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A layered structural K-doped (NH,),V3Og/graphene (K-NVG) was prepared via a hydrothermal route and then used as an

anode material for sodium-ion batteries for the first time. The K-NVG nanosheets have a diameter in the range of 200-500
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nm in width. The K-NVG electrode exhibited stable cycling and good rate performance with a reversible capacity of 235.4

mA h g”, which is much higher than 90.5 mA h g™ of the (NH,),Vs0s/graphene electrode after 100 cycles at the current
density of 100 mA g”. Simultaneously, the retention rate was maintained at 82% even after 250 cycles at the current

density of 300 mA g™. Such a good electrochemical property may be attributed to the K-NVG’s stable layered structure.

Introduction

In recent years, with the increasing concerns about renewable energy
sources, low-cost, high power and safety energy-storage devices
have attracted much attention.' Among these devices, although
lithium-ion batteries (LIBs) have gained many achievements,®” their
limited availability and increasing cost with worldwide
commercialization cannot satisfy the
Meanwhile, sodium, possessing similar physical and chemical
properties to lithium, has caused many researchers’ interest. The

substantial demand.®”®

development of Na-ion batteries has many advantages such as
almost infinite supply in the earth’s crust, low cost and good
security.'®!® To date, great efforts have been made in the design of
various electrode materials for SIBs such as Ti-based compounds'®,

1517 and carbon materials'$?

Na-alloys . However, they did not
exhibit good electrochemical properties. Thus, the development of
newly electrode materials for SIBs is essential.

Vanadium oxides and vanadates as important functional
materials have been widely investigated for Na-ion batteries due to
their abundant source, low cost and high energy density and good
electrochemical performance.”’ But as a branch of the vanadates,
ammonium vanadates have not attracted more studies than other
vanadates. We are encouraged to extend our studies on ammonium
vanadates. From the past research®*?°, there are two main defects
that restrict the application of ammonium vanadates bronzes in
sodium-ion batteries. First, due to the instability of NH,", the
structure of ammonium vanadates is easily destroyed after repeating

sodiation and desodiation. Second, compared with other vanadates,
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the capacity of ammonium vanadates is not very high. To overcome
the first problem, vanadates and vanadium oxides were often coated
with carbon materials. It has been found that the stability of
vanadates or vanadium oxides can be obviously improved by
compositing with carbon materials.”’* Among these carbon
materials, graphene, with a flexible structure, superior electrical
conductivity and high surface area, has recently attracted much
attention in SIBs. For example, Arumugam and his co-workers
synthesized VO,/rGO nanorods which exhibited enhanced
electrochemical performance, obviously.*® Meanwhile, it has been
found that doping metal ions in vanadium oxides and vanadates is a
good way to solve the second issue.*’** For instance, Xu et al>*
synthesized Ti-doped V,0s which displayed higher capacity than
pure V,0s. Cao et al® synthesized Mo-doped LiV;0g which
capacity is much higher than 97.8 mA h g of the pure LiV;05
during the 100™ cycle at the current density of 300 mA g™'.

In the present work, the composites of K-doped
(NH,),V3Og/graphene (K-NVG) were synthesized via a simple
hydrothermal route and then used as the anode materials for SIBs for
the first time. Compared  with the (NHy),V;0s,
(NH,),V;Og/grapheme and some other V-based materials®® *’ the
composites exhibited an obviously improved in long life cycles and
capacity. For instance, K-NVG delivered a discharge capacity of
2354 mA h g', which is much higher than 90.7 mA h g of
(NH,),V;Og/graphene (NVG) at the current density of 100 mA g
during the 100" cycles. Furthermore, after 250 cycles, the K-NVG
electrode exhibited a high capacity of 142 mA h g at the current
density of 300 mA g

Experimental
Synthesis of K-doped (NH,),V;04

The graphene oxide (GO) was synthesized from natural graphite
flakes by a modified Hummers method.*® The K-NVG was

synthesized by a simple hydrothermal method. In a typical synthesis,
0.4 g NH4VO; and different amounts of KNO; (molar ratio K:
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V=0%, 5% and 10%) were dissolved in 35 ml ethanol under intense
agitation, and then 15 mg GO was added into the above solution.
After stirring for 2 hours, the resulting solution was poured into a
Teflon-lined stainless-steel autoclave with a 50 ml capacity and
heated at 180 °C for 24 hours. After being cooled to room
temperature, the resulting black precipitate was separated by
centrifugation and washed by ethanol several times. Finally, the
products were dried at 60 °C overnight under air. Herein, the K-
NVG materials prepared with different amounts of KNO; are
denoted as K-0, K-1 and K-2, respectively.
Structural and elemental characterization

X-ray diffraction (XRD) patterns were recorded on PANalytical
X’Pert spectrometer using the Co-Ko radition and the data were
changed to Cu- Ka data. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) were taken on a Hitachi
S4800 instrument and a FEI S-TWIN instrument, respectively.
Raman spectroscopy was performed on a microscopic confocal
Laser Raman Spectrometer (inVia Reflex, Renishaw Co.) using a
532 nm laser at room temperature.
Electrochemical measurements

To evaluate the electrochemical performance, the working
electrode was constructed by mixing the active material, acetylene
black (AB) powder and polyvinylidene fluoride (PVDF) powder in
a weight ratio of 70: 20: 10. The mixture was added to N-methyl-2-
pyrrolidinone solvent to form homogeneous slurry and pressed on
Cu foil circular flakes, and then dried at 90 °C overnight under
vacuum conditions. The electrolyte was 1 M NaClO4 in a 1: 1: 1
(volume ratio) mixture of ethyl-carbonate (EC), ethyl methyl
carbonate (EMC) and dimethyl carbonate (DMC). The cells were
assembled in a glove box filled with highly pure argon gas, and
charge—discharge tests were performed in the voltage range of 0.05
to 3 V (Na"/Na) on a Land automatic battery tester (Land CT 2001A,
‘Wuhan,China). The electrochemical impedance spectroscopy (EIS)
was performed on an IM6 Electrochemical Workstation (Zahner).
The EIS data were collected with an AC voltage of 10 mV amplitude
in the frequency range from 1 mHz to 100 mHz.

Results and discussion
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Fig. 1 XRD patterns of K-doped (NH,),V;0g/graphene materials (a)
K-0, (b) K-1 and (c) K-2.

Fig. 1 shows the XRD patterns of the K-doped
(NH,),V30g/graphene samples. All the diffractions can be
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indexed to the tetragonal (NH,4),V;0g (JCPDS No. 51-1733,
space group: P4bm). At the same time, the (NH,),V;0g has
been proved that possess layered structure by some reports.>**!
The diffractions peaks at 10 and 30 degrees demonstrates that
little graphene oxide and NH,V;0g phases appear in the final
products. However, the doping amount of KNO; is limited.
When the molar ratio of K to V more than 12.5%, the final
product will change to (NHy);9,V30g phase (Fig. S1). First, all
the diffraction peaks of the JCPDS: 00-37-0515 appeared
before 45 degree. This is same to ours. Second, the strongest
diffraction peak of JCPD: 51-1733 is (001). However, (001),
(120), (121) are the strongest diffractions of JCPD: 00-37-0515.
The peak of 28 degree in Fig.S1 belongs to (NH,4),V;0;4. As is
well known, the formation of ammonium vanadates is strongly
dependent on pH value and addition agents.??® Simultaneously,
the differences between them were also observed from the main
pattern. With the increasing KNO; amount, the intensity of
diffraction peaks decreased; this might be attributed the fact
that the K ions (0.133 nm) partly replaced the NH," ions
(0.143 nm). Furthermore, the more K™ doped, the lower the
intensity.

250 am

T AR ‘1. 3 |
Fig. 2 SEM images of K-doped (NH,),V;Og/graphene materials
(a, b) K-0, (c, d) K-1 and (e, f) K-2.

SEM images of K-0, K-1 and K-2 were depicted in Fig. 2. As
presented in Fig. 2a, b, it can be found that a mass of clusters that
composed of nanosheets for the sample of K-0. The thickness of
these nanosheets is found about 10 nm. Meanwhile, with the
increasing the amount of K, the clusters gradually disappear.
Moreover, more and more nanosheets appears in K-1 and K-2. This
shows that K makes an impact on the morphology of materials.
TEM images and HRTEM images are shown in Fig. 3. It can be seen
from Fig. 3a, that these clusters have a diameter of about 500 nm.
Meanwhile, as presented in 3c and 3e, the lateral sizes of these
nanosheets are typically in the ranges of 200 — 500 nm in width and
several tens of micrometers in length. As confirmed in Fig. 3b, 3d
and 3f, it can be found that their lattice fringe were 0.252, 0.253 and
0.325 nm corresponding to the (311), (311) and (211) interplanar
distances of K-0, K-1 and K-2, respectively. In addition, the SAED
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Please do not adjust margins




- [-Palton TFransactions! i

Journal Name

patterns in the insets of Fig. 3b, d and f show some diffraction spots
which can be indexed to the (001), (211) and (420) planes of the
corresponding materials. This is in good agreement with the XRD
patterns.

(420)

(420)

e Yoo B

Fig. 3 TEM images of K-doped (NH,4),V;0g¢/graphene materials (a)
K-0, (c) K-1 and (e) K-2; HRTEM images of (b) K-0, (d) K-1 and (f)
K-2 (insets: the corresponding SAED patterns).

K-0, K-1 and K-2 structural information is also provided by
Raman spectrum in Fig. 4.*** It indicates that K-0, K-1 and K-2
have analogous spectra at 156, 190, 278, 422, 508, 701, 1101, 1350
and 1630 cm™. The peaks located at 156 and 190 cm™ are assigned
to the stretching mode of (V,0,), corresponding to the chain
translation. The lines are strongly associated with the layer structure.
Peaks which located at 278 and 422 cm’' are assigned to the
vibrations of the O=V bonds. The lines at 508 and 701 ¢cm™ are the
V;-0 and V,-O vibration.* The 1101 cm™ line is accounted for the
terminal oxygen (V=0) stretching vibration which caused by
unshared oxygen.* So the results demonstrates that all the samples
have the [V304] layer stack structure. The peaks at 1350 and 1630
em’! are characteristic peaks of graphene which were assigned as D
band and G band, respectively. Usually the D band corresponds to a
k-point phonon of A;, symmetry. Simultaneously, the G band is
related to the in-plane bond stretching motion of pairs in sp2 carbon
atoms.”” At the same time, the intensity of D and G band can be used
to identify the reaction of graphene.*® The ratio of Ip to I is 0.904
for the pure graphene and 1.06, 1.03 and 1.12 are for K-0, K-1 and
K-2 (Fig. S2), respectively. It indicates that the pure graphene has
been reduced after hydrothermal process. This is consistent with the
previous reports.*’

The samples are analyzed by XPS (X-ray photoelectron
spectroscopy) measurement in Fig. 5. As depicted in Fig. Sa, the
survey spectrum reveals that the samples consist of V, O and N on
the surface. The 2p core level spectrum of vanadium displays two
asymmetrical peaks related to the V 2p;, and V 2p;, orbital. Both V
2psp» and V 2p;, are divided in two peaks, corresponding to V>*

This journal is © The Royal Society of Chemistry 20xx
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(517.7 eV, 525.48 eV) and V** (5162 eV, 524.78 eV), which
confirms the mixed valence states of V in Fig. 5b.5°" The V**/v*
molar ratio was calculated from the integration of the V 2p peaks.
The V*'/V* ratio of K-0, K-1, K-2 are 2.03, 2.01 and 1.88,
respectively, which are closed to the theoretical value for the
V' VH=2: 1 of (NH,),V;05. At the same time in Fig. 5¢c, we could
find the two samples contain K except K-0. Beyond that, K is also
certified by EDX (Energy Dispersive X-Ray Spectroscopy) in Fig.
S3. They all confirm the presence of doping element. Comparing the
Cls XPS spectrum of pure graphene and the graphene after reaction,
a significant loss of oxygen-containing functional groups indicates
the sufficient reduction of graphene during the hydrothermal process
(Fig. S4).
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Fig. 4 Raman spectrum of K-doped (NH,),V;0g/graphene materials.
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Fig. 5 XPS spectrum of (a) K-doped (NH,),V;0g/graphene materials,
(b) V 2p and (c) K 2p.
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Fig. 6 (a-c) CV curves of K-doped (NH,),V;0g/graphene materials
at a scanning rate of 0.5 mV/s in the voltage range of 0.05-3.0 V,
respectively; (d) cycling  performance of  K-doped
(NH,),V;Og/graphene materials at the current rate of 100 mA g’'; (e)
rate capabilities from 0.1 to 1 A g™'; (f) cycling performance of K-2
at the current rate of 300 mA g™

The electrochemical performance of all the samples is displayed
in Fig. 6. In Fig. 6a-c, both the samples’ CV curves show a large
cathodic peak in the first cycle, owing to the formation of the solid
electrolyte interface (SEI) layer. The insertion and extraction of Na
ions in K-0, K-1 and K-2 take place in a wide voltage window of
0.05-3V. In Fig. 6d, it can be found that K-0, K-1 and K-2 show high
capacities of 144.7, 209.4 and 235.4 mA h g at the current density
of 100 mA g after 100 cycles respectively. The capacity of K-2 is
higher than those of K-1 and K-0. Meanwhile, the reduced graphene
shows a low capacity at the range of 0.05-3 V and current density of
100 mA g (Fig. S5a). At the same time, the rate capability was
displayed in Fig. 6e. The capacities of 210, 158.6, 131.9, 93.3 and
190.5 mA h g are achieved for K-2 at 0.1, 0.3, 0.5, 1, 0.1 A g,
respectively. However, K-0 and K-1 displays capacities of 90.2 and
1445 mA h g' at the current density of 0.1 mA g'. K-2 also
exhibited the highest rate capability in all samples. The capacity of
142 mA h g at the current density of 300 mA g™ after 250 cycles
demonstrated that K-2 exhibits good reversibility in Fig. 6f.
Furthermore, K-2 displayed long cycling performance in Fig. S5b.
After 700 cycles, the retention capacity is 103.2 mA h g at the
current density of 400 mA g'. The cycling performance of materials
without graphene is shown in Fig. S5c. It can be found that the
materials without graphene showed inferior cycling performance at
the current density of 100 mA g'. So the reduced graphene only
plays a role in stabilizing the structure. Meanwhile, the capacity of
the changed phase (NH,), ¢,V3Og/graphene is displayed in Fig. S5d.
It confirms that excessive K' restricted the electrochemical
properties obviously. So it can be seen that the best doping amount is
10%. In the (NH,),V30s, NH;" occupies the interlayer site where
activation energy is high and NH," cannot emerge. In this system
reversible capacity might be from sodiation and desodiation, so
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Fig. 7 Nyquist plots of K-doped (NH,),V;Og/graphene materials.

NH," plays a part in supporting [V3Og]. Some groups have studied
the impacts of metal ion doped layered structure materials.’>> It had
been found that K can improve ammonium vanadates properties.
There are two reasons for the improvement of material properties.
Firstly, the radius of K" is smaller than NH," and the space between
the layers after the substitution of some NH," can become larger. It’s
conducive to the transmission of electrons and sodium ions
embedded. Finally, the repulsion between Na" and K is smaller than
the repulsion between Na' and NH,", so it is benefit for Na"
sodiation and desodiation. So the K-doped (NH,4),V;Og exhibits

good electrochemical properties. Compared with K-doped
Nag(V19055).16H,0*, V,05 nano-spheres’ and
VO,°1.65H,0/graphene microspheres®, K doped

(NH,4),V3Og/graphene shows higher discharge capacity and long
cycling times, as shown in Table S1.

Scheme. 1 Schematic illustration of the formation process of K-
doped (NH,),V;Og/graphene.

The electrochemical impedance measurements were performed
to elucidate the difference in electrochemical properties. The
Nyquist plots for the two samples are one semicircle and a straight
sloping line at low frequency in Fig. 7.>*° which was fitted by the
simplified equivalent circuit in the inset of Fig. 7. The equivalent
electrical circuit consists of an active electrolyte resistance Rg in

This journal is © The Royal Society of Chemistry 20xx
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series with the parallel combination of the double-layer capacitance
C1 and a film capacitance Ry, and the double-layer capacitance C2
and an impedance of a faradaic reaction. In this model, the
impedance of a faradaic reaction consists of an active charge transfer
resistance Ry and a specific electrochemical element of diffusion W
called Warburg element. It can be found that K-2 has smaller charge
transfer resistance than K-0 and K-1, which would favour superior
capacity and rate performance.

The K-doped (NH,),V;0g/graphene has a layered structure with
more interlayer space, as showed in Scheme. 1,°* which provide
enough space for more Na’ intercalation and de-intercalation.
During the cyclic process, the doped K* will act as pillars between
layers to help improve the space of the structure. Meanwhile, the
repulsive force of Na" and K is smaller than the repulsive of Na"
and NH,". Sodium ions can better intercalate and de-intercalate.
Graphene stabilizes the layered structure. Meanwhile, The K-doped
(NH,4),V;0g/grapheme (5% and 10%) shown smaller charge transfer
resistances, indicating faster electron transfer rate. Therefore, K-

doped (NH,),V;Og/graphene materials can exhibit a better
electrochemical performance in sodium-ion batteries.
Conclusions

In summary, we successfully synthesized the K-doped

(NH,),V;Og/graphene materials for the first time. When firstly
evaluated as an anode material for sodium-ion batteries, the
graphene based K-doped (NH4),V;05 composite exhibit high
capacity, cycling stability and good rate performance. The improved
electrochemical performance might be attributed to two cases. First,
the flexible graphene made the structure of (NH,4),V;05 more stable
during repeating sodiation and desodiation. Second, due to the radius
of the K™ is smaller than that of NH,", the K-doped (NH,),V;0s
owned more interlayer space that benefit for Na” movement and
faster electron transfer rate. Thus, the graphene based K-doped
(NH,),V3;0g material may be promising as sodium-ion batteries
electrode in the future.
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The K-doped (NH4),V3Og/graphene electrode exhibited stable cycling and good rate

performance.



