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Two orthorhombic salts (OHMs) of NayMoOy4-(H20)2 were prepared at 130 °C (OHMs_130) and 170 °C
(OHMs_170) via a hydrothermal process, followed by heat treatment. Advanced analyses proved the formation
mechanism of the layered structures of unique OHMs. All OHMs possessed layered structures with many empty
channels and numerous oxygen vacancies (Vp). Vo were formed due to the absence of O atoms in tetrahedra
MoO4 (Vsh.0) and the loss of H,O molecules (Viyater-0) in the OHMs structure. Despite the micro-sizes of OHMs
crystals, the OHMs-based anodes in Li-ion batteries exhibited superior cyclic and rate performance. OHMs_170
electrode exhibited higher capacity retention (91.6% after 200 cycles) and rate capability (80% at 3 A g™%) than
OHMSs_130. It is attributed to the advantageous formation of a higher amount of Viyater-0 and a low amount of Vg,
o0 in the OHMs_170 leading to the stable structure of the electrodes and fast Li* ion movements during charge/
discharge processes. In addition, the electrochemical impedance spectroscopy, Randles-Sevcik equation, and
kinetic study results suggested that the exceptional performance of the OHMs_170 electrode came from low
resistance, pseudo behavior, and fast Li* mobility inside the OHMs structure.

1. Introduction molybdates such as FeMoO,4 have the ability to deliver a reversible ca-

pacity of 1265 mAh g!; however, they often require a lengthy activa-

The rapid growth of the use of renewable energy and electric vehicles
has increased the demand for secondary batteries, especially lithium-ion
batteries (LIBs). Therefore, finding abundant and inexpensive anode
materials for the mass production of LIBs has become an acute concern.
Many types of anode materials have been studied and published in
recent years, such as Nb-based materials [1-3], V-based materials [4,5],
Sn-based materials [6,7], S-based materials [8-10], and hybrid mate-
rials [11,12]. Among LIB anode candidates, molybdate-based materials
have gained attention for two reasons: (i) Mo is an industrially abundant
element, and (ii) the multivalent states of Mo (up to + 6) promise a high
capacity. From 2017 to 2019, the world annually produced ~ 300,000
tons of Mo with a low price of 18-26 USD kg ™}, as the main source of Mo
was a byproduct of copper production [13]. Transitional metal
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tion time of up to 200 cycles [14,15]. Despite the advantageous short
activation time, the reported alkaline/alkaline earth metal molybdates
have received little interest because of their low capacities and poor rate
performance [16-20]. For example, carbon-coated a-NasMoO4 nano-
plates had a specific capacity of only ~ 380 mAh g~ ! at 0.03 A g~! and
lost ~ 90% of its capacity when the current density increased to 0.5 A
g L. Considering that the performance of an anode material strongly
depends on its structure, the following material design strategies have
been proposed to improve performance: (i) creating open structures to
facilitate the movement of Li* ions and (ii) introducing oxygen vacancy
defects (Vo) to supply more active sites and improve the intrinsic con-
ductivity and alleviate the volume expansion [21-26]. The appropriate
amount of Vo may act as an electronic charge carrier to significantly
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improve the electrical conductivity, lead to promote the ion/electronic
transport, and increase Li" ion diffusion coefficients [27,28]. In addi-
tion, it is believed that Vg serve as the active sites for redox reactions,
and the proper concentration of Vg could also increase the capacitance
and decrease the generation of insulated Li,O [22,25,29]. Furthermore,
it is considered that Vo induce the formation of the built-in electric field
at the atomic level, resulting in significantly enhanced electrochemical
performance [30]. Therefore, it was hypothesized that introducing Vo as
an anode material for LIBs could be extremely crucial for achieving
excellent electrochemical performance. Microcrystals are more readily
processable than nanocrystals; however, only a few microcrystals have
been demonstrated to be suitable as anodes in LIBs [31-33]. Excep-
tionally, the defected MnCO3 microcrystals, which had sizes of 3-4 pm,
showed good cyclability and rate performance [34].

In this study, we report the superior lithium storage performance of
alkaline metal molybdates by exploiting the open structure of an
orthorhombic hydrated molybdate salt (OHM), NayMoOg4-(H30),.
Furthermore, we suggest that OHM microcrystals with oxygen vacancies
could be promising candidates for fast-charging LIBs.

2. Experimental section
2.1. Material synthesis

After mixing 30 ml of 2.7 wt% NaaMoO4 with 10 ml of 7.4 wt%
NaOH, the obtained mixture was poured into a dispersion stabilizer
prepared by dissolving 0.15 g of poly-(2-ethyl-2-oxazoline) (PEtOx, My,
= 50 000 Da) in 30 ml of 2 wt% polyvinylpyrrolidone (PVP, M,, = 360
000 Da) at different temperatures (130 °C and 170 °C). Subsequently,
40 ml of 4.3 wt% NaBH4 was slowly added to the aforementioned
blended system. After 2 h of reaction, the precipitate was collected via
centrifugation and washed with ethanol. The precipitate was annealed
at 200 °C for 6 h at ambient pressure after being dried at 70 °C for 4 h in
a vacuum oven to remove volatile impurities. Triethylene glycol (TEG)
was used as the solvent for the reaction, except for the aqueous NaOH
solution. All the reaction and annealing steps used Ar gas to maintain an
inert atmosphere.

2.2. Materials characterization

The crystal structure, chemical function, and morphology of the
prepared materials were investigated via X-ray diffraction (XRD, Bruker-
AXS-D8, Cu Ka), Fourier-transform infrared resonance (FTIR) spectros-
copy (Bruker Vertex 70, Germany), scanning electron microscope (SEM,
JSM-6700F), and transmission electron microscope (TEM, Talos-
F200X). X-ray photoelectron spectroscopy (XPS, Kratos AXIS Nova)
and inductively coupled plasma mass spectrometry (ICP-MS, Nex-
ION®2000) were conducted to determine the elemental composition
and chemical state. To perform the structural defect investigation of the
prepared materials, nuclear analytical spectroscopy based on the posi-
tron-electron pair annihilation was used. The samples were prepared in
a sandwich geometry, in which a positron source (**Na, 20 pCi) was
placed between two similar sample pellets. For positron annihilation
lifetime (PAL) measurements, a fast—fast coincidence spectroscopy (with
a time resolution of 220 ps) using two plastic scintillation detectors
(Ortec) was used [35]. For Doppler broadening (DB) experiments, an
HPGe detector (Ortec) with an energy resolution of 1.5 keV at the 570
keV peak of a 27Bi radioactive source was set up in a low background-
lead box to reduce the contribution of background radiation during the
experimental process [36]. All PAL and DB spectra were measured under
vacuum conditions with a total count of 3 x 10° events. The electron
momentum distribution (EMD) curves were converted from the
measured DB spectra using the energy conversation rule and they were
normalized to the EMD curve of one single-crystal Si [37]. The observed
positron lifetime spectra were analyzed into single lifetime components
by using LT program [38], while two characteristic S and W parameters
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of the DB spectra were detected by using SP program [37].
2.3. Electrochemical characterization

The active materials were mixed with carbon black (Super P) and
poly(acrylic acid) (ratio of 70:15:15 wt/wt) in ethanol to form a slurry
cast on a Cu foil. The electrodes were dried overnight in a vacuum oven
after 3 h pre-drying at ambient pressure at a drying temperature of
70 °C. The mass load of the active material was ~ 1 mg cm 2. The cells
were assembled in a glovebox with CR2032-type coin cells, a Celgard
2400 separator, and reference electrodes (Li metal). The electrolyte was
1 M LiPFe in ethylene carbonate and diethylene carbonate (1:1 v/v). A
battery cycler system (Arbin Instrument, BT2143) was used to perform
cyclic voltammetry (CV) and galvanostatic cycling tests in the potential
range of 0.01-3 V. The rest time before the galvanostatic cycling was 10
h. Electrochemical impedance spectroscopy (EIS) was conducted on a
VSP multichannel potentiostat/galvanostat (Biologic) from 100 kHz to
100 mHz. CV tests were conducted after five cycles at various scanning
rates from 0.3 to 1.2 mV s ! in the potential range of 0.01-3.00 V on an
Arbin Instruments BT2143 to calculate the Li™ diffusion coefficients and
to perform the kinetics study of the electrodes. All capacity calculations
in this study were based on active materials.

3. Results and discussion

Fig. 1 presented a schematic of the formation of OHMs via a hy-
drothermal process and the unique open structures formed by intro-
ducing Vo defects. NaOg octahedra were formed in TEG medium with
the assistance of PVP, PEtOx, and NaOH. Conventionally, MoOy4 tetra-
hedra can attract NaOg octahedra to form NasMoOy4 as an intermediate
product. In addition, MoO4 tetrahedra might also react with NaBHy, as
Tsang and Manthiram reported in 1997 [39]. They reported that MoO4
tetrahedra were reduced by NaBH4 to form as-generated Hy and com-
ponents consisting of Mo with a low oxidation state (M0oO4.y). A strong
alkaline environment is indispensable in preventing the rapid loss of Hy
and the gradual condensation of MoOy4 tetrahedra during the reaction
[39]. Therefore, a high concentration of NaOH was used in this study.

Accordingly, in the process (Fig. 1a), if Hy was introduced via NaBHy
hydrolysis, the as-generated Hy could compete for binding to NaOg
octahedra at O positions to form NayOg polyhedra consisting of NaOs
hexahedra linked with NaOg octahedra and HO (Fig. 1(a,b)). Ulti-
mately, the as-generated HoO and oxygen in the MoOj4 tetrahedra could
be removed at high temperatures, resulting in the formation of Vg
(including both Viyater-0 and Vg.0) while the crystal continued to grow
(Fig. 1c). Nevertheless, because NaBH4 hydrolysis strongly relied on
temperature, it was essential to determine the appropriate reaction
conditions. In this study, the samples were prepared at specific tem-
peratures, 130 °C and 170 °C (i.e., OHMs_130 and OHMs_170, respec-
tively) for three reasons: Firstly, OHM’s synthesis at above 170 °C can be
dangerous due to Hy gas generation during the reaction. Secondly, un-
desired byproducts and transfer phases could be formed at higher tem-
peratures. Thirdly, many studies have suggested that vacancies become
unstable at elevated temperatures while they are almost stable at low
temperatures [35,40,41]. In addition, a sample was prepared at 90 °C
(marked as CM_90) as a comparison sample. As the crystal structures of
materials are frequently responsible for the mobility of Li* ions, the
deliberation of the OHM structure may forecast the electrochemical
performances of the prepared OHMs. In Fig. S1, the cubic structure of
NayMoOy, signified the hard movement of Lit ions within its structure. In
fact, NaOg octahedra in a-NasMoO4 with a cubic structure blocked the
3D channels because the Na species were considerable stationary parts
during the Li" insertion [18]. The OHMs that had an orthorhombic
structure consisted of many empty channels, as shown in Fig. 1b. These
empty channels facilitated the movement of Li* ions and provided space
in which to suppress volume expansion during the charging/discharging
processes. Furthermore, the formation of numerous Vo in the OHM
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materials provided considerable empty spaces that were favorable for
the fast movement of Li" ions and the alleviation of volume change
during cycling (Fig. 2). Especially, these functions present many ad-
vantages, such as more spaces for Li" ions’ absorption and more chan-
nels for Li* ions transport when the amount of Vyaer.o is higher than
amount of Vg, o in the OHMs materials as shown in Fig. 2a. Therefore,
the Lit storage performance of the prepared OHMs with Vo was ex-
pected to be superior to that of the reported cubic structure
(a-NazMoOy4) owing to their 3D channels and layer structures.

XRD analysis of the OHM powders (Fig. 3(a,b)) verified that the
structure of OHMs_130 and OHMs_170 matched well with the reported
orthorhombic NagMoO4-(H20), phase (PDF#70-1710). In Fig. 3¢, FTIR
spectra indicated that the OHM samples consisted of distinct functional
groups of OHMs. For instance, the broad peaks at ~ 3310 cm ™' and
medium peaks at ~ 1680 cm ™! represented the symmetric stretching
and bending modes of HyO vibrations [42]. Meanwhile, the sharp peaks
at 830-900 cm ! exhibited the symmetric and asymmetric vibrations of
the MoO4 tetrahedra. SEM images (Fig. 3(d,e)) indicated that both
OHMs_130 and OHMs_170 contained octahedral microcrystals with
edge lengths of 1.2-2.6 pm.

However, both OHMs_130 and OHMs_170 samples were damaged by
the high-energy electron beam used in TEM, as shown in Fig. 3(f,g) and
Fig. S2. The OHMs sample was a hydrated salt, and the electron beam
accelerated its dehydration. Considering that in-depth characterization
of Vgho and Vyater-o in OHMs was challenging using conventional
methods such as XRD, SEM, and TEM, we conducted positron annihi-
lation spectroscopy (PAS), including PAL, DB, and EMD measurements.
Fig. 3h and Fig. S3a depicted the PAL and DB spectra, respectively,
while Fig. 3i showed the EMD curves. The analyzed PAL data were listed
in Table S1, whereas the values for the two characteristic S and W pa-
rameters of the DB measurement were presented in Table S2. The
correlated plot of the S and W parameters was shown in Fig. S3b. Our
analysis of the positron annihilation experiments provided in Supple-
mentary Information (SI) indicated the following results. First,
OHMs_130 and OHMs_170 contained not only monovacancies and va-
cancy clusters but also some nanopores with an average size of
approximately 0.6 nm (approximately twice the size of a HoO molecule),
in agreement with the dehydration under the electron beam seen using
TEM and the observations in Fig. 3(f,g). The number of nanopores in
OHMs_170 was found to be higher than that in OHMs_130. This finding
was confirmed by the PAL analysis. Second, DB analysis suggested that
OHMs_130 and OHMs_170 had the same defect type and MoO3 had a
different type of defect and that the concentration of defects in
OHMs_170 was higher than that in OHMs_130. Third, EMD analysis
confirmed that oxygen vacancies (Vo) in OHMs_130 and OHMs_170

Fig. 2. Scheme for the different functions of oxygen-vacancy defect-types in the OHMs materials as anodes for LIBs in the case (a) Vyater-o > Vsh-o and (b) Vyater.o <

Vsh-o-
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using one single-crystal Si.

were caused by the loss of O sharing (Vsh.0) and O in water (Vyater-0), as
well as that the number of Vg0 in OHMs_170 was smaller than that in
OHMs_130. The above-mentioned properties of OHMs_170, in partic-
ular, the small number of Vg o and high number of Vyagero in
OHMs_170, as shown in Fig. 2a, led to a significant improvement in the
ion-exchange properties of this material. It was attributed that those
vacancies could provide more empty spaces for the absorption of Li*
ions and strongly promoted the reactions of Li* ions with MoO4

tetrahedra and NayOg polyhedra as shown in Fig. 2.

XPS analysis was conducted to confirm the existence of Vo and
determine the oxidation state of the elements in the OHMs samples. The
associated results were presented in Fig. 4 and Fig. S4, which clearly
showed that the survey spectra of the OHM samples were similar to each
other and revealed the existence of Mo, Na, and O (Fig. 4a and 4e). The
fitting curves of O 1s (Fig. 4b and 4f) were presented in the form of three
distinct peaks at 530.1 eV, 531.3 eV, and 532.6 eV. The peak at 530.1 eV
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Fig. 4. XPS profiles of (a—d) OHMs_130 and (e-h) OHMs_170 samples.

could be ascribed to (M004)2' in M—O (Mo-O and Na-O) bonds [43-45].
The peak located at 531.3 eV could be assigned to the presence of Vg
inside the OHMs samples [35,46-48]. Finally, the peak at 532.6 eV
could be attributed to the existence of OH groups [48,49] from Hy0 in
the OHMs samples. There were numerous Vo and H20 molecules in all
samples, which was in agreement with the XRD, FTIR, and EMD ana-
lyses. The area ratio between Vo and M—O in the XPS spectra of O 1s was
calculated to be 0.58 and 0.66 for OHMs_130 and OHMs_170, respec-
tively. This implied that the amount of Vo in OHMs_170 was higher than

that in OHMSs_130. This result was consistent with the DB results
(Fig. S3a). The high resolution of the Na 1s spectra (Fig. 4c and 4 g)
showed a large peak at 1072 eV and a small peak at 1071 eV, indicating
the existence of both Na™ and Na’ ®* in the OHMs samples, respectively
[50]. As shown in the spectral analysis of Mo 3d (Fig. 4d and 4 h), the
peaks at 232.4 eV and 235.5 eV were assigned to Mo®+t 3ds/2 and 3d3/s,
respectively [43,51], while two peaks at 231.4 eV and 234.5 eV corre-
sponded to Mo®* 3ds /2 and 3d3 /5 in (M004)*, respectively [52,53]. The
Mo®* and Na®* in the OHM materials were formed through the
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partial reduction of Mo and Na atoms by electrons trapped around Vg
[54-56]. It was interesting that the area ratio between the Na®®* and
Na™ peaks in the XPS profile of OHMs_170 was two orders of magnitude
larger than that of the OHMs_130, while the area ratio between the Mo°+
and Mo®" peaks of OHMs_170 was approximately 4.6 orders of magni-
tude lower than that of OHMs_130, as shown in Table S4. These results
indicated three facts: (i) the Vo in OHMs samples included both V.o
and Vyater-o, (ii) the amount of Vg0 in OHMs_170 was lower than that
in OHMSs_130, and (iii) the amount of Vygter-0 in OHMs_170 was higher
than that in OHMSs_130, which was verified using EMD analysis.
Furthermore, the composition of the elements in the OHM materials
determined by XPS analysis (Table S5) showed that the amount of O in
OHMSs_170 was lower than that in OHMs_130, whereas both the amount
of Na and Mo in OHMs_170 was higher than that in OHMs_130. These
results support the different formation mechanisms of Vy,¢er.0 and Vgh.o
in the two OHMs. The existence of considerable Vg, o and empty spaces
in the OHM structure promotes the absorption of Li" ions around the
MoOy tetrahedra, and, consequently, the fast reactions of Li"™ ions with
MoOy tetrahedra. The formation of Vg0 led to a decrease in the
oxidation state of Mo®* in MoOy tetrahedra to become Mo, resulting
in a decreased capacity. The presence of many Vyater-o created a large
number of nanopores on the surface of the OHM materials, increasing
the absorption of Li* ions around the NayOg polyhedra. The generation
of Viyater-0 also led to a decrease in the state of Na* in the NayOg poly-
hedra. This decrease could improve the capacity for the following rea-
sons: (i) Na™ ions did not react with Li™ ions; therefore, it did not affect
the capacity significantly; (ii) the removal of HoO molecules formed
nanopores, which could absorb many Li" ions, leading to an increased
contribution ratio for the pseudo-process; (iii) the loss of HyO in the
structure of OHM materials led to a decrease in the weight of OHMs
materials, resulting in a capacity increase. Moreover, there were
lopsided charge distributions with Vg leading to a local electric field in
the OHMs because the center zone of Vg possessed a positive charge,
while a negatively charged zone was around Vg [30]. During the
discharge process, the electric field formed between the defect-free zone
and the negatively charged zone could increase the migration of Li* ions
to the Vg zone due to Coulombic forces. The negatively charged zone
became electrically neutral after the completion of lithiation. In
contrast, during the charging process, the second electric field formed
from the center zone of Vg to the electroneutral lithiation layer, which
was distributed around Vg, could promote the extraction of Lit ions,
resulting in a fast-charging process for the OHM electrodes [25,30,57].
The different amounts of Vg,.0 and Vyater.0 in the OHM materials were a
significant factor for the excellent electrochemical performance of the
OHM electrodes as shown in Fig. 2.

To further understand the properties of the OHMs materials and
provide strong evidence for the existence of Vg in the OHMs materials,
Raman analysis and Rietveld refinement on the XRD patterns of the
prepared samples were performed. The results were presented (Fig. S5
and Fig. S6) and discussed in more detail in SI. Moreover, the effect of
reaction temperatures and oxygen-vacancy defect-types on the specific
surface area and pore-size distributions of the OHMs materials were
determined by Brunauer-Emmett-Teller (BET) tests as shown in Fig. S7.
The OHMSs_170 material presents a specific surface area of 38.7 m? g~!
with a dominant pore size distribution at 39.6 nm (Fig. S7d), whereas
the OHMSs_130 material only shows a specific surface area of 25.4 m? g !
with a pore size distribution almost at 18.9 nm (Fig. S7c). It is clear that
the OHMs_170 material possesses a higher surface area (1.5 times) and
larger pore size (2.1 times) than the OHMs_130 material, which could be
due to the existence of a larger amount of Vyter.0 in the OHMs_170
structure than the OHMs_130 material. These results are consistent with
PAS and XPS results as well as the scheme shown in Fig. 2. Because of the
greater loss of HoO molecules during the synthesis, the OHMs_170
possesses a high surface area and large pore size. These characteristics
provide a larger number of channels for fast Li-ion transports, a decrease
in the volume expansion, and an increase in the contact areas between

Chemical Engineering Journal 446 (2022) 137174

the active materials and the electrolytes.

CV results showed that OHMs_130 had the typical redox peaks of an
alkaline metal molybdate (0.01-3 V) (Fig. 5a). For instance, during the
first discharge, the cathodic peak at 1.06 V presented the first lithiation,
accompanied by the partial reduction of the Mo species from the highest
oxidation states (+6 and +5) to intermediate ones such as +5 and +4
[16]. The cathodic peak at 0.54 V could be related to the solid-
electrolyte-interface (SEI) formation, which disappeared later. Further
lithiation occurred with the complete reduction of the Mo species to
their lowest oxidation state (Mo®) below 0.5 V, which frequently
resulted in unclear peaks [18]. The anodic peaks at 0.58 V, 0.94 V, 1.17
V, and 1.50 V corresponded to multistage reactions, including phase
transformation and the oxidation of Mo® to Mo™* and Mo™> [17]. Ac-
cording to the XPS evidence provided by X. Liu et al., the complete
delithiation of lithiated molybdate was barely reached via charging
owing to the inability to restore Mo™® at the fully charged state of the
electrode [17]. Because of the depletion of Mot after the first cycle, the
cathodic peak shifted from 1.06 V to 0.90 V from the second cycle.
Fig. 5b revealed that OHMs_170 also exhibited similar redox reactions to
OHMs_130 during lithiation/delithiation. However, a new cathodic
peak existed at 1.40 V in the first cycle and shifted to 1.20 V starting in
the second cycle. The high amount of Vyyater.0 in OHMs_170 might force
the first lithiation to occur earlier at a higher potential than in
OHMs_130. It was interesting that the reversible capacities of both the
OHMs_130 and OHMs_170 electrodes (Fig. 5S¢ and Fig. S8) were higher
than the theoretical capacity of NaoMoOj4-(H20)2 (665 mAh gfl), which
could be due to the loss of both H,O and O to form Vg in the OHMs
structures, leading to a decrease in the molecular weight of the OHMs
materials and contributing to an increase in the capacity. Moreover, the
initial Coulombic efficiency (ICE) of the OHMs_170 electrode (87.4%)
was much higher than that of the OHMs_130 electrode (63.9%) and
other molybdate-based systems (Fig. 5¢ and Fig. 5d), indicating the
positive effect of Vo in the OHM materials. For instance, the ICE of
electrodes prepared from CaMoOy, Li;M00Oy4, and a-NapMoO4 seldom
exceeded 70% regardless of morphology and the conductive coating
layers (Fig. 5d) [16-20]. The high ICE of OHMs are most likely attrib-
uted to the existences of Vg based on the following reasons: (i) the ex-
istences of Vg led to decrease the conversion reactions (not reversible
perfectly) between metal oxides and Li™ ions; (ii) Vo could provide more
empty spaces for Lit ions’ absorption (high reversible capacity) and
strongly promote Li* ions’ reactions with MoOy tetrahedra and NayOg
polyhedra (i.e., greater contribution of the pseudo-process). Therefore,
Vo not only decreased the conversion reactions but also increased the
contribution of the pseudo-process, leading to an improvement of both
ICE and Coulombic efficiency during cycling.

Fig. 6a demonstrated that the OHMs_170 electrode possessed better
long-term cyclability than the OHMSs_130 electrode. After 200 cycles, the
capacity of the OHMs_170 was 710 mAh g%, corresponding to a ca-
pacity retention of 91.6%. Likewise, the OHMs_130 electrode reached a
specific capacity of 485 mAh g}, or a capacity retention of 70.3%.
Clearly, the OHMs-based electrodes in this work exhibited a better
cyclability than the reported a-NasMoO4 electrode, which delivered a
capacity of 200 mAh g™, or a capacity retention of 66.7%, at 0.03 A g !
after 29 cycles [18]. In addition, because OHMs_170 was more adaptable
to volume change than OHMs_130 due to the large size of Vyater-o
(Fig. 2), the longevity of the OHMs_170 electrode exceeded that of the
OHMs_130 electrode. We compared the electrochemical properties of
OHMSs_170 electrode in this work with the recent studies on Mo-based
anodes in Table S7, which exhibits the superior performance of
OHMs_170. In addition, the changes in the morphology of the OHM
electrodes after 200th cycles were investigated by ex situ SEM and pre-
sented in Fig. S9 with the detailed discussion. Fig. 6b revealed the
dependence of reversible capacities of OHMs-based electrodes on the
withdrawn/applied current density. Noticeably, the OHMs_130 elec-
trode lost 30.4% of its specific capacity (from 690 mAh g™! to 480 mAh
g~1) when the current density increased from 0.1 Ag~* to 3 A g~ L. At the



T.L. Nguyen et al.

02{a) 058 1.17 1,50

0.0
g -0.24
= OHMs_130
"~ .0.44 —

— znd
-0.6 -
-0.8
0 1 ' 3

V(v)

ICE = 87.4%

— 1°.OHMs_130
— 1°.OHMs_170

0 200 400 600 800
Capacity (mAh g )

41,1000 1200

Chemical Engineering Journal 446 (2022) 137174

i (mA)

owf% f
OHMs_17C

1 N 1 . 1 R I . 1
o o o £ (0]

o - .
Initial coulombic efficiency (%)
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coulombic efficiency of electrodes prepared from various alkaline/alkaline earth molybdates.

same time, the capacity loss of the OHMs_170 electrode was only 20.9%
(from 790 mAh g~! at 0.1 A g~ ! to 625 mAh g ! at 3 A g~1). Interest-
ingly, OHMs-based electrodes reached a better rate cyclability than that
of other reported molybdate-based electrodes despite the micro size of
the as-prepared OHMs (Fig. 6¢). Even with the support of the carbon
coating layers, the specific capacities of conventional molybdate-based
electrodes at 3 A g~! barely sustain 30% of their capacities at 0.1 A
g’l [16,18,58]. Despite the similar chemical formulae of the molybdate
salts, the tremendous difference in rate cyclability undoubtedly came
from the structural distinction and the presence of V. Additionally, the
comparison sample synthesized at 90 °C (CM_90) was investigated and
its morphology, crystal structure, and electrochemical performances
were presented and discussed in SI (Fig. 10, Fig. S11).

Owing to the exceptional performance of OHMs electrodes, it was
essential to ascertain its electrical resistances and the Li* mobility via an
EIS test. The semicircles of OHMs_170 electrode were markedly smaller
than those of OHMs_130 electrode, as shown in Fig. S12a, whereas the
slope of an inclined line at a low frequency region in the OHMs_170
electrode was higher than that of OHMs_130 electrode, indicating that
Li* ions move faster in the OHMs_170 electrode. The equivalent circuit
for the Nyquist plots of the OHMs electrodes was a modified Randles
circuit containing series resistance (Rg), SEI resistance (Rggp), charge-
transfer resistance (Ry), capacitance (C) and Warburg elements (W),
as shown in Fig. S12b. The real part of the total impedance (Z’) is a
function of the angle frequency (w) as shown in Eq. S1. It was interesting
that the relationship between Z’ and @ /2 in the low frequency zone was
linear, where the slope assigned to Warburg coefficient (c) and the
intercept corresponded to the total resistance (Rs + Rsgr + Rer), which
could be determined easily as shown in Fig. 6d. The ¢ value of the
OHMs_130 electrode was 1.16 times of magnitude larger than that of the
OHMs_170 electrode. When using Eq. S2 to estimate the diffusion co-
efficient (D) of the Li" ion in the OHMs electrodes, the D value for the
OHMs_170 electrode was 1.35 times of magnitude higher than that of
OHMs_130 electrode. The faster movement of Li™ ions in the OHMs_170
electrode led to excellent rate capability and superior electrochemical

performance. The fitting of the Nyquist plots following the model in
Fig. S12b and the resistance of the components were presented in
Fig. 6e and Table S8, respectively. It was clear that all resistance values
for the OHMSs_130 electrode, such as Rs, Rggr and Ry, were larger than
those of the OHMs_170 electrode, and the differences in the resistances
between the experimental and fitting values were small, indicating the
correction of the fitting model (Table S8). The lowest resistance of the
OHMs_170 electrode could be attributed to the open structures and the
existence of Vo, especially the presence of a large amount of Vyer-o in
OHMs_170 [27,28]. These structural characteristics helped the SEI layer
and structure of the electrodes to be stable during cycling, which was
also beneficial for the penetration of the electrolyte [59,60].

For a better understanding of the diffusion phenomena, the diffusive
and pseudo curves of the OHM electrodes were determined at every scan
rate using Eq. S3 combined with solving matrix $6 in SI. These curves
were shown in Fig. S13, Fig. S14 and Fig. 7(a,b). It was interesting that
the CV curves at each scan rate were successfully separated into diffusive
and pseudo curves by applying the mathematical method used to solve
matrix $6. The contribution ratios of the pseudo and diffusive processes
were calculated from the areas of these curves at each scan rate in
Table S9 using Eq. S7 and Eq. S8, and the results were presented in
Fig. 7(c,d). It was interesting that the contribution ratios of the diffusive
process in the OHMs_170 electrode were always larger than those of the
OHMs_130 electrode at the same scan rate. For example, the pseudo and
diffusive contributions at a scan rate of 1.2 mV s~! were 61.5% and
38.5%, respectively, in the OHMs_130 electrode and 53.6% and 46.4%,
respectively, in the OHMs_170 electrode. The diffusive process in the
OHMs_170 electrode was higher than that of the OHMs_130 electrode,
which could be related to the different amounts of Vg,.0 and Vyater-o
between OHMs materials (Fig. 2). The amount of Vg,.0 of OHMs_170 was
lower than that of OHMs_130; therefore, the lithiation process of the
OHMSs_170 electrode was not favorable, as in the case of the OHMs_130
electrode, because the diffusion of Li* ions into perfect MoOj tetrahedra
of OHMs_170 experiences considerable resistance and requires much
time to react with the MoO4 tetrahedra. In contrast, OHMs_130
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based electrodes.

contained a large amount of V.o, illustrating that the OHMs_130
electrode showed a lower capacity than the OHMs_170 electrode, and
the lithiation process occurred quickly. To correctly evaluate the D value
for the anodic peaks, the CV curves of the anodic peaks must have been
de-polarized by removing the Ohmic resistance (Fig. S15) [61].

The CV curves of the anodic peaks after de-polarization were shown
in Fig. 7(e,f). These curves showed that the intensity of the anodic peaks
(ip) at 1.50 V changes as a function of the scan rate (v). Regarding the
Randles-Sevcik equation (Eq. S9), the square root of D was directly
proportional to K, which is the slope of the vo's—ip graph. In Fig. 7g,
because the line of the OHMs_170 electrode (Kommsi70 = 0.03358
As°'5V_O'5) was steeper than that of the OHMs_130 electrode line
(Komms 130 = 0.02491 As®5v~05), the value of D in OHMs_170 was
approximately 1.75 times of magnitude that in OHMs_130 using Eq. S10

, and (e) Nyquist plots and fitting of Nyquist plots (inset: the equivalent circuit) for OHMs-

for calculations. This result was also suitable for the calculation of the D
value for the OHM electrodes from the EIS study in Fig. 6d and Eq. S2.
Therefore, the increase in the diffusivity may have made the OHMs_170
electrode outperform the OHMs_130 electrode in the rate test.

It was worth noting that the contribution ratios of the pseudo pro-
cesses of the OHMs_130 electrode were always larger than those of the
OHMSs_170 electrode, while the D value of the OHMs_130 electrode was
smaller than that of the OHMs_170 electrode. To determine the exact
reason for this, we separated the pseudo and diffusive curves of OHMs
electrodes at a scan rate of 1.2 mV s~ ! into two potential zones; one from
0.01 V to 1.00 V, where the capacity contribution was almost discharge
process, and the other from 1.00 V to 3.00 V, where the capacity
contribution was dominated by charge process. The contribution ratios
of the pseudo and diffusive processes at each potential zone were
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illustrating that the contribution ratio of the pseudo process was not
high during the charge/discharge process in the OHMs_170 electrode
compared to the OHMs_130 electrode. The OHMs_170 material con-
sisted of many perfect MoO4 tetrahedra; therefore, the reactions be-
tween Li" ions and MoQj, tetrahedra required considerable time for the
diffusion of Li* ions into MoOj, tetrahedra and charge transfer processes,
which confirmed that the diffusive process was dominant in the
discharge process. However, during the charge process, the movement
of Li* ions out of the OHMs_170 structure was favorable due to the
existence of a large amount of Viyater-0, which fully absorbed many Li™
ions during discharge. This was attributed to an important role of the
oxygen vacancies in the increasing contribution ratios of the pseudo
process [25,29]. The OHMs_170 structure consisted of more Vyater-o
than the OHMs_130 structure, and the contribution ratio of the pseudo
process for the OHMs_170 electrode was higher than that of the
OHMs_130 electrode during charging (Fig. 7h). In contrast, the
OHMs_130 structure possessed more V.o than the OHMs_170 structure,
resulting in the contribution ratio of the pseudo process for OHMs_130
being larger than that of OHMs 170 electrode during discharge
(Fig. 7h). In addition, the OHMs_130 electrode revealed a lower capacity
than the OHMs_170 electrode (Fig. 7(a,b)) because of the presence of
defects in more of the MoO4 tetrahedra in OHMs_130 compared to
OHMs_170. These results indicated that the pseudo phenomenon
occurred on the OHM anodes and substantially influenced the entire
capacity, resulting in an excellent rate capacity and excellent cycling
durability for the electrode.

4. Conclusion

In this work, we demonstrated that the open structure and defect
engineering successfully improved the electrochemical performance of
alkaline-molybdate-based materials. The 3D channels and layer struc-
ture of the OHMs facilitate the movement of Li" ions. Moreover, the
oxygen vacancies (i.e., Vg consisting of Vg0 and Vyater-0) created in the
OHM:s via the hydrothermal process and heat treatment play important
roles under the appropriate reaction conditions. The Vg in the OHMs
significantly enhanced electrical conductivity, increased Li* mobility,
promoted the pseudo process, and suppressed volume change during
lithiation/delithiation processes, which were confirmed by advanced
techniques including positron annihilation lifetime measurement.
Consequently, the electrode made of the defect-engineered OHMs
showed an excellent reversible capacity and longer stability compared to
the ordinary OHMs and other alkaline metal molybdates. Additionally,
the defect-engineered OHMs were found to be among the rarest mate-
rials capable of maintaining high current densities in the rate test. The
OHMs developed in this work exhibited promising lithium storage ca-
pabilities and excellent stability, making them a viable anode candidate
for producing cost-effective and high-performance LIBs.
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