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Abstract Cellulose nanocrystals (CNCs) have
emerged as a promising templating material due to
unique features, such as high surface area, surface
hydroxyl groups and rod-like shape, which allow for
sustainable nanoscale control of advanced functional
materials. Especially, such high surface functional-
ity and specific morphology can be imparted on the
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resultant nanomaterials with beneficial properties
during templating. Here, we present synthesis of one-
dimensional (1D) nanostructured vanadium oxides,
such as VO,(B) and V,05-nH,0 nanobelts, with sin-
gle- crystalline structure by hydrothermal treatment
using CNCs as a sacrificial template. Importantly, the
single-crystal vanadium oxide nanobelts exhibit the
enhanced electrochemical performance of Li ion bat-
teries with high specific capacity (>300 mAh/g) and
long lifespan (>244 mAh/g at 50 cycles) compared to
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the polycrystalline nanoflakes counterpart. Further-
more, we suggest that during hydrothermal treatment
the sacrificial CNC template-derived carbon is bene-
ficial for electron transfer in cathode materials. Thus,
we demonstrate that the utilization of CNC templat-
ing to develop novel single-crystalline oxide cath-
ode nanomaterials can provide a fruitful pathway for
extraordinary electrochemical performance of next-
generation alkaline batteries.

Keywords Cellulose nanocrystal - Sacrificial
template - Hydrothermal treatment - Single-
crystalline nanostructured vanadium oxides - Li ion
battery cathode

Introduction

Control over the microstructure and specific mor-
phology of nanostructures is the most important
benefit of templating to confer beneficial properties
on the resultant materials (Lamm et al. 2021; Yang
et al. 2021). Recently, nanocellulose, including cel-
lulose nanofibers (CNFs) and cellulose nanocrys-
tals (CNCs), as a renewable and naturally abundant
nanoscale template, has attracted significant research
interest in the synthesis of advanced functional nano-
materials for next-generation energy applications
(Moon et al. 2011; Youn et al. 2022; Xu et al. 2021).
In general, nanocellulose exhibits a number of unique
properties such as the anisotropic shape, the large
specific surface area and the controllable surface
chemistry (Eyley and Thielemans 2014; Merindol
et al. 2020; Yamaguchi et al. 2012). The highly crys-
talline nanocellulose also offers a rigid surface with
tunable functional groups (De France et al. 2021). In
particular, the presence of abundant hydroxyl (OH™)
groups on the surface of nanocellulose allows poten-
tial chemical modifications to develop viable and fac-
ile routes for eco-friendly nanocomposites or func-
tional nanomaterials in various energy applications
such as high performance catalysis and energy storage
(Wang et al. 2017; Youn et al. 2021). However, it is
a challenge to prepare functional nanomaterials with
the corresponding morphological hierarchies of the
natural species. The CNFs can easily generate foams
due to their intrinsic high water retention, which pro-
motes foaming, the foams have a high surface area
and a porous structure with pores of different lengths
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(Lavoine and Bergstrom 2017; Lin et al. 2012). The
CNFs also form interconnected fiber networks due
to their long fiber morphology and can support more
complex morphologies during the templating process.
Rod-shaped CNCs possess a high crystallinity and a
high aspect ratio with average diameter of 5-20 nm
and average length of 100-200 nm, making them an
ideal template for the preparation of crystalline mate-
rial (Moon et al. 2011). Thus, by employing nanocel-
lulose as an intermediate or sacrificial templates, the
fabrication of various metal oxides and silicon-based
nanocomposites with excellent electrochemical prop-
erties can provide a sustainable way to develop novel
Li ion batteries (LIBs) as they enable the growth of
tubular and rod-shaped nanostructure of electrode
materials resulting from their unique properties and
the synergistic effects of composite components.
On the other hand, it has been successfully applied
to nanocellulose to obtain the corresponding nano-
materials through the following calcination or car-
bonization processes, which imparted the unique
hierarchically porous network structures and specific
properties (Liu et al. 2019).

LIBs have been successfully used as portable
power sources for applications ranging from small
electronic devices to electric vehicles due to their high
capacity, long life, and low self-discharge (Chen et al.
2019; Wu et al. 2014). Despite the excellent electro-
chemical performance of current LIBs, the demand
for even higher energy densities and improved per-
formance for many applications is still growing rap-
idly. Enormous efforts have been expended to develop
novel energy storage materials and systems to meet
these needs, and novel cathode materials have been
extensively explored since the electrochemical perfor-
mance is mainly determined by the cathode materials
(Fan et al. 2016; Xu et al. 2012). Traditional lithium-
metal oxide and phosphate cathode materials such as
LiCoO, (LCO) with layered structure and olivine-
structured LiFePO, (LFP) have been used due to their
structural stability during the electrochemical reac-
tions (Chen et al. 2019; Fan et al. 2016; Kramer and
Ceder 2009; Lee et al. 2014; Rahman et al. 2010).
However, their inherent low specific capacities in the
normal operation potential range (2.5-4.5 V) have
motivated the design of layered oxide cathode mate-
rials (LiNi,Co,Mn,O, (NCM)) with high nickel con-
tent for improved specific capacities (>200 mAh/g)
(Susai et al. 2018) and energy density (300 Wh/kg)
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(Qiao et al. 2020), with some NCM cathode materials
being successfully used in commercial LIBs (Chen
and Zhu 2019; Jeon and Baek 2011). Despite these
achievements, further improvement in the specific
capacity of cathode materials is needed, and the mor-
phologies and structures of cathode materials are cru-
cial for practical LIBs. Although these cathode mate-
rials with different nanostructures have been reported
to exhibit superior electrochemical performance,
among the various forms of these materials, single-
crystal cathodes (SCs) have demonstrated many
advantages over their polycrystalline counterparts
for industrial applications, including high crystallin-
ity, high mechanical strength, homogeneous response,
small specific surface area, high structural stability,
which can suppress cracking, side reactions and gas
release, improving overall cycle performance and
thermal stability (Kimijima et al. 2016; Chen et al.
2019; Xu et al. 2019). Hence, it is crucial to develop
novel single-crystal cathode nanomaterials with high
specific capacity and long cycle performance for
next-generation LIBs.

Vanadium oxides are considered promising can-
didates because of their intriguing material proper-
ties based on multiple oxidation states (V>* to V%),
such as a metastable chemical structure and a two-
dimensional layered crystal structure (He et al. 2015;
Li et al. 2011; Livage 2010; Zhao et al. 2015). In
addition, there is a wide variety of vanadium oxide
structures in terms of stoichiometry (e.g., V,Os,
V,0;, VO,, and VO,;) and polymorphism (e.g.,
VO,(A), VO,(B), VO,(M), and VO,(R)) (Bahlawane
and Lenoble 2014; He et al. 2015; Lee et al. 2016;
Li et al. 2011; Liu et al. 2009; Zhang et al. 2021).
Among the various vanadium oxides, VO,(B) is an
attractive candidate for alternative cathode appli-
cations owing to its high specific capacity (~320
mAh/g) and wide working potential window (from
1.0 to 4.0 V vs. Li/Li*) (Chen et al. 2019; Fan et al.
2016; Liang et al. 2013; Liu et al. 2009; Liibke et al.
2016). The facile Li-ion diffusion in the VO,(B) crys-
tal structures resulting from the two-dimensional lay-
ered structure with corner sharing of the VOg4 octahe-
dra is also beneficial for high-performance LIBs (Li
et al. 2017). Hydrated vanadium oxide (V,05-nH,0)
is another promising candidate with a specific capac-
ity of (300 mAh/g) and structural advantages (inter-
layer spacing of 8.8 to 13.8 A) for Li-ion conduc-
tion (Sudant et al. 2004; Sun et al. 2021; Wang et al.

2005; Wei et al. 2015; Zhao et al. 2019). Therefore,
it is expected that the identification of an effective
means to synthesize 1D nanostructured vanadium
oxides (NVOs) given the cathode nanomaterials can
help accelerate the development of next-generation
LIBs with high energy density, short ion diffusion
paths, and electronic conduction (Liu et al 2017b;
Przesniak-Welenc et al 2016; Saji et al 2011; Zhao
et al 2015). Furthermore, the availability of a single-
phase synthesis for high-performance LIB cathodes
is crucial to prevent uncontrollable electrochemi-
cal behavior resulting from the polymorphism of
the vanadium oxides. In this work, V,05:nH,O and
VO,(B) NB with excellent electrochemical perfor-
mance were designed using a crystal structure selec-
tive synthesis method for a 1D nanostructure based
on a hydrothermal process and a 2,2,6,6-tetramethyl-
piperidine-1-oxyl (TEMPO) oxidation-treated cellu-
lose nanocrystal (TCNC) templating. Previous stud-
ies have shown that producing single crystal VO,(B)
or V,05enH,0 through the hydrothermal synthesis
process requires a lengthy reaction time of more
than 4 days. However, by employing the cellulose
nanocrystal template, it is possible to obtain a highly
crystalline final product within a short period of time
(Subba Reddy et al. 2009; Wang et al. 2019). To the
best of our knowledge, there are no reports of a 1D
inorganic nanostructure obtained by using a TCNCs
as a template. The morphological, structural, and
electrochemical properties of single crystalline
V,05-nH,0 and VO,(B) NBs have been thoroughly
and systematically studied to demonstrate the fea-
sibility of these materials as next-generation single-
crystal cathode materials.

Experimental

Preparation of the TEMPO-oxidized cellulose
nanocrystals

The 3.05 wt% cellulose nanofiber slurry (University
of Maine, 5 g) was dispersed in DI water (200 ml)
by stirring at 600 rpm at room temperature. Then,
TEMPO (Sigma Aldrich, 98%, 0.03 g) and NaBr
(Sigma Aldrich, ACS reagent, 0.3 g) were added to
the cellulose fiber solution (a white suspension) and
completely dissolved for 30 min to obtain an ivory
solution (Okita et al. 2010; Shinoda et al. 2012).
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The NaClO solution (Duksan Chemical, Extra pure,
35%, 7 ml) was slowly added in 1 ml increments each
30 min, and after 24 h, a clear yellow solution was
obtained. The pH was maintained at 10.5 by adding
0.5 M NaOH (Sigma Aldrich, ACS reagent) to the
yellow solution, and the solution gradually became
transparent. The high pH of the reacted solution was
neutralized to pH 7 with the addition of 0.1 M HCI
(Sigma Aldrich, ACS reagent). To obtain TCNCs
that were completely dispersed in solution, ethanol
was added to aggregate. The resulting final product
(6.45 wt% of TCNCs) was obtained in gel form using
a centrifuge (12,000 rpm, 10 min.) (Fig. S1).

Synthesis of the nanostructured vanadium oxides

The nanostructured vanadium oxides (NVOs) were
synthesized by a hydrothermal synthesis according to
the conditions shown in Table 1. In this hydrothermal
synthesis, the morphology and crystal structure of
vanadium oxide depend on the content of TCNCs and
the process temperature. Polycrystalline VO,(B) NFs
were hydrothermally synthesized without TCNCs add
to the precursor. V,,0,4-12H,0, V,05-nH,0, VO,(B)
and amorphous phase were synthesized depending on
the amount of TCNCs in the precursor. Unlike other
vanadium oxides, highly crystalline VO,(B) is hydro-
thermally synthesized at a process temperature of
250 °C.

The hydrothermal synthesis is performed in the
following order (Figure S2). Each dose of 6.34 wt%
TCNCs in gel form was added to 100 mL of deion-
ized water, a completely dispersed and transparent
solution was obtained. 18.6 mg of vanadium pentox-
ide (Sigma Aldrich) was dissolved for 30 min using
magnetic stirrer. When the color of the solution

Table 1 Vanadium oxide nanostructure prepared by hydro-
thermal synthesis under various conditions

Crystal structure TCNC:s (g) Tempera-
ture ('C)
VO,(B) NFs 0 220
V,00,4-12H,0 NWs 0.1 220
V,05-nH,0 NBs 04 220
VO,(B) NBs 04 250
VO,(B) NRs 0.8 220
Amorphous phase NPs 1.0 220

@ Springer

turned dark yellow because of the well-dissolved
V,0s, 31.6 mg of citric acid monohydrate (Sigma
Aldrich, ACS reagent) was added, and the solution
was further stirred for 30 min. The resulting product
was transferred to a Teflon-lined stainless-steel auto-
clave. The sealed steel autoclave was heated at 180 °C
for 1 h using a furnace and reacted continuously at
220 or 250 °C for 4 h (Popuri et al. 2013). The as-pre-
pared solution was exfoliated in a sonication bath for
1 h and filtered with deionized water to obtain a film.

Material characterization

All crystal structure and information were analyzed
using X-ray diffraction (XRD; Rigaku) with Cu Ka
radiation (A=1.54178 A), and structural data were
collected over the 26 range of 10°-50° and 10°-60°.
Rietveld refinement of polycrystalline VO,(B) and
profile matching of single crystalline VO,(B) and
V,05-nH,0 were performed based on the Inorganic
Crystal Structure Database (ICSD) such as VO,
(ICSD #250,831) and V,05(H,0) (ICSD #94,905)
using FullProf software and the background of each
XRD pattern was established using the ’Linear inter-
polation between a set of background points with
refinable heights’ option in FullProf software. The
microstructure image of each sample was examined
using field-emission scanning electron microscopy
(FESEM,; Hitachi) at an accelerating voltage of 15 kV
and high- resolution transmission electron micros-
copy (HRTEM; JEOL) at an accelerating voltage of
200 kV. Raman spectra were obtained using a inVia
(Renishaw; A=514.5 nm). Chemical bonding of V
and C were analyzed by X-ray photoelectron spec-
troscopy (XPS; ThermoFisher Scientific).

Electrochemical characterization and preparation of
battery button cells

Electrochemical tests were performed using CR2032-
type button cells assembled in an Ar-filled glove-
box. To prepare the electrodes, the samples were
combined with Super P (carbon black) and polyvi-
nylidene fluoride (PVDF) in a weight ratio of 8:1:1 in
N-methyl-2-pyrrolidone (NMP). The prepared slurry
was cast onto Al foil and dried at 80 °C overnight
to remove the NMP. After drying, circular disks of
10-mm diameter were punched out. The mass load-
ing of the active material was 4 mg/cm>. The cell was
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assembled using Li metal as the counter electrode, a
separator (Whatman GF/F glass fiber), and electro-
lyte solution (1.2 M LiPF¢ in a 3:7 volume ratio of
ethylene carbonate (EC): dimethyl carbonate (DMC)
and 3% of vinylene carbonate (VC)). Galvanostatic
charge/discharge tests were performed at 1C (1C cor-
responds to 323.19 mAh g~!) for VO, using an auto-
matic battery test system (WBCS 3000, WonATech).

Results and discussion

The structural characterization of nanostructured
vanadium oxides

The NVOs with low dimensions such as nanoparti-
cles (NPs), nanorods (NRs), nanobelts (NBs), and
nanosheets (NSs) have been extensively studied for
energy applications due to their remarkable catalytic
activities and excellent interactions with ions. It is
high desirable for achieving NVOs with controllable
morphology and high-quality single crystalline. The
hydrothermal process can effectively synthesize such
NVOs with various morphologies, sizes and crystal-
line phases influenced by controlling the parameters,
e.g. reaction temperature, time and the nature of the
reducing agent during the synthesis process.

The hydrothermal synthesis process is as follows
(Figure S3). When the raw V,0s particles were dis-
solved in distilled water, metal cations (V") were
hydrated to form V,0s5nH,O. Adding citric acid
monohydrate to the hydrated V,0s resulted in two

2

Polycrystalline VO,(B) NFs
« TCNCOg
+ Temperature 220 °C

Fig. 1 The schematic
diagram of the different
morphologies and crystal-
line phases for nanostruc-
tured vanadium oxides
synthesized through TCNC-
templated hydrothermal
method according to the
TCNC amounts and process
temperatures

V160,4-12H,0 NWs

equivalents of vanadic acid (H;VO,). The vanadic
acid was then decomposed into V02+, OH", and H,O
molecules under high temperature and pressure. The
VO,* was assembled and nucleated through the elec-
trical attraction between multivalent vanadium cati-
ons (e.g., V>*, V¥ and V1) and electronegative mol-
ecules (e.g., -OH of H,O or -COONa of TCNCs).
Then, in the first-stage hydrothermal synthesis, meta-
stable monoclinic crystals were grown at a reaction
temperature of 180 °C. Additional thermal energy
was used for the following serial reaction steps: (i)
partial reduction and hydration, (ii) full reduction and
hydration, and (iii) dehydration (Popuri et al. 2013).

A 1D and chemically treated biomass TCNC-
templated hydrothermal process has been newly
developed to synthesize NVOs (Youn et al. 2022).
The crystalline phases and morphologies of NOVs
synthesized by TCNC-templated hydrothermal syn-
thesis strongly depend on the TCNC contents and
the process temperatures, as shown schematically in
Fig. 1. Note that the polycrystalline VO,(B) NFs were
obtained under typical hydrothermal conditions with-
out TCNCs.

The crystalline structure and morphology of the
as-prepared NVOs were characterized by X-ray dif-
fraction (XRD), field emission scanning electron
microscopy (FESEM), high-resolution transmission
electron microscopy (HRTEM), and Raman spectros-
copy. As shown in Fig. 2, XRD analysis shows the
crystalline phase evolution in vanadium oxides as a
function of TCNC contents (0.0-1.0 g) and process-
ing temperatures (220 °C and 250 °C). We observed

L

TCNC templated
hydrothermal synthesis
VO,(B) NBs

« TCNCO04g
* Temperature 250 °C

-« TCNCO.Ag
»  Temperature 220 °C

j : ; / V,0, TCNC

V,04nH,0 NBs
« TCNCO4g
+  Temperature 220 °C

Amorphous phase NPs
+ TCNC1.0g
* Temperature 220 °C
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Process
conditions

M; Amorphous phase
me”‘ ’“‘-‘"w i TCNC=1.0 g

- o J ’«*"‘WMWWM»‘MM Temp.=220 °C
_ VO,B)

B
\“

(110)

(O

|

Ul S
I T AR i
» \‘M,w% Wy ‘}.*-'\M a.“‘ TCNC=0.8 ¢
b Aol “""'WW\!‘W Temp.=220 °C
’; % Single crystalline VO,(B)
s s a TCNC=0.4 g
> Aé Temp.=250 °C
‘® 5 V,05:nH,0
5 - |
-] TCNC=04g¢g
- Temp.=220 °C
TCNC=0.1¢g
Temp.=220 °C
s g TCNC=0 g
Temp.=220 °C
10 20 30 40 50 60
2 theta (degree)

Fig. 2 XRD analysis of vanadium oxides with various process
conditions through TCNC templated hydrothermal synthe-
sis; black: polycrystalline VO,(B), red: V,,0,,°12H,0, blue:
V,05-nH,0, green: single crystalline VO,(B), yellow: VO,(B),
violet: amorphous phase

a transition from V,40,,-12H,0 to VO,(B) with the
formation of the intermediate V,05-nH,O through a
reduction—dehydration process. When TCNCs were
not added, polycrystalline VO,(B) was synthesized,
and this was confirmed through Rietveld refine-
ment based on the XRD pattern (Fig. S4, Table.

Fig. 3 FESEM images of 'L
NVOs with different mor- A
phology and crystal phases:

a polycrystalline VO,(B)
NFs, b V,,0,,-12H,0
NWs, ¢ V,05:nH,0 NBs,
d VO,(B) NBs, e VO,(B)
NRs, and f amorphous

S1 and S2) with reliable R-factors of Rp:5.32%,
R,,=7.01%, R.,=2.015%, R;=7.00%, Rp=2.34%
and X2= 12.10%. Generally, each of the R-factors RP,
RWP, Rexp, R;, and Ry represent the profile R-factor,
weighted profile R-factor, expected profile R-factor,
Bragg R-factor, and structure R-factor, respectively
and the value of X2 indicates a good fit of the profile,
calculated as the square of R,,, divided by R, (Toby.
2006; Salah et al. 2019). In case of adding a small
amount of TCNCs (0.1 g and 0.4 g), the layer struc-
tured hydrated vanadium oxides were formed, show-
ing a set of only (00 /) diffraction peaks (Ahmed et al.
2019; Petkov et al. 2002). Interestingly, when a higher
processing temperature (250 °C), we obtained the sin-
gle crystalline VO, (B) with the sharp (00 /) reflec-
tions, indicative of complete dehydration. Moreover,
as shown in Fig. S5 and Fig. S6, we confirmed that
when 0.4 g of TCNCs was added and the processing
temperature was 220 or 250 °C, the XRD patterns
showed formed single crystals of V,05enH,0 and
VO,(B), respectively, which were confirmed by pro-
file matching using the Fullprof (Li et al. 2006, 2011;
Liu et al. 2017a). The Bragg positions, which appear
except for the main peak in the XRD pattern, may be
attributed to the metastable characteristics of vana-
dium oxide. They are considered negligible since they
may have originated from either the starting material
(V,05) or by-products with different stoichiometry.
On the other hand, when TCNCs excess content was
added, polycrystalline vanadium oxide or an amor-
phous product was synthesized.

Figure 3 shows the various morphologies of NVOs
prepared under different hydrothermal synthesis
conditions. Vanadium oxides were synthesized into
nanostructures with different aspect ratios depending

V,05'nH,0 NBs

phase NPs
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on the addition amount of TCNCs during the hydro-
thermal process. It is worth noting that TCNCs as a
template can provide primary reactive sites such as
carboxyl (COOH-) and hydroxyl (OH-) groups that
impart stable negative electrostatic charges on the
surface to attract the dissolved metal ions. During
the hydrothermal reaction, the metal ions confined by
TCNCs template turned into nanostructures. As the
amount of TCNCs added to the precursor increased,
the aspect ratio gradually decreased with morpho-
logical change of NWs— NBs— NRs— NPs. Due
to the aggregation of excess TCNCs in the process of
forming vanadium oxide, a polycrystalline or amor-
phous crystal structure with a low aspect ratio is
synthesized.

The detailed crystal structures of the V,05-nH,0
and VO,(B) NBs were investigated by using
HRTEM, as shown in Fig. 4. The average length
and width of the V,05-nH,0 NBs were measured to
be approximately 50 um and 180 nm, respectively,

Fig. 4 Low-magnification
HRTEM images for a
V,05:nH,0 and b VO,(B)
NBs. High-magnification
HRTEM images for ¢
V,05:nH,0 and d VO,(B)
NBs. The left and right
insets are zoom-in HRTEM
images and corresponding
FFT images in red lined
boxes of figures ¢ and d,
respectively

V205'nH20

g

7

:\>r
}\

and the aspect ratio was calculated as 1:278 (refer
to Fig. S7a). The average length and width of the
VO,(B) NBs were shorter (~20 um) and thinner
(120 nm) than those of the V,05-nH,0 NBs, and
the aspect ratio was calculated to be 1:167 (refer to
Fig. S7b). The reduced dimensions and aspect ratio
of the VO,(B) NBs result from complete reduc-
tion, dehydration, and subsequent structural den-
sification at high processing temperature (250 °C).
The low-magnification HRTEM images of both the
V,05-H,0 and VO,(B) NBs (Fig. 4a, b) show the
typical 1D single-crystalline nanostructure. Nota-
bly, the TCNC templates are not observed in the
V,05-nH,0 and VO,(B) NBs. However, it is clear
that the 1D nanostructures are derived from the
TCNC templates. It could be understood that the
TCNC templates were thermally decomposed dur-
ing the hydrothermal process (Sevilla and Fuertes
2009). Figure 4c, d show the high-magnification
HRTEM images of the V,05-nH,0 and VO,(B)

@ Springer
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NBs, respectively, and the insets illustrate zoom-in
HRTEM images and corresponding the fast Fourier
transform (FFT) images showing the well-defined
single crystalline lattices. The lattice spacing of the
V,05nH,0 and VO,(B) NBs were measured to be
1.17 and 0.60 nm, which correspond to the distance
between two (100) crystal planes, respectively, indi-
cating the whole NBs are single crystal. Note that
the crystal structure of the V,05-nH,O and VO,(B)
have a space group of C 12/ml (Li et al. 2006,
2011; Liu et al. 2017a). It could be concluded that
the 1D-template-based hydrothermal process ena-
bles the synthesis of the single crystalline 1D nano-
structure with preferred orientations.

The chemical compositions and structures of the
V,051nH,0 and VO,(B) NBs were investigated using
Raman spectroscopy and X-ray photoemission spec-
troscopy (XPS) (Fig. 5). It reveals that the V,05-nH,0
NBs mainly consist of triply and doubly coordinated
oxygen (V;—O and V,-O) stretching modes and
exhibit the D and G peaks of the carbonaceous struc-
ture at approximately 1350 and 1580 cm™!, which
are attributed to the incomplete thermal decomposi-
tion of the TCNCs because of the lower hydrothermal
process temperature (220 °C) (Ferrari and Robertson
2000; Lazzarini et al. 2016). In contrast, for VO,(B)
NBs, the V=0 and V-O-O peaks were primar-
ily developed (Arcangeletti et al. 2007; Perera et al.

Fig. 5 Chemical charac-

2011; Wang et al. 2014; Zhang et al. 2009), and the
carbonaceous-structure-driven D and G peaks did not
appear because of the complete thermal decomposi-
tion of the TCNCs at the high hydrothermal process
temperature (250 °C) (Sevilla and Fuertes 2009).

We compared quantitative analyses of the atomic
compositions for the V,05-nH,0 and VO,(B) NBs
by X-ray photoemission spectroscopy (XPS) analy-
sis. Figure 5b, ¢ present the V2ps;, spectra of the
V,05-nH,0 and VO,(B) NBs. Note that the evalua-
tion of the oxidation state of vanadium by analyzing
the V2p;,, core-level binding energy provides infor-
mation on the crystallographic structures of vana-
dium oxides (Kang et al. 2019; Li et al. 2013b). The
V2p,, spectrum of the V,05-nH,0 NBs was decon-
voluted into V** (20%) at 516 eV and V>* (80%) at
517 eV (Hu et al. 2019; Simdes et al. 2015; Wei et al.
2015), whereas that of the VO,(B) NBs was simply
assigned to V#*. The predominant V>* and V** peaks
in the V2ps;, spectra were well-matched to the crys-
tallographic structures of the V,05-nH,0 and VO,(B)
NBs. High-resolution Cls spectra of the V,05-nH,0
and VO,(B) NBs may be attributed to the residual
thermally decomposed TCNC templates, as shown in
Fig. S8a and S8b, respectively. Because of the incom-
plete thermal decomposition of the TCNCs, the high-
resolution Cls spectrum intensity of the V,05nH,0
NBs was much higher than that of the VO,(B) NBs,

terization of the V,05-nH,0 o
and VO,(B) NBs; a Raman >
spectra of V,05'nH,0 and
VO,(B) NBs. XPS spectra
of b V,05-nH,0 and ¢
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which is consistent with our Raman observation.
However, the compositions of the TCNC-based
carbon in the V,05nH,0 and VO,(B) NBs were
analogous: the Cls spectrum of the V,05nH,0
NBs was deconvoluted as sp® (44%) at 284 eV, sp’
(50%) at 285 eV, and C=0 (6%) at 288 eV, and that
of the VO,(B) NBs was deconvoluted as sp2 (39%),
sp’ (54%), and C=0 (7%) (Ferrari and Robertson
2000). The atomic compositions of the V,05-nH,0
and VO,(B) NBs were examined by XPS surveys
(Table 2).

Electrochemical performance of vanadium oxide for
Li ion batteries

Despite their high electronic conductivity of approxi-
mately 107" S/cm (Fu et al. 2013; Kinaci et al. 2015),
VO,(B) nanostructures are still beneficial in over-
coming the inferior Li-ion diffusion behavior in the
solid state with a diffusion coefficient of 107! cm?/s
(Gu et al. 2019) because of the short Li-ion diffusion
pathway and efficient contact area of the electrode
and electrolyte. In addition, designing VO,(B) nano-
structures with preferred orientation further facilitates
the Li-ion intercalation/deintercalation because of the
uniaxial Li-ion diffusion pathway parallel to the [001]
crystal orientation (Li et al. 2017; Liu et al. 2017a;
Xia et al. 2018). A hydrothermal process using V,Os
is an efficient route to synthesize a single-crystal-
line 1D VO,(B) nanostructure (Zhang et al. 20006);
however, achieving preferred orientation requires a
reductive organic agent (polyethylene glycol) and
extraordinarily long synthesis time of a few days (Li
et al. 2013a; Liu et al. 2004). Thus, it is necessary
to explore novel routes to synthesize the 1D VO,(B)
nanostructures with tunable crystal orientations and
morphology while considerably reduced processing
time for potential mass production.

The electrochemical performances of the
V,051nH,0 and VO,(B) NBs were examined using
galvanostatic charge/discharge tests in the voltage
range from 1.5 to 4 V at a current density of 1C.
Figure 6a, b present the voltage profiles from the Ist
to 10th cycles of the V,05nH,0 and VO,(B) NBs
electrodes. The initial discharge capacities of the
V,05-nH,0 and VO,(B) NBs were 333.9 and 403.1
mAbh/g, respectively. The discharge capacity of the
V,05-nH,0 NBs at the 10th cycle were reduced to

Table 2 Atomic composition of V,05-nH,0 and VO,(B) NBs
based on XPS surveys

Sample Cls (%) Ols (%) V2p (%) Total (%)
V,05-nH,0 23.32 60.57 16.11 100
VO,(B) 10.54 69.41 20.5 100

283.1 mAh/g, whereas that of the VO,(B) NBs were
less significantly reduced to 294.1 mAh/g.

The fact that the V,05nH,0 and VO,(B) NBs
have the layered structures formed by corner- and/
or edge-sharing VO4 octahedron along the ab plane,
leading to efficient intercalation of Li ions. Such
layered structure V,05-nH,0 is a promising energy-
storage material because of its very large d-spacing
(=11.8 A) because H,O molecules exist in the inter-
layer of the bilayer. However, VO,(B) causes efficient
diffusion of Li ions by 1D tunnels along the b axis,
although the d-spacing is relatively narrow because
that VO, (B) consists of two edge-sharing octahe-
dra units. Figure S9 presents the ex-situ XRD curves
of charged and discharged VO,(B) and V,05-nH,0
nanobelts at tenth cycle. The XRD curves of VO,
nanobelts demonstrate a reversible reaction with
unchanged peak positions, whereas the XRD curves
of V,05nH,0O represent an irreversible crystallo-
graphic change with significant peak shifts. During
lithiation, the crystal structure of V,05-nH,0O under-
goes a high angle shift as well as a phase transition
to VO,, originated from a reduction of interlayer
distance by dehydration. This structural changes of
V,05-nH,0 to VO, are considered to be the cause of
the similar working potentials shown in the dQ/dV in
Fig. 6¢. The Li intercalation mechanism of vanadium
oxides is related not only to the crystal structure but
also to the valence state of vanadium (V2*, V3*, v+,
and V°*). Li-ion diffusion fills the structure with Li
ions owing to the high valence state of vanadium, and
as the Li concentration increases, the valence state
of vanadium gradually decreases. The increase in Li
concentration due to diffusion of Li ions was investi-
gated using differential capacity analysis. According
to the first-principles calculation, it is known that Li
intercalation in vanadium oxide appears from 2.3 to
2.7V (Li et al. 2017). VO, crystal structure has sev-
eral Li-ion sites, including Al, A2, C, and C’. At low
Li concentration (0<x<0.25, Li,VO,), voltage pla-
teaus at around 2.7 V corresponds to Li occupation
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at the C site by partially reducing V** to V3*. At high
Li concentration (0.25 <x< 1.0, Li,VO,), Al and A2
sites are occupied by Li-ion with full reduction of
V# to V3* in the potential range between 2.57 and
2.38 V. The redox reaction that occurs in the high
voltage range (3.0~3.2 V) is related to Li,V,05 and
is presumed to be a reaction involving by-products
such as single-crystal VO,(B) and V,05-nH,0 that
have been synthesized (Yuhan et al. 2019; Felix et al.
2017). Characteristic redox peaks of the VO,(B) were
developed at approximately 2.6 V, and the irrevers-
ible redox peaks, considered as the pseudocapaci-
tive behavior, were more significantly developed in
the initial differential capacity curve of VO,(B)
(approximately 2.3 V) (Liu et al. 2017c; Xia et al.

@ Springer

2018). Thus, the reversible discharge capacity of the
V,05-nH,0 and VO,(B) NBs at the 50th cycle was
greater than 240 mAh/g, which is comparable to that
of commercial lithium transition-metal oxide and
phosphate cathode materials (Fig. 6d). Furthermore,
V,05-nH,0 and VO,(B) NBs exhibited a relatively
low Coulomb efficiency of 69.0% and 84.1%, respec-
tively, but except for first cycle, they showed a high
Coulomb efficiency of over 99%. The galvanostatic
charge—discharge curves of the VO,(B) NBs under
various C-rates are presented in Fig. 6e. The reversi-
ble discharge capacities of the VO,(B) NBs were 313,
264, 222, 195, 169, 128, 90, and 254 mAh/g at 0.1,
0.2, 0.5, 1C, 2C, 5C, 10C, and 0.05C, respectively.
Figure 6f presents AC impedance plots of the VO,(B)
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NBs at OCV and after charge—discharge for 1 cycle.
The diameter of the semicircles corresponding to
the charge-transfer resistance increased after 1 cycle,
which can be attributed to the effect of the crystal
structure under Li intercalation/deintercalation.

The electrochemical performance of the VO,(B)
NBs in this work and of previously reported VO,(B)
nanostructures are summarized in Table 3. The
reversible capacity and cycling performances of the
VO,(B) NBs in this work were clearly much greater
than those of the previously reported VO,(B) nano-
structures. This enhanced performance can be
attributed to the synergistic effect of the single-
crystalline structure and residual carbonaceous
elements for NVOs NBs. The single-crystalline
cathode materials are beneficial from good capac-
ity retention due to structural stability (Kimijima
et al. 2016; Chen et al. 2019; Xu et al. 2019), and

a small amount of residual carbonaceous materi-
als may be facilitative to the charge transfer (Dong
et al. 2019). Thus, it can be concluded that the
VO,(B) NBs synthesis using the TCNC templates is
extremely effective for the manufacture of promis-
ing vanadium-based cathode materials with single-
crystalline structure and excellent electrochemical
performance.

Conclusions

In summary, vanadium oxide was prepared using
TCNCs templated hydrothermal synthesis. The main
variables in the hydrothermal synthesis process are
the amount of TCNCs added to the precursor and
the process temperature, and various crystalline- and
morphological- NVOs were synthesized depending

Table 3 Electrochemical behavior of 1D nanostructure VO,(B) as a cathode material for LIBs

Active material Shape Voltage range  Cycle number 1* cycle Last cycle dis-  Electrode com- References
V) discharge charge capacity position
capacity
Single- crystal- Nanobelts 1.5-4 50 348 mAh/g 244 mAh/g VO, This work
line VO,(B) at 1C at 1C (80):Super P
(10):PVDF
10)
Single-crystal- Nanorods 1.5-3.5 17 152 mAh/g 75 mAh/g at VO, (75):acet- Subba Reddy
line VO,(B) at 1C 1C ylene black et al. (2009)
(20):PTFE
(%)
Polycrystalline Nanorods 1.5-4 47 171 mAh/g 108 mAh/g VO, (70):acet- Ganganagappa
VO,(B) at 1C at 1C ylene black and Siddara-
(20):PVDF manna (2012)
(10)
Single-crystal- Nanorods 2.0-3.6 100 195 mAh/gat 130 mAh/gat VO, (80):car- Liuetal.
line VO,(B) 30 mA/g 30 mA/g bon black (2017b)
(15):PVDF
(%)
VO,(B) Nanobelts 1.5-3.75 2 316 mAh/gat 323 mAh/gat VO, (80):acet- Nietal. (2011)
214 mA/g ylene black
(10) :PVDF
(10)
VO,(B) Nanoflowers 0.01-4 30 206.8 mAh/g  6.5mAh/gat VO, Fan et al. (2016)
at 40 mA/g 40 mA/g (80):Super P
(10):PVDF
(10)
VO,(B) Nanobelts 2-3 100 158 mAh/gat 134 mAh/gat VO, (70):acet- Mai et al. (2013)
100 mA/g 100 mA/g ylene black
(20):PTFE
(10)
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on the process conditions. Moreover, the structural
analysis reveal that the aspect ratios decreased as
the amount of TCNCs increased in the hydrother-
mal synthesis process. Among the various NVOs,
V,05-nH,0 and VO,(B) NBs were applied as energy
storage materials through a large path for ion inside
the crystal structure. Through electrochemical analy-
sis, single crystalline V,05-nH,0 and VO,(B) NBs
with the preferred crystal orientation were compared
with polycrystalline VO,(B) NFs. The efficient Li ion
path of the single crystalline V,05-nH,0O and VO,(B)
NBs was demonstrated by high specific capacity and
long cycling performance through the charge/dis-
charge profile. As a result, we conclude that TCNC-
templated hydrothermal synthesis is effective way to
prepare the single-crystalline NVOs for a short pro-
cessing time, and such the single-crystalline NVOs
exhibited excellent performance as a cathode of a
LIBs.
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