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Carbothermally Synthesized MoO2 as an Insertion Host for High-Performance
Li-ion Capacitors
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This work presents the possibility of considering MoO2 nanorods synthesized by the carbothermal
reduction of MoO3 as an intercalation- or insertion-type anode for lithium-ion capacitor (LIC) assem-
bly. The mechanism for Li intercalation into MoO2 carbon composite (MoO2-C) is studied in a half-cell
assembly within the potential window of 0.8–3 V vs Li+/Li. The material can deliver an initial discharge
capacity of about 225–250 mAh g−1 with excellent cyclic stability over 500 galvanostatic charge-
discharge cycles at a current density of 100 mA g−1. Furthermore, the performance of MoO2-C as a
battery-type (intercalation) anode in LIC assembly is studied by pairing it with a commercial activated
carbon (AC) cathode. The role of prelithiation and operating-voltage window on the electrochemical per-
formance of AC//MoO2-C LIC is analyzed. Such a LIC assembly without prelithiation, when tested
within the voltage window of 1.7–3.2 V, can provide an energy density of about 75.27 Wh kg−1 and
maintain about 70% of its initial capacity after 4500 cycles. Moreover, such a LIC prototype’s low- and
high-temperature performance is also evaluated. This study clearly shows the possibility of considering
MoO2-based LIC systems as a strong competitor for Li4Ti5O12-based LIC assembly, providing much safer
features than graphite-based LIC configurations.
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I. INTRODUCTION

Lithium-ion capacitors (LICs) have risen in popularity
among various electrochemical energy-storage systems, as
they exhibit higher energy density than traditional superca-
pacitors (electrochemical double-layer capacitors, EDLCs)
and higher power and cyclic stability than lithium-ion
batteries (LIBs) [1]. LICs are also known as hybrid capac-
itors, as they effectively combine both EDLC and LIB
technology [2–5]. Typically, they comprise one battery-
type electrode as the anode and a capacitor-type electrode
as the cathode. Activated carbon (AC) is usually used
as a capacitor-type cathode for LIC assembly. At the
same time, a battery-type anode works according to dif-
ferent faradaic reaction mechanisms, such as intercalation,
conversion, or alloying [6,7]. Intercalation-type electrode
materials display better stability than conversion- and
alloying-type materials, and they exhibit layered structures
with suitable intercalation potential to ensure safety and
long-term stability [8–10]. Graphite is one of the most
considered anodes for lithium- (Li) based energy-storage
devices (LIBs and LICs), as it is of low cost, abundant,
nontoxic, and structurally stable with a high theoretical
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capacity (∼372 mAh g–1). However, its low operating
potential (∼0.1 V vs Li+/Li) is the root of Li dendrite
formation, an undesirable side reaction during the charge-
discharge process, which causes safety issues, mostly at
high power rates [11–14]. Hence, there is a requirement
for finding alternative anode materials for LIB and LIC
applications. As an alternative to graphite, transition-metal
oxides (TMOs) have been proposed by many researchers
[15–18]. Conversion-based TMOs can store more Li atoms
at relatively low potential (∼0.6–1 V vs Li+/Li), but
enormous polarization and capacity fading, due to signif-
icant volume changes, hinder their application, whereas
the electrochemical intercalation of Li ions into TMOs has
received substantial consideration in the last decade [19].
They can act as hosts for metal ions (mainly Li), owing
to the possibility of different oxidation states. Moreover,
intercalation is possible with three-dimensional frame-
work, two-dimensional layered, and one-dimensional (1D)
ribbon-type host structures [20].

Among TMOs, molybdenum oxide (MoOx) is attractive
for its unusual chemistry as a result of multiple valence
states [21]. Molybdenum dioxide (MoO2), a dichalco-
genide, has received ample consideration as an active
anode material for LIBs since 1980 [22–24]. Due to
its high electronic conductivity, electrochemical activity,
thermal and chemical stability, and rich electrochemistry
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associated with Mo, MoO2 has gained substantial inter-
est. In 1955, researchers reported the reduction of MoO3
to six stable Magnli phases, ending at MoO2, a lower
stable oxide of Mo [25,26]. MoO2 crystallizes in the mon-
oclinic structure with space group P21/c, a distorted rutile
structure with tetragonal orientation (metal-metal pairs
along c direction), and having a coordination number of
six in the case of metals and three for oxygen [25,27].
The mineralogical form is known as tugarinovite. MoO6
octahedra linkages in the distorted rutile structure result
in 1D channels along the a axis, where reversible inser-
tion of Li ions can occur. Two different Li+-ion-based
charge-storage mechanisms in MoO2 are reported: (i) Li+-
ion intercalation-deintercalation into or out of the MoO2
host within the potential range of 1.0–3.0 V vs Li+/Li
(addition-type reaction), a one-electron reaction with a the-
oretical capacity of 210 mAh g–1 [Eq. (1)]; and (ii) a con-
version reaction below 1.0 V vs Li+/Li with a theoretical
capacity of 630 mAh g–1 [Eq. (2)].

MoO2 + Li+ + e−− ↔ LiMoO2, (1)

3Li+ + 3e− + LiMoO2 ↔ Mo + 2Li2O. (2)

Most of the reported works on MoO2 considered the com-
bination of intercalation and conversion to attain high
capacity [28–35]. However, the conversion reactions are
kinetically slow, with a severe fading in capacity upon
cycling due to high hysteresis and volume expansion [36].
However, few studies have been reported on the possible
application of MoO2 as an intercalation anode for Li-based
charge-storage devices [37]. In 1987, Dahn et al. [22]
reported the possibility of using MoO2 as a reducing inter-
calation compound for secondary electrochemical cells.
Eventually, in 2014, Sen et al. [37] conducted a thorough
study on applying MoO2 as an intercalation anode for LIB
assembly. The study confirmed that there was a reversible
multistep phase transformation from monoclinic MoO2 to
orthorhombic (LixMoO2, 0.45 < x < 0.75) to monoclinic
(LiMoO2) during the insertion and extraction of Li. Within
the potential window of 1.0–2.2 V vs Li+/Li, synthe-
sized MoO2 material (reduction of MoO3 under a hydrogen
atmosphere) can exhibit outstanding electrochemical sta-
bility over 200 charge-discharge cycles. Furthermore, Liu
et al. [38] studied the intercalation behavior of MoO2
nanoplates synthesized by the hydrothermal method and
reported an initial discharge capacity of 251 mAh g–1

at 0.2 C rate, along with excellent power performance.
Dunn’s group [33] described the size-dependent electro-
chemical pseudocapacitive behavior of nanosized MoO2.
They stated that there was suppression of phase trans-
formation in nanosized materials, which helped preserve
ion-diffusion tunnels in monoclinic MoO2 and provided
better charge-storage kinetics than microsized MoO2. The
effect of MoO2 particle size on Li-ion storage capacity
was also reported by Kim et al. [39]. They explained

that the increased capacity of nanoparticles was due to
the increased electrolyte contact area of MoO2 particles,
resulting in a decreased diffusion path of Li ions into
MoO2 particles. Previous studies also show that nano-
engineering of MoO2 particles or making a composite
with carbon can alter the Li-insertion capacity of MoO2
particles [35,39]. Also, Zhang et al. [32] synthesized uni-
form MoO2 nanoparticles that could deliver high capacity
and extended cycle life when analyzed as an intercalation
anode. Some discrepancies in the previous studies have to
be explored in further research. Moreover, the suitability
of an intercalation-based MoO2 anode for LIC assembly
has not been extensively studied, and only two reports
are available in which the results are not comparable
[29,32,40].

Here, MoO2 nanoparticles are synthesized by the car-
bothermal reduction of commercial MoO3, and we char-
acterize the physical and morphological properties of the
material. The Li-intercalation property of the material is
analyzed in a half-cell assembly against Li. Furthermore,
the material’s suitability as an intercalation-based battery-
type anode in the LIC assembly is also investigated by
coupling it with an AC cathode. The effect of prelithia-
tion and different temperature conditions on the electro-
chemical performance of such LICs is also discussed in
detail.

II. EXPERIMENT

A. Synthesis of MoO2 nanomaterial

MoO2 is synthesized by scalable solid-state carbother-
mal reduction of commercial MoO3 [molybdenum (VI)
oxide, Sigma-Aldrich, ACS reagent, ≥99.5%, molecular
wt 143.94 g/mol] with carbon black (acetylene black).
MoO3 powder is thoroughly mixed with carbon black in a
molar ratio (C:MoO3) of 2.8 in a mortar and pestle, agate,
for 30 min. For the reduction of MoO3 to MoO2, the mix-
ture is heated from room temperature to 650 °C with a ramp
of 5 °C min–1 under a flow of Ar and a steady tempera-
ture is maintained for 4 h. The obtained MoO2 nanoparticle
(MoO2-np) is directly used as an electrode material.

B. Material characterization

The morphology, crystallinity, and surface chemistry
of MoO2 nanoparticles are analyzed by different analyt-
ical tools. The materials’ particle morphology and sur-
face microstructure are observed under scanning electron
microscopy (SEM S-4700, Hitachi, Japan) and high-
resolution transmission electron microscopy (HRTEM,
JEM-2000, EX-II, JEOL, Japan). Elemental analysis is
performed using energy-dispersive x-ray spectroscopy
(EDS). The crystallinity and structural properties of the
material samples are tested using the x-ray diffraction
(XRD) technique [ULTIMA-IV, Rigaku with D/teX Ultra
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250 detectors (K-β filter) through a scan speed of 0.5°/min
at a step width of 0.01° for 5–90° scan range] and Raman
spectroscopy using a 515-nm diode laser as an excita-
tion light source (LabRam HR 800 UV Raman micro-
scope, Horiba Jobin-Yvon, France). The elemental com-
position and surface functional groups are studied using
x-ray photoelectron spectroscopy (XPS, Multilab 2000,
UK; monochromatic Al Kα radiation hν = 1486.6 eV).
Thermogravimetric analysis (NETZSCH STA 449F3) is
performed to understand the material’s carbon content and
temperature sensitivity.

C. Cell assembly and electrochemical performance
analysis

The MoO2 electrode materials are mixed with conduc-
tive carbon (acetylene black) and polyvinylidene fluoride
binder in a ratio of 80:10:10 using the solvent N -methyl
pyrrolidone. The obtained slurry is subjected to constant
stirring, and then it is coated on Al foil using a doc-
tor blade (MSK-AFA-III automatic thick-film coater, MTI
Corporation). After drying the slurry-coated Al foils in
a hot-air oven, they are pressed under a hot roll press
(Tester Sangyo, Japan). 14-mm-diameter disk electrodes
are punched out using an electrode cutter. AC (YP-80F,
Kuraray, Japan) is considered as the active material for
the capacitive-type cathode half-cell. AC electrodes are
made with the help of an agate mortar and pestle. AC, con-
ductive carbon (acetylene black), and teflonized acetylene
black (TAB-2) binder are mixed in a ratio of 80 : 10 : 10
with ethanol to form a thin layer of the electrode, which
is further pressed on a 14-mm stainless-steel mesh cur-
rent collector (Goodfellow, UK). Before cell assembly,
both the electrodes are vacuum dried for 4 h, and the
half-cells are assembled using CR 2016 coin cells in an
argon- (Ar) filled glovebox using 1 M LiPF6 in ethy-
lene carbonate and dimethyl carbonate (1:1 v/v) elec-
trolyte and Whatman paper (1825-047) separator, in which
Li metal serves as the counter and reference electrode.
LICs are assembled by pairing both prelithiated and bare
MoO2 electrodes with AC electrodes of balanced mass.
Prelithiation of MoO2-based half-cells is performed in a
half-cell assembly. The electrochemical performance of
assembled half-cells and LICs is studied with a battery
tester, BCS 805 (Biologic, France). Different techniques,
such as electrochemical impedance spectroscopy, galvano-
static charge-discharge, and cyclic voltammetry, are used
to analyze the performance of half-cells and LICs. The
temperature sensitivity of the assembled LICs is tested by
placing the cells inside an environmental chamber (Espec,
Japan).

III. RESULTS AND DISCUSSION

MoO2 (s) nanomaterial is prepared by reducing MoO3
using carbon black as a reducing agent. Small in size and

FIG. 1. Synthesis method of MoO2-C.

prominent in the number of carbon-black particles could
provide numerous nucleation sites for MoO2 formation.
The molybdenum source from MoO3 (s) is transported as
MoO3 (g) by the chemical vapor transport mechanism to
the nearby carbon-black particle (nucleation sites) and is
further reduced to MoO2:

3MoO3(s) = (MoO3)3(g), (3)

3MoO3(g) + 1.5C = 3MoO2 + 1.5CO2. (4)

The molar ratio of C:MoO3 is kept at 2.8, which is more
than the required ratio. It was reported that an increased
number of carbon-black particles could increase the num-
ber of MoO2 nuclei, which leads to the decreased size of
MoO2-nps [41–43]. The presence of carbon residue acts
as a carbon support for the material; hence, we name it
MoO2 carbon composite (MoO2-C). Figure 1 illustrates the
synthesis method of MoO2-C.

A. Physiochemical characterization of material

The XRD pattern of as-synthesized MoO2-C is shown
in Fig. 2(a). All the diffraction peaks in the sample are
well matched with standard MoO2 (tugarinovite, syn.,
with space group 14, P121/c1, DB number 01-074-
7913, with lattice parameters a = 5.6041 Å, b = 4.8550 Å,
c = 5.6219 Å, α = 90°, β = 120.93° and γ = 90°) indicat-
ing the formation of phase-pure monoclinic MoO2 with a
disordered rutile structure [28,33,44,45]. Using the Scher-
rer equation, the average crystallite size is determined
to be 39.73 nm, which is based on the highest peaks
at 2θ = 25.97°, corresponding to the (011) plane and
by assuming spherical cubic crystallites. The absence of
extra intense peaks in the XRD spectrum indicates that
the residual carbon black is still in an amorphous state.
Figure 2(b) illustrates the Raman spectrum of the material,
showing peaks corresponding to both MoO2 and carbon
modes, indicating that the material is a carbon compos-
ite. The peaks obtained at wave numbers of 999, 826,
663, 344, and 289 cm–1 correspond to Raman bands of
monoclinic MoO2. The peaks at 999 and 826 cm–1 rep-
resent Mo-O stretching vibrations, and the peaks at 663,
344, and 289 cm–1 are attributed to O-Mo-O stretching,
bending, and wagging, respectively [46,47]. The Raman
bands positioned at 1345 and 1594 cm–1 correspond to the
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(a) (b)

(c) (d) (e)

FIG. 2. (a) Powder XRD pattern; (b) Raman spectrum; high-resolution XPS spectra of (c) Mo 3d, (d) O 1s, and (e) C 1s of MoO2
carbon composite.

characteristic D and G bands with an ID/IG value of 1.007,
indicating the low degree of graphitization of amorphous
carbon black [48]. The raw XPS spectrum (see the Sup-
plemental Material [49]) shows distinct peaks at 284.6,
531.33, 231.33, and 234.17 eV, corresponding to C 1s,
O 1s, Mo 3d5/2, and Mo 3d3/2, respectively, indicating
the presence of carbon (C), oxygen (O), and molybde-
num (Mo) elements. The peaks for Mo at 231.33 and
234.14 eV can be assigned to Mo 3d5/2 and Mo 3d3/2 of
Mo4+, respectively, Fig. 2(c) [50,51]. The O 1s peak can
be deconvoluted into four peaks at 531.45, 532.96, 530,
and 534.99 eV, corresponding to C-O-Mo, C-O-C, Mo-O-
Mo, and chemisorbed water or weakly adsorbed oxygen
molecules, respectively, Fig. 2(d). The high-energy decon-
volution spectrum of the C 1s peak in Fig. 2(e) shows three
different peaks positioned at 284.6, 286.16, and 288.46 eV
attributed to C-C, C-O-C, and C–O, respectively [28,52].

Figures 3(a) and 3(b) display the field-emission (FE)
SEM images of MoO2-nps, illustrating the morphology
and size of individual particles. The FESEM image in
Fig. 3(b) indicates that the nanorod-shaped MoO2 particles
are randomly distributed between semispherical carbon-
black particles. MoO2 nanorods have an average diameter

of 50–90 nm and a length of 100–250 nm. The carbon-
black particles with an average diameter of 20 nm attach
together to form aggregates and agglomerates. The surface
elemental composition and elemental mapping of the parti-
cles are given in the Supplemental Material [49]. The TEM
image of the particles in Fig. 3(c) indicates that the par-
ticles overlap and have a near-circular cross section. The
HRTEM image in Fig. 3(d) shows lattice fringes with a
d spacing of 3.41 nm, corresponding to the (011) plane.
The high-angle annular dark field (HAADF) STEM image
given in Fig. 3(e) offers atomic level resolution of the
particle image. Moreover, the EDS elemental mapping
of individual particles in Fig. 3(f) shows the presence of
Mo, O, and C, indicating the carbon-composite nature of
the MoO2 material. Thermogravimetric analysis (TGA),
Fig. 4, is carried out to determine the carbon content of the
MoO2-C sample. It is observed that there is a weight gain
of about 11% above 400 °C, indicating the reformation of
MoO3 from the MoO2 sample. This is in good agreement
with the theoretical value of 12.5% weight gain for MoO2
to MoO3 conversion [52,53]. Above 550 °C, we can also
observe a sample weight loss of 91.5 wt %, corresponding
to about 20 wt % carbon content when considering weight
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(a) (b)

(c) (d) (e)

(f)

FIG. 3. (a),(b) FESEM pictures of MoO2-C at different magnifications; (c) TEM image; (d) high-resolution TEM, (e) HAADF
STEM, and (f) EDS elemental mapping images for Mo, O, and C of MoO2 carbon composite.

gain due to oxidation; this weight loss represents the burn-
ing of residual carbon black in the sample to form CO2
[54].

B. Electrochemical characterization

The electrochemical performance of MoO2 nanorod
carbon-composite material as an intercalation anode is
tested in a half-cell assembly with a Li metal counter and
reference electrode. Previous studies reported that mono-
clinic MoO2 had a twisted rutile structure formed by MoO6
octahedra arranged in the 1D tunnel structure, which facil-
itated reversible intercalation (deintercalation) of Li ions
[37,55,56]. Most of the earlier studies reported the per-
formance of MoO2 as a conversion-type anode for LIB
assembly [35,57]. To investigate the Li-intercalation-based
storage mechanism, the potential window of the assem-
bled half-cells is limited to between 3.0 and 0.8 V vs
Li+/Li, which avoids metallic reduction (Mo0), i.e., the
conversion reaction. Moreover, electrolyte decomposition

accompanied by solid-electrolyte interface formation and
other unwanted side reactions that are predominant in low-
potential regions can be sidestepped. A cyclic voltammetry
(CV) study is performed at different scan rates within
the potential window between 0.8 and 3.0 V vs Li+/Li.
Figure 5(a) provides the first four cycles of CV profiles
recorded at a scan rate of 0.1 mV s–1. During the first lithi-
ation step, four peaks can be seen at 1.7, 1.46, 1.34, and
1.17 V vs Li+/Li. During the first delithiation step, two
different peaks are observed at 1.49 and 1.7 V vs Li+/Li.
These peaks correspond to changes in ionization poten-
tials of monoclinic and orthorhombic crystalline structures
of MoO2 nanorods. From the second cycle onwards, the
cathodic peak positions are slightly shifted, such as 1.73,
1.54, 1.3, and 1.17 V vs Li+/Li, whereas the anodic
peak positions remain the same. The peaks that appear
at 1.49 and 1.7 V vs Li+/Li can be attributed to the
ionization-potential change of monoclinic to orthorhombic
and orthorhombic to monoclinic structures, respectively
[32,37,58].
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FIG. 4. TGA curve of MoO2-C sample.

The rate capability of the material is tested at dif-
ferent current rates between 0.05 and 2 A g–1, and we
can observe that the material shows a stable perfor-
mance at all the current rates tested, with a discharge
capacity of about 103–107 mAh g–1 at 2 A g–1, Figs.
5(b) and 5(c). Figure 5(d) demonstrates the galvanos-
tatic charge-discharge (GCD) profile or voltage profile of
Li/MoO2 half-cells at a current density of 100 mA g–1. It
is well established that a four-step Li-intercalation reac-
tion with two flat and two sloping plateaus is observed
during intercalation (discharge profile). Whereas during
deintercalation (charge profile), two near-flat plateaus are
observed. This indicates reversible phase transformation
from monoclinic to orthorhombic and then to monoclinic
during lithiation and delithiation. The material exhibits
initial discharge charge capacities of about 225–250 and
190–225 mAh g–1 at a current input of 100 mA g–1, which
is higher than the theoretical capacity of 209 mAh g–1. In
addition, the material exhibits good cyclic stability, with a
discharge capacity of about 144 mAh g–1 and nearly >99%
coulombic efficiency (CE), even after 500 GCD cycles,
Fig. 5(e).

To further investigate the Li-intercalation mechanism
in MoO2-C nanostructures, the CV profile is recorded at
different scan rates from 0.1 to 1 mV s–1 (see the Supple-
mental Material [49]). The cathodic and anodic peaks at
higher scan rates are in good agreement with the CV profile
at 0.1 mV s–1. However, larger peak currents are obtained
for fast scan rates. The pseudocapacitance contribution
in the total charge-storage mechanism of the electrode
material is analyzed using the power-law equation, i =
aνb, which shows the relationship between scan rate (ν)
and response current (i). The constant terms a and b are
adjustable parameters, and the value of b can be deter-
mined from the slope of the graph plotted between log i

and log ν. Based on the value of b, the mechanism of
charge storage or kinetic information regarding the elec-
trode reaction can be analyzed. The b value calculated for
all four major peaks is in the range of 0.35 < b < 0.75
(see the Supplemental Material [49]), demonstrating that
the contribution from pseudocapacitance is negligible and
diffusion-controlled battery-type ion intercalation (deinter-
calation) in the MoO2 electrode is dominant in the over-
all charge-storage mechanism of the electrode material
[59,60].

Additionally, electrochemical impedance spectroscopy
(EIS) testing is done for the Li/MoO2 half-cell assem-
bly. The Nyquist plot recorded within the frequency range
of 10 kHz to 1 Hz, which includes a high-to-medium-
frequency semicircle, representing solution resistance (R1),
charge-transfer resistance (R2 and R3), constant-phase ele-
ment (Q3), and a low-frequency tail corresponding to
Warburg diffusion (W4) (see the Supplemental Material
[49]). The solution resistance and charge-transfer resis-
tance are in the range of about 15 and 55 �, respectively.
The solid-state Li+ diffusion coefficient from the Warburg
tail is calculated to be 4.83 × 10–13 cm2 s–1, which agrees
with the reported diffusion coefficient values [61–63].

Activated carbon (AC) is considered as an active cath-
ode material in the half-cell assembly owing to its large
specific surface area and porous nature; assembled Li/AC
cathode half-cells display an open circuit voltage (OCV)
of about 3.00–3.10 V vs Li+/Li and are tested within the
potential window of 3–4.5 V vs Li+/Li at a current den-
sity of 100 mA g–1. The cells exhibit a discharge capacity
of about 50 mAh g–1 with nearly 100% capacity reten-
tion, even after 400 charge-discharge cycles along with
>99.9% CE (see the Supplemental Material [49]). During
this potential range, the electric double layer formed on the
surface of the AC electrode stores PF6

– ions. This capaci-
tive charge-storage mechanism is also confirmed from the
near-rectangular CV profile attained for the electrode (see
the Supplemental Material [49]).

C. LIC assembly

We assemble LIC coin-cell (CR2016) prototypes using
the MoO2 electrode as the anode and the AC electrode as
the cathode using the same electrolyte-separator system.
Mass balancing is done to equalize the charge of the anode
and cathode by using an anode-to-cathode mass ratio of
1 : 4. Initially, we use a prelithiated MoO2 electrode as the
anode due to the absence of Li content in both the elec-
trode materials. The thus-formed AC//MoO2-C LICs with
an OCV of about 1.59 V are tested within the potential
window of 1.7–3.2 V, considering the high Li-intercalation
potential of the MoO2 anode. Such a LIC prototype is
tested at different current rates (0.01–2 A g–1), and it works
well at all the rates considered, with a near-linear GCD
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(a) (b)

(d)

(e)

(c)

FIG. 5. Half-cell electrochemical performance of MoO2-C anode. (a) CV profile of first four cycles recorded at a scan rate of
0.1 mV s–1. (b) Charge-discharge profile at different current rates. (c) Rate performance of Li/MoO2-C half-cell. (d) Voltage profile of
first four cycles recorded at a current density of 100 mA g–1. (e) Cycling performance at a current density of 100 mA g–1.

profile, and it can also exhibit a maximum energy den-
sity of about 30.62 Wh kg–1 with a power capability of
22.35 W kg–1 at a current density of 0.01 A g–1. At a high
current rate of 1 A g–1, the LIC can offer cyclic stability
with about 85% capacity retention after 4500 charge-
discharge cycles. To improve the energy density (calcu-
lated based on the total mass of active material in both
the anode and cathode), we also test the as-formed LIC
over a wide voltage window of 0.8–3.8 V. The increased
potential window in the device prototype can deliver a

maximum energy density of about 52.37 Wh kg–1 with the
same power capability (22.3 W kg–1). In contrast, operat-
ing the LIC device by charging and discharging to high and
low potential values results in uneven capacity retention
throughout the cyclic profile, mainly due to large polariza-
tion and only about 60% of the initial capacity values are
maintained after 4500 cycles at a current density of 1 A g–1.

Being a competitor for Li4Ti5O12 (LTO), with high elec-
trical potential (1.5 V vs Li+/Li) and excellent safety,
scientific research on MoO2 as an intercalation-based
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(a) (b) (c)

(d)

(f)

(e)

FIG. 6. Electrochemical performance of MoO2-C anode in AC//MoO2-C LIC assembly. (a)–(c) Typical galvanostatic charge-
discharge curves at different current rates. (d) Ragone plots of LICs. (e) CV profiles at a scan rate of 1 mV s–1. (f) Long-term cyclic
stability of LICs when tested at a current density of 1 A g–1.

battery-type anode is very significant for the future of
hybrid energy-storage systems. The prelithiation strategy
in the LTO-based LIC is a trending research topic, as
there is still a dilemma whether prelithiation is required
for LTO-based LIC assembly or not. Keeping this fact in
mind, we also assemble MoO2-based LICs without pre-
lithiation. The LICs, thus formed, display an OCV of about
100–125 mV. When tested at different current rates, the
obtained GCD profile is slightly different (isosceles trian-
gle with a large area), indicating effective utilization of
the voltage window compared to LICs assembled with
a prelithiated anode. Such LICs, when operated within

the voltage window of 1.7–3.2 V, can provide a maxi-
mum energy-storage capability of about 75.27 Wh kg–1

with a power rate of 126 W kg–1. Moreover, such a LIC
can also exhibit an energy-power-balanced performance of
57.07 Wh kg–1 at 1.22 kW kg–1, indicating the actual con-
cept of the hybrid energy-storage system. The long-term
cyclability of such LICs is also tested, and we find that
about 70% of the initial capacity is retained after 4500
cycles, which is slightly reduced compared to LICs with
prelithiation. In addition, when these LICs without a pre-
lithiated anode are tested under a higher voltage window
of 0.8–3.8 V, they can provide a maximum energy density
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(a) (b)

(d)(c)

(e)

FIG. 7. Effect of temperature on electrochemical performance of AC//MoO2-C LICs. (a),(b) Ragone plots of LICs with and with-
out prelithiation. (c),(d) Typical galvanostatic charge-discharge profiles at a particular current rate. (e) Long-term cyclability of LIC
without prelithiation at a current density of 1 A g–1.

of 83.5 Wh kg–1 with a power density of 637 W kg–1. In
addition, we can also observe a balanced performance of
78.61 Wh kg–1 at 2.45 kW kg–1 with a higher current input
of 1 A g–1. However, these LICs are not capable of cycling
for long-term performance. Figure 6 illustrates the electro-
chemical performance of all four LIC prototypes (see the
Supplemental Material [49]).

D. Effect of temperature on LIC assembly

The wide temperature range application of hybrid
capacitors still remains a significant barrier, mainly due

to the meager electric conductivity of battery-type TMOs
[64]. It was reported that at room temperature MoO2
could exhibit a maximum electrical conductivity of about
11 × 105 S m–1 [65]. To further investigate the influence
of temperature on the performance of MoO2-based LICs,
constructed LICs (with and without prelithiation having a
testing voltage window limited to 1.7–3.2 V) were placed
inside the environmental chamber at different low- and
high-temperature conditions (−5, 5, 25, and 50 °C). The
rate performance of LICs with and without prelithiation
is tested at different current rates within the safe voltage
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FIG. 8. EIS Nyquist plot of assembled LICs without pre-
lithiation (1.7–3.2 V vs Li+/Li) under different temperature
conditions.

window of 1.7–3.2 V. We observe that LICs with prelithi-
ation can deliver a stable performance at all the tested
temperatures, Fig. 7(a), whereas LICs without prelithia-
tion exhibit a slightly poor CE, mainly at low rates, when
tested under high-temperature conditions, Figs. 7(b) and
7(d) (see the Supplemental Material [49]). It is observed
that the cells exhibit a low rate capability; after testing
at low currents, the cells do not work under high cur-
rent rates. To further understand the cyclic stability of
such LICs (without prelithiation) under different temper-
ature conditions, a fresh LIC is tested at 1 A g–1 for 2500
cycles at 5, –5, 25, and 50 °C, and the cells exhibit more
than 100% capacity retention at 5 and –5 °C, about 65%
at 25 °C, and about 42% at 50 °C, Fig. 7(e). It is observed
that, under low-temperature conditions, the LIC can pro-
vide a higher capacity retention with a low energy-storage
capability. Whereas, at high temperatures, the assembled
LIC can store almost the same energy as that under ambi-
ent conditions but with lower capacity retention. The LIC’s
low energy-storage capability at low temperatures can be
attributed to the reduced ionic conductivity of electrolytes
and increased internal resistance of the device, whereas
the increased capacity fading at high temperature could
be due to accelerated active-material degradation and the
increased self-discharge of the LIC system at elevated tem-
peratures. The GCD profile of the LIC during cycling at a
current density of 1 A g–1 for all temperature conditions
tested is given in the Supplemental Material [49]. Low
energy-storage and power capabilities at low temperatures
are seen in the fast charge-discharge rate of the LIC. The
EIS Nyquist plot recorded for LICs within the frequency
range of 10 kHz to 1 Hz shows increased charge-transfer
resistance at 50 °C, which explains the increased capacity
fading at elevated temperatures, Fig. 8.

IV. CONCLUSION

MoO2-C material is synthesized by the carbothermal
reduction of MoO3. The material exhibits excellent per-
formance (high capacity, cyclic stability, and rate capa-
bility) as an intercalation-type anode in a Li-based half-
cell assembly. LICs are devised by coupling MoO2-C
as an anode with an AC cathode in a mass ratio of
1 : 4 (anode : cathode) to balance the charge. The LIC,
AC//MoO2-C assembled with a prelithiated MoO2 anode
within the voltage window of 1.7 to 3.2 V, can pro-
vide a maximum energy density of about 30.62 Wh kg–1

and about 85% capacity retention after 4500 cycles under
ambient temperature conditions. Avoiding the step of
prelithiation and increasing the voltage window of the
LIC systems results in a high energy density of about
83.5 Wh kg–1 with 637 W kg–1 power density. We can
observe that the prelithiation step slightly lowers the
energy-storage capability of the LIC system. In contrast,
it can provide the LIC system’s rate capability and cyclic
stability. Increased voltage windows strongly disturb the
cyclic stability of the system. However, we notice that
LICs tested within the range of 1.7–3.2 V without prelithia-
tion can deliver an energy density of about 75.27 Wh kg–1

with a power rate of 126 W kg–1 and can maintain about
70% of its initial capacity after 4500 charge-discharge
cycles. Hence, such a LIC system can be considered a
capable energy-storage system and can be measured as a
real contender for LTO-based LIC assembly.
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