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ABSTRACT: Nanocrystalline V,O; particles were successfully entrapped by graphene . 300

nanoribbons (GNRs) derived from unzipped carbon nanotubes. The electrical g’ 250}

conductivity of V,05 nanoparticles was enhanced after introducing the GNRs. The 3- ¢ 200l

dimensional conductive framework in the composites plays a significant role in =

improving the rate performance and cyclability of the material when used as a cathode & 99|

in lithium-ion batteries. By tailoring the mass ratio between the GNRs and the V,05 8 100}

nanoparticles, the fabricated composites can deliver a high capacity of 278 mAh g™" at “(-(Zj s0l

0.1 C, which is close to its theoretical value, whereas a capacity of 165 mAh g_1 can be % ; oo copachy (g
maintained at 2 C. The delivered capacity at 0.1 C can maintain 78% of its initial 00 20 40 60 80 100

capacity after 100 cycles.
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B INTRODUCTION

Graphene nanoribbons (GNRs) prepared by the longitudinal
splitting of multiwalled carbon nanotubes (MWCNTs) are
showing applications in a host of platforms."~ Only recently,
GNRs have been used as supporting materials for metal oxide
composites in anodes for lithium-ion batteries (LIBs).®
Compared to the conventionally used carbon additives such
as carbon black and reduced graphene oxide (rGO), GNRs
have advantages in forming composites with metal oxides. The
nature of the interaction is not known, but the microscopy and
performance substantiate the efficient interaction between the
metal nanoparticles and the GNR surface presumably through
efficient intercalation.” The result is nanoscale mixing, which
should be superior to compositions made through mechanically
mixing active materials with conductive additives such as
carbon black." Second, the active materials trapped in GNRs
can buffer the volume expansion of the active materials during
discharge, especially for composites with conversion and
alloying charge storage mechanisms.” Recently, the edge effect
in two-dimensional materials has been found to be crucial to
their electrochemical performance.® On the basis of the
unzipping mechanism,"* a large number of edge sites are
created during the formation of GNRs, which might produce
more electrochemically active sites for charge transfer during
charge/discharge when compared to rGO and carbon nano-
tubes. The formation of more edge sites in GNRs does not lead
to a loss in the conductivity of the composites.” Before this
report, the applications of GNRs in LIBs were focused on
anodes and there has been no report on cathode composites
using GNRs as the supporting materials.

V,0y5 is one of the most investigated layered metal oxides for
cathode materials in LIBs because of its high electrochemical
activity, high energy density and much higher capacities than
conventional cathode materials such as LiCoO, (140 mAh g™')
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and LiFePO, (170 mAh g™').~'"" For V,0;, a theoretical
capacity of 294 mAh g~! is expected when discharged to 2 V
(vs. Li/Li*) which corresponds to two lithium intercalations.
And an irreversible capacity of 440 mAh g~ is anticipated from
three lithium intercalations when discharged to 1.5 V (vs. Li/
Li*)."”” However, poor cyclability in V,Oy remains a problem
for that cathode material due to degradation upon lithium
diffusion and the poor conductivity of V,0O."* To address those
problems, nanocrystalline V,05 and conducting polymer
coatings have been developed.'*'> Based on our previous
success in using GNRs to integrate with SnO, for high
performance anodes,® in this work, we present an approach to
entrap nanocrystalline V,0; in the three-dimensional (3D)
open framework of GNR arrays to minimize degradation or
lithium diffusion and to improve the conductivity of the
electrodes. The GNRs in the composites work not only as
platforms to load V,O; on their surfaces but also as a network
that is conductive without any other carbon additives, such as
carbon black, being needed. The as-prepared composite
cathodes show enhanced LIB performance with improved
cyclability by tailoring the mass ratio between the GNRs and
V,0:;.

B RESULTS AND DISCUSSION

In this study, GNRs were prepared by Na/K-induced
longitudinal splitting of MWCNTs (for the fabrication details,
see Figure la and the Experimental Section).> Then V,0Oq
nanoparticles (NPs) were entrapped in the GNR composites by
chemically intercalating VCI, with concomitant reduction by
Na/K.* After postannealing at 250 °C for 3 h, V,0O5 NPs can be
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Figure 1. Synthesis scheme and microscopic images of the fabricated GNR-V,05 NP composites. The composition of V,0; entrapped in or on the
GNRs could be tailored from 25, to 40, and 60 wt %, and these are designated as GNR25VO, GNR40VO and GNR60VO, respectively. (a)
Schematic diagram of the fabrication process. (b) SEM and (c) TEM images of GNR25VO. (d) SEM and (e) TEM images of GNR40VO. (f) SEM

and (g) TEM images of GNR60VO.

a 100 b
ol

£ 60 \\\ CHREOVO zu; GNR6OVO,

:g') \\ GNR40VO % GNR40VO

o 40 2

2 \__onResvo| 5 —

20 =
Pristine GNR|
150 300 450 600 750 900 10 20 30 40 50 60 70 80
Temperature (°C) 26 (°)

C  [==GNRrR25v0 d [=—GNR25v0 V2p
——GNR4ovOo  C1s —— GNR40VO o2
——GNRBOVO  {} —— GNRBOVO

3 I 3
8 [ 8
2 [ &) 2
8 g
= h=

286 284 282
Binding energy (eV)

288

Binding energy (eV)

Figure 2. Investigations on the compositions and crystalline structures of the composites. (a) TGA analysis on the composites (in Ar, ramping rate
10 °C min™"). (b) XRD of the composites. (¢, d) XPS C 1s and V 2p spectra of the composites, respectively.

crystallized from the entrapped metallic vanadium. The amount
of V,0O5 NPs can be controlled by tailoring the amount of Na/
K alloy used in the chemical intercalation process. The
morphology changes due to the varied entrapping amounts of
V,05 NPs can be distinguished from SEM and TEM images
(Figure 1b—g) of the post oxidized structures. It is clear that
the amount of highly crystalline V,05 NPs increase with
increasing the Na/K alloy for the VCl, reduction. The average
particle size of the final oxidized NPs ranges from 30—40 nm
(see the Supporting Information, Figure S1). Although a higher
entrapped amount of V,05 NPs can be achieved by using more
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Na/K alloy relative to the amount of GNRs. As expected, the
final oxidized V,O5 NPs are more easily aggregated at their
higher weight fractions (Figure 1f, g) which might block the 3D
open framework of the GNRs, thereby restricting lithium
diffusion.

Further investigation on the composition and crystalline
structure of the composites were performed by thermal
gravimetric analysis (TGA, Figure 2a), X-ray diffraction
(XRD, Figure 2b), and X-ray photoelectron spectroscopy
(XPS, Figure 2c, d). Confirmed by TGA, the entrapped
amounts of V,05 NPs can be tailored from 25 to 40 and 60 wt
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% by sequentially increasing the Na/K alloy content. A carbon
peak (PDF #04—014—0362) at ~26° indentified from XRD is
ascribed to GNRs in the composites. Interestingly, the
crystallinities of the composites with different amounts of
V,05 NPs are also different after postannealing. The diffraction
peaks of V,0; (Orthorhombic, PDF #00—041—1426) NPs
have the lowest intensity for GNR25VO which indicates less
crystalline material, whereas GNR40VO show a higher
crystalline structure of V,0;. Though a crystalline structure
can also be identified from GNR60VO, a diffraction peak at
24.9° (Monoclinic, PDF #04—003—4396) can be assigned to
VO, (110),"® which signifies that the metallic vanadium cannot
be fully oxidized to V°* at this higher loading of NP entrapment
and negatively impacts its performance. Furthermore, the
chemical compositions of the composites confirm the expected
carbon at 284.5 eV, vanadium at 517.1 eV and oxygen at 530.1
eV by XPS (Figure 2c, d and the Supporting Information),
Figure S2. The binding energy of vanadium and oxygen as
determined in XPS indicates the formation of V-oxides in the
composites.17

The cyclic voltammograms (CVs) show the positions of
redox peaks for the reversible redox reactions between the
different valence states of vanadium. To avoid irreversible
formation of w-phase Li,V,05 (x > 2), a potential window
range from 2 to 4 V (vs. Li/Li") was applied at a scan rate of 0.5
mV s~L. Three pairs of redox peaks at 2.7, 3.0, and 3.3 V in
anodic sweep, 3.2 (R1), 2.8 (R2), and 2.4 V (R3) in cathodic
sweep distinguished from CVs (Figure 3a, b) can be assigned to
the different stages during lithium reversibly intercalating into
V,0; according to V,05 + xLi" + xe” S Li,CVZOS.18 More
specifically, the R3, R2, and R1 reduction peaks are recognized
as the continuous formation of different lithiated-V,0O¢ phases,
ie, &-Li,V,0; (0.35 < x < 0.7), 6-Li,V,05 (x = 1), and 7-
Li,V,05 (1 < x < 3), respectively.”'® There is an expected
larger hysteresis (increased from ~0.2 V in GNR25VO and
GNR40VO to ~0.5 V in GNR60VO) and lessened reversibility
from the CVs of GNR60VO due to its relatively poor
conductivity (Figure 3a and the Supporting Information, Figure
S3). Galvanostatic discharge/charge (Figure 3c) was performed
on the composites at 0.1 C to investigate their LIB
performances. The quasi-platforms distinguished in discharge
curves at 3.2, 2.9, 2.5 V and in charge curves at 2.6, 2.9, and 3.2
V indicate different stages of lithium intercalation/deintercala-
tion as confirmed by the CVs. More promising is that
GNR40VO delivers a discharge capacity of 278 mAh g,
which is close to the theoretical capacity of V,0O4 for two
lithium intercalations (294 mAh g™'). However, the composite
with lower crystallinity, GNR25VO, has a lower capacity of 208
mAh g7 It is known that cathode material with higher
crystallinity can deliver better electrochemical performance.'®
With GNR60VO, a capacity of 185 mAh g™ is obtained
together with a large iR drop because of its higher inner
resistance.

Different current densities from 0.1 to 2 C were applied on
the composites to investigate their rate performances (Figure
4a). For GNR2SVO, a capacity of 75 mAh g™ is obtained at 2
C, whereas an improved rate capacity of 165 mAh g_1 is
obtained from GNR40VO at 2 C. However, further increasing
the amount of V,04 NPs to 60 wt % results in a rapidly decayed
capacity to <10 mAh g™' at 2 C because of the lower
conductivity and lower V,Oj crystallinity of that composite.
From the discharge/charge curves of GNR40VO measured at
different C-rates (Figure 4b), the quasi-platforms are still clear
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Figure 3. Electrochemical lithium intercalation/deintercalation per-
formance of the composites. (a) CVs of the composites performed
over a potential window from 2 to 4 V at a scan rate from 0.5 mV s\,
(b) Initial three CVs cycles of the GNR40VO. (c) Discharge/charge
profiles of the composites obtained at a current density of 0.1 C.

even at 2 C indicating fast kinetics for lithium intercalation/
deintercalation. Moreover, cyclability is the most challenging
aspect for practical LIB applications when using V,0; as a
cathode material. While being tested at 0.1 C for 100 cycles,
GNR40VO delivers a greatly improved stability, > 78% capacity
retention, compared with GNR2SVO and GNR60VO (Figure
4c). The facilitated lithium intercalation kinetics resulting from
the 3-D GNR networks and well-dispersed V,05 NPs affect
improved cyclability for GNR40VO. The improved conductiv-
ity can be demonstrated in the electrochemical impedance
spectra (EIS, Figure 4d). It is clear that the charge transfer
resistance (R) for GNR40VO is reduced to 110 Q, whereas a
lower conductivity is found in GNR60VO with R, of 280 €.
With lower V,0; content, GNR25VO has a R of 190 Q. Thus,
there is an optimal loading of V,0; in the GNR composite to
promote proper conductivity, crystallinity and accessibility for
lithium ion migration. Thus, the as-fabricated GNR-V,05 NP
conllgp_ozslites show improved rate performance and cyclabil-

ity
H CONCLUSION

In summary, a composite fabricated by entrapping 40 wt %
V,0; NPs on GNRs delivers a high capacity of 278 mAh g at
0.1 C and 165 mAh g™" at 2 C as well as a capacity retention
>78% after 100 cycles of testing at 0.1 C. Enhanced
conductivity contributed from the GNR frameworks and the
stability of the V,05 NPs endowed by the composite material
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Figure 4. Rate performance and cyclability of the composites. (a) Variation in the capacity of the composites with different applied current densities
from 0.1 to 2 C. (b) Discharge/charge profiles of the GNR40VO at different current densities from 0.1 to 2 C. (c) 100 discharge/charge cycle testing

of the composites at 0.1 C. (d) EIS of the composites.

permits fast kinetics for lithium intercalation/deintercalation in
LIB cathodes.

B EXPERIMENTAL SECTION

Fabrication of GNRs from Unzipped MWCNTSs. The synthesis
of GNRs was achieved by unzipping MWCNTs (Mitsui Chemicals, for
the experimental details see ref 2). Fifty milligrams of MWCNTSs were
added to an oven-dried 250 mL round-bottom flask, which was
transferred to a glovebox under a N, atmosphere. Then 20 mL of
freshly distilled 1,2-dimethoxyethane and 0.15 mL Na/K alloy were
added into the flask to mix with MWCNTSs and form a suspension.
Caution: All synthetic steps involving Na/K alloy should be carried out
with extreme caution under strict exclusion of air or moisture and under
inert gas and appropriate personal protection (hood, blast shields, face
shield, and protective and fire resistant clothing) should be used and worn
at all times. Before taking the flask out of the glovebox, careful sealing
of the flask with a septum was done. At room temperature, the
suspension in the sealed flask was vigorously stirred for 3 days.
Afterward, the suspension was quenched by adding 10 mL of methanol
and the solution was stirred for another 10 min. Then the product was
filtered through a 0.45 um pore size PTFE membrane and washed
sequentially with 100 mL of THF, 100 mL of i-PrOH, 100 mL of H,O,
100 mL of i-PrOH, 100 mL of THF, and 100 mL of Et,O. The final
GNRs were then dried under vacuum (pressure 1 X 10* Torr) at room
temperature for 24 h.

Fabrication of GNRs-V,05 NPs Composites. Fifty milligrams of
GNRs were mixed with 20 mL of freshly distilled 1,2-dimethoxyethane
and different amounts, ie, 0.1, 0.2, or 0.3 mL, of Na/K alloy in an
oven-dried 250 mL round-bottom flask under N, atmosphere in
glovebox. VCl, (liquid, Sigma-Aldrich, molar ratio VCI,:Na/K = 4:1)
was then added to the mixture solution with vigorous stirring for 2 d at
room temperature. In this process, V** was reduced to V° NPs by the
Na/K alloy while intercalating into the GNRs stacks. The mixture was
then quenched with methanol and washed sequentially with THEF, i-
PrOH and H,O followed by filtering over a 0.45 pm pore size PTFE
membrane. The composites were dried under vacuum (pressure 1 X
10* Torr) at 60 °C for 24 h, and annealed at 250 °C (ramping speed
10 °C min™') in air for 3 h to oxidize the metallic vanadium to
vanadium oxides without the loss of GNRs that would occur at higher
temperatures.
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