.300 nm

10 nm
—

(220) %
0.305 nm

10 nm
—

Figure 2 (a) SEM, (b) TEM and (c) HRTEM images of NiMoOsa. (d) SEM,
(e) TEM, and (f) HRTEM images of P-NiMoO.. (g) EDX mapping images
of P-NiMoOs..

confirm the uniform distribution of Ni, Mo, O, and P elements in
the nanorod.

The crystalline evolution of NiMoO. materials after introducing
phosphorus was investigated via XRD. The Rietveld refinement
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plots of XRD patterns (Fig. 3(a)) revealed that both NiMoOs
and P-NiMoOs show similar crystalline structures and all the
diffraction peaks correspond to monoclinic NiMoO. phase
(JCPDS 86-0631), demonstrating that the crystalline phase of
NiMoOs does not significantly change by P doping without
the existence of crystallized nickel/molybdenum phosphates
or phosphides. Compared with undoped NiMoO,, P-NiMoO,
exhibits narrower half-peak width and better intensity, which
may be attributed to the phosphorization treatment under 300 °C.
Of particular note is that a marginally negative shift of the
diffraction peaks is identified after P doping. For example, the
(220) diffraction peak at 28.9° in P-NiMoO; slightly shifts to a
smaller angle value (Fig. 3(b)), suggesting that phosphorus atoms
are incorporated into the lattices of NiMoOs and causing slight
lattice deformation, which is in agreement with the HRTEM
results. To further confirm the crystalline structure change pro-
duced by P doping, the unit cell parameters are acquired through
refining the XRD patterns of both samples, and corresponding
calculated result is presented in Table S1 in the ESM. With P
doping, the unit cell volume of NiMoO: slightly extend from
294.77 to 295.62 A’, which is ascribed to the substitution of
O by larger P.

The valence state and chemical composition of as-prepared
samples were analyzed by XPS. The full survey spectra of NiMoO,
materials indicate the presence of Ni, Mo and O elements,
while an additional peak of P is detected in P-NiMoO. (Fig. S2
in the ESM). As expounded in Fig. 3(c), the high-resolution Ni
2p signal of NiMoOs and P-NiMoO: can be divided into four
peaks. The deconvolved shoulder peaks at binding energies
of 855.3 and 861.4 eV indexed to Ni 2ps» and its satellite peak;
another two peaks observed at 872.6 and 879.3 eV are the
characteristic of Ni 2p1» and its satellite peaks. It demonstrates the
existence of Ni** in NiMoQOs and P-NiMoOs [34-36]. In contrast
to the spectra of NiMoO,, a marginally negative shift of Ni 2ps.
in P-NiMoO indicates the generation of Ni** species (0 < x < 2)
[5]. For Mo 3d spectra (Fig. 3(d)), two main peaks located at
231.7 and 234.9 eV are associated with the feature of Mo®* 3ds.
and 3ds., peaks, respectively [37]. However, except for Mo®, Mo™
3ds, and 3ds, peaks emerged at 230.8 and 233.9 eV are attributed
to the partial reduction of Mo®" during the phosphorization
treatment process [38]. The peaks of P 2p12 (129.9 eV) and
P 2ps2 (128.8 eV) can be observed in the high- resolution P 2p
spectra (Fig. 3(e)), associating with the combination of P and
metals (Ni and Mo) in P-NiMoO.. Another peak located at
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133.8 eV is indexed to P-O band produced by inevitable air
contact [34, 39, 40]. The O 1s signals for NiMoOs (Fig. 3(f)) is
also divided into the doublet peaks at 529.8 (O I) and 531.6 eV
(O 1I), assigning to the lattice oxygen atoms and surface oxygen,
respectively. In particular, O peaks shift to higher energy state
for P-NiMoOs and the proportion of O II peaks increases after
introducing P, which may be attributed to the existence of oxygen
vacancies [41, 42]. Furthermore, the obviously characteristic
EPR signal (Fig. S3 in the ESM) also declares the existence of
oxygen vacancies in P-NiMoOs, which can boost the lithium
storage capacity to some content.

The lithium storage behaviors of resultant samples were
estimated in a typical coin-type cell. Figure 4(a) and Fig. S4(a)
in the ESM presented the initial three cyclic voltammetry (CV)
profiles of NiMoO. and P-NiMoOs nanorods at 0.5 mV-s™ in a
potential range of 0.01-3.0 V. During the first cathodic scan, a
wide reduction peak located at 1.14 V is associated with the
formation of solid electrolyte interphase (SEI) film at the
electrode/electrolyte interface [12, 13]. The following cathodic
peak at 0.39 V might correspond to insertion of Li* into the
lattice of P-NiMoOsand subsequent reduction of P-NiMoO,
to metallic Ni and Mo. In the reverse process, two peaks
appearing at around 1.53 and 2.3 V are associated with the
oxidation reaction of Ni to Ni**and Mo to Mo®" accompanying
the decomposition of Li,O, respectively [43, 44]. Notably, two
reduction peaks at 0.62 and 1.60 V are observed in subsequent
CV curves, which stands for the reversible reductive reaction
of MoOs and NiO to Mo and Ni metals, respectively [45-47].
Furthermore, the position of reduction and oxidation peaks in
the following cycles overlap very well, which demonstrates
the excellent reversibility and stability of P-NiMoOs electrode
during the lithium storage process.

The lithium storage capacities of as-synthesized samples were
further evaluated through galvanostatic discharge/charge measure-
ment. As illustrated in Fig. 4(b), P-NiMoO; electrode gives the
initial discharge and charge capacities of 1,645 and 958 mAh-g™*
at 100 mA-g™, respectively, and corresponding to an initial
Coulombic efficiency of 58%. In terms of undoped NiMoO.
electrode, the first discharge and charge capacities are around
1,556 and 814 mAh-g™' at 100 mA-g™' (Fig. S4(b) in the ESM).
This irreversible capacity loss in the first cycles could be ascribed
to the formation of SEI film on the electrode surface [48].
Besides, P-NiMoOs electrode achieves the specific capacity of
1,130 mAh-g™' over 100 cycles at 100 mA-g™, which is superior
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capabilities of NiMoO4 and P-NiMoOjs electrodes. (d) Long-term cycling performance of P-NiMoOx electrode.

than that of the undoped NiMoOs electrode in a control
experiment (594 mAh-g™) (Fig. S5 in the ESM). The overall
morphology of P-NiMoO. nanorods is retained after long
term cycling, as presented in Figs. 6 and S7 in the ESM. Such
enhanced lithium storage capability of P-NiMoO, electrode is
possibly attributed to P doping, which can generate oxygen
vacancies and provide more active sites to store Li*.

The rate capacities of NiMoO4 and P-NiMoO, electrodes
are represented in Fig. 4(c), where the current density is
progressively elevated from 100 to 2,000 mA-g™ for every 10
consecutive cycles and subsequently recovering to 100 mA-g™
for 100 cycles. As one can see that P-NiMoOj electrode can
sustain higher specific capacity than undoped NiMoO; electrode
under different rate, especially at high current density. Indeed,
the P-NiMoOs electrode delivered a high reversible capacity of
807 mAh-g™" at 1,000 mA-g™'. Even increased to 2,000 mA-g™,
a fascinating capacity of 640 mAh-g™' can be achieved, exhibiting
two times improvement than that of undoped NiMoO; electrode
(305 mAh-g™"). Moreover, the capacity around 1,116 mAh-g'
can be realized after 100 cycles when the current density
returns to 100 mA-g~', manifesting an excellent rate capability
of P-NiMoO. electrode. The significantly enhanced rate
capacity accompanied by exceptional cycling performance
should be closely related to P doping, which can modify the
electronic conductivity and generate some oxygen vacancies on
the surface of NiMoOa. In comparison with previous reported
NiMoO based materials, like NiMoO:@C nanowire (580 mAh-g™'
at 2,000 mA-g™) [6], NiMoOs ultrathin nanosheets (600 mAh-g™
at 2,000 mA-g™) [13], NiMoOs-CNFs composite (556.2 mAh-g™*
at 2,000 mA-g™') [14], this work manifests significantly superiority
in the improvement of electronic conductivity of NiMoO.
materials by P doping. Meanwhile, the electrochemical perfor-
mances of other P-doped hybrid anode materials for LIBs are also
listed in Table S2 in the ESM, which indicate the phosphorus
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doping is promising strategy to improve their lithium storage
capacity. Furthermore, the long-term cycling durability of
P-NiMoO; electrode is evaluated at 500 mA-g™'. As shown in
Fig. 4(d), P-NiMoOs: electrode have a promising reversible capacity
of 945 mAh-g™ with a Coulombic efficiency approaching 100%
even after 200 cycles, demonstrating an outstanding cycling
durability of P-NiMoOj electrode.

Such improved lithium storage capacity of P-NiMoOjs electrode
should benefit from P doping, which is further demonstrated
by electrochemical impedance spectra (EIS) results. The EIS
patterns of P-NiMoO, and NiMoO, electrodes are recorded
after scanning for three cycles at 0.5 mV-s™', as illustrated in
Fig. 5(a). Two semicircles in high-frequency and high-medium-
frequency regions should be assigned to resistances of SEI film
(R) and charge-transfer (Ra), respectively [49, 50]. In light of
the equivalent circuit (inset of Fig. 5(a)), it can be calculated
that R value of P-NiMoOs electrode (46.22 Q) is smaller than
that of undoped NiMoO, electrode (80.06 (), indicating a
faster charge transfer at the interface. In addition, the Rr value
of P-NiMoOQ; electrode (2.51 Q) is also smaller than that of
undoped NiMoOj electrode (3.19 ), which demonstrates that P
doping may repress the overgrowth of SEI film at the electrode/
electrolyte interfaces. The declined resistance of P-NiMoO.
electrode also explained by the improvement of electronic
conductivity and the extended lattice after P doping [51, 52].
Additionally, to understand the diffusion kinetic behavior of
NiMoO. and P-NiMoOj electrodes, the galvanostatic intermittent
titration technique (GITT) is carried out with a pulse current
density of 200 mA-g™ (Fig. 5(b)). According to the previous
report, diffusion coefficient of Li* (Duis) can be estimated by
the following equation [53].

4P

Lit nr

AE Y
AE

T

(1)

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2022, 15(1): 186-194

200
(a) R. R, R. .
150+ . 1
& CPEL  CPE2 » i
£ 1004 ° °
Ay R
50+ :: &
200 = Nitoo,
o s P-NiMoO,
0 50 100 150 200
(c) Z' ()
3 .
Unit: mV-s—' Peak|
24
14

——0.4
0.6
5 ——08
—1.0
-3 —15
Peak Il — 20

-4+ : . r r
00 05 10 15 20 25 30

Voltage (V vs. Li/Li"
(e) ‘ ge ( )

1mv-s™

00 05 10 15 20 25 30
Voltage (V vs. Li/Li")

191

(b) ®
—~ 25 ——NiMoO, ——P-NiMoO,
<
Py 20
8 s
< 10
05
0.
1E-9 —o—NiMoO, —o—P-NiMoO,
%
5 1E-10
a
1E-11
10 20 30 40 50 60 70 80 920 100
Discharge state (%)
(d) 46
0.4
< 024
1S
+ 0.04
c
& -0.21
>
9—0 44
> _06] @ peakl b=0.86
o @ peakll b=1.02
0.8 @ peaklllb=0.89
-1.0 : T T T T
-08 -06 -04 -02 00 02 04
log(Scan rate, mV-s™)
(f) —100 -
[ NiMoO,
I P-NiMoO,

801

60 4

40 4

20+

Capacitive contribution (%

02 04 06 08 1 1.5

Scan rate (mV-s™")

2
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where 7 (s) is the duration time of the pulse, L (cm) is Li*
diffusion length (equal to the thickness of electrode for com-
pact electrode), Es (V) is the voltage change between steps,
and AE: (V) is the voltage change during the pulse period. Dwi.
values are calculated and plotted in light of various discharge
depths. As presented in Fig. 5(b), P-NiMoOs electrode has a
higher average diffusion coefficient compared with NiMoO4
electrode, which can be attributed to the slightly enlarged inter-
planar spacing of P-NiMoO. observed from XRD patterns and
HRTEM images. Such feature of P-NiMoO. nanorods is favorable
for the diffusion of charge and thus enabling an impressive
rate capability with regard to its use in LIBs.

To deeply investigate the electrochemical kinetics and outstan-
ding rate capability of P-NiMoOs electrode, CV profiles at different
scan rates (Fig. 5(c) and Fig. S8 in the ESM) were collected to
recognize the capacity contribution during lithiation and
delithiation processes. As one can see that all CV curves show the
similar shapes, and the peak density enhances gradually along
with the increase of sweep rate from the 0.2 to 2.0 mV-s™". The
detailed relationship between peak density (i) and scan rate (v)
is described as follows [54]

i=avt (2)

a and b are adjustable parameters. According to previous
literature, the value of b presents the type of charge storage
mechanism and can be obtained via plotting of log(i) and
log(v). Specifically, b value near 1 implies a capacitance dominating

during the electrochemical reaction process, while b approaching
0.5 demonstrate that the diffusion-controlled contribution is

prevailing. As represented in Fig. 5(d), the calculated b value
of anodic peak (peak I) and cathodic peaks (peak II and peak III)
for P-NiMoOj electrode are 0.86, 1.02 and 0.89, respectively,
which is slightly higher than that of NiMoO. electrode (Fig. S8
in the ESM). This result indicates that the redox kinetics
process of P-NiMoOj electrode is controlled by a capacitance-
controlled process, which can endow an impressive rate
capability. Moreover, the detailed capacitive contribution can
be quantitatively calculated using the following equation [55]

1
i=kwv+kp? 3)

where kv and kzv*? indicate capacitive and diffusion-controlled

contributions, respectively. As displayed in Fig. 5(e), the capacitive
contribution of P-NiMoO. electrode is as high as 76.9% at
1 mV-s™ (represented by the red area), which is higher than that
of NiMoO; electrode. Moreover, the proportion of capacitive
contribution gradually evaluates with the increase in sweep
rate, which can approach 89.3% at 2 mV-s™ (Fig. 5(f)). This
suggests that P doping can enhance the capacitive-controlled
contribution, which may originate from the one-dimensional
nanorod structure with high surface-to-ratio and oxygen
vacancies introduced by P doping. The BET specific surface of
P-NiMoOs: nanorods (36.9 m*g™) calculated from the nitrogen
adsorption and desorption isotherms (Fig. S9 in the ESM)
slightly higher than that of undoped NiMoOs (34.3 m*g™),
which may ascribe to the phosphorization process. Another
important reason is that the oxygen vacancies can provide more
active sites on the surface of P-NiMoO. electrode, achieving
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relatively high lithium storage capacity and outstanding rate
capability of in LIBs.

To gain deep insight into the effect of P doping on the
electronic structures of NiMoOs, DFT calculations were per-
formed based on the optimized geometrical structures of NiMoOx
(220) as a model. Firstly, the substitution energy of oxygen is
calculated based on the four different doping sites (Fig. S10 in
the ESM). As shown in Fig. S11 in the ESM, the substitution
energy of number 1, 2, 3 and 4 sites are —2.2, —0.14, —6.67 and
—4.01 eV, respectively, which indicate that the phosphorus
atoms preferentially substitute two sites (3 and 4). Meanwhile,
the geometry of doped NiMoOs can be maintained without
structure distortion. Subsequently, the band structures of NiMoOs
and P-NiMoO; are firstly calculated based on the models of
initial, signal P doping and diatomic P doping (Fig. S12 in the
ESM). As depicted in Fig. 6(a), the bandgap of undoped NiMoO,
is 0.71 eV at Y point, demonstrating a typical semiconductor
property, and impeding the electronic transport from the
circuit to the electrode surface. The bandgap of NiMoO: decreases
from 0.71 to 0.55 eV for single P doing and further reduces to
0.36 eV for the diatomic P doing (Fig. 6(c) and Fig. S13(a) in the
ESM). The above results demonstrate that the diatomic P doped
NiMoOs exhibits smaller bandgap, indicating a significantly
enhanced electronic conductivity after introducing two P into
NiMoOs. Furthermore, the density of states (DOS) of NiMoOs
(Fig. 6(b)) and P-NiMoOs (Fig. 6(d) and Fig. S13(b) in the
ESM) was also determined for the purpose of comparison. It is
clearly observed that P-NiMoO, with diatomic P doping presents
more occupations at Fermi level (obviously impure bands of
P), from which a conclusion is deduced: new states produced
by doping P around Fermi level can modify the electronic
conductivity of bulk material with the decrease in the bandgap.
This calculation result is also in good agreement with
experimental results in the improvement of electronic con-
ductivity for P-NiMoO: electrode, which could offer a powerful
theoretical support for achieving high rate capacity in LIBs.
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Figure 6 (a) Total band structures and (b) total and partial densities of
states for NiMoOa. (c) Total band structures and (d) total and partial
densities of states diatomic P-NiMoOs.

4 Conclusions

In summary, by focusing on the deficiency of NiMoO, as anode
for LIBs, we designed heteroatom doping to enhance its intrinsic
electronic conductivity for realizing an impressive rate per-
formance. In this study, P-NiMoO. nanorods were fabricated
by an untroublesome hydrothermal method followed by low-
temperature phosphorization treatment. Based on the experi-
mental results, P-NiMoO. electrode delivered a promising lithium
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storage capacity (1,130 mAh-g™* at 100 mA-g™" after 100 cycles),
impressive rate performance (640 mAh-g™" at 2,000 mA-g™),
and excellent cycling stability (945 mAh-g™" at 500 mA-g™' over
200 cycles), which are superior to those of undoped NiMoO,
electrode. The exceptional lithium storage performance is derived
from the P doping, which can greatly heighten the electronic
conductivity and generate some oxygen vacancies on the surface
of NiMoO.. DFT calculations further confirmed the enhanced
electronic conductivity (narrowed bandgap) in P-NiMoO..
Consequently, this work presents a feasible design and doping
strategy to optimize the electronic conductivity of transition metal
oxides by introducing nonmetal heteroatoms and achieves a
high rate performance in LIBs.
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