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One-Step Synthesis of 2-Ethylhexylamine Pillared Vanadium
Disulfide Nanoflowers with Ultralarge Interlayer Spacing for

High-Performance Magnesium Storage

Xiaolan Xue, Renpeng Chen, Changzeng Yan, Peiyang Zhao, Yi Hu, Weihua Kong,

Huinan Lin, Lei Wang, and Zhong Jin*

Rechargeable magnesium batteries (RMBs) are attractive candidates for
large-scale energy storage owing to the high theoretical specific capacity, rich
earth abundance, and good safety characteristics. However, the development
of desirable cathode materials for RMBs is constrained by the high polarity

and slow intercalation kinetics of Mg?* ions. Herein, it is demonstrated that
2-ethylhexylamine pillared vanadium disulfide nanoflowers (expanded VS,) with
enlarged interlayer distances exhibit greatly boosted electrochemical perfor-
mance as a cathode material in RMBs. Through a one-step solution-phase
synthesis and in situ 2-ethylhexylamine intercalation process, VS, nanoflowers
with ultralarge interlayer spacing are prepared. A series of ex situ characteri-

3833 mAh cm™ nearly double that of
lithium (2062 mAh c¢m™), and exhibits a
relatively negative reduction potential of
—2.4 V versus standard hydrogen electrode
(SHE)."®l Despite of these intriguing
merits, the practical employment of
RMBs is hampered by several main hur-
dles. First, clumsy Mg?" intercalation is
the primary limitation for the choice of
competent cathode materials, because the
strong Coulombic interactions between
the divalent Mg?* ions and the anions in
the host materials often result in slug-

zations verify that the cathode of expanded VS, nanoflowers undergoes a
reversible intercalation reaction mechanism, followed by a conversion reaction
mechanism. Electrochemical kinetics analysis reveal a relatively fast Mg-ion
diffusivity of expanded VS, nanoflowers in the order of 10''-107'2 cm? s™', and
the pseudocapacitive contribution is up to 64% for the total capacity at 1 mV s™.
The expanded VS, nanoflowers show highly reversible discharge capacity

(245 mAh g™ at 100 mA g™'), good rate capability (103 mAh g~' at 2000 mA g™'),
and stable cycling performance (90 mAh g™ after 600 cycles at 1000 mA g™').

1. Introduction

The exploitation of secondary batteries based on metal lithium
anodes is seriously plagued by the safety issues rooted in the
formation of lithium dendrites.'>! As an alternative, recharge-
able magnesium batteries (RMBs) with metal Mg anodes have
recently received great attention owing to the cost efficiency,
abundant reserves, and dendrite-free plating process. Notably,
magnesium also gives a theoretical volumetric capacity of
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gish diffusion kinetics and slow interfacial
charge transfer.'%13 Second, to design
appropriate electrolytes for Mg plating/
stripping with high Coulombic efficiency,
wide electrochemical window, and good
compatibility with the cathodic materials
is another great challenge.'*!%] Therefore,
to develop advanced cathode materials
capable of rapid Mg?* insertion/extraction
in suitable electrolytes for reversible Mg
plating/stripping is highly desirable.

Since the pioneering work of Chevrel phase compounds
(MogSg) reported by Aurbach et al. in 2000,%! tremendous
efforts have been devoted to develop cathode materials for
RMBEs, including transition metal oxides (MnO,, V,0s, Mn;0,,
WO;, Co;0,),1"72!l polyanionic compounds (Mg; o3Mng¢7SiO,,
MgCoSi0,),?%?3 and transition metal dichalcogenides (TMDs,
such as TiS,, MoS,, WSe,).2*28 However, most oxides and
polyanionic compounds suffer from low capacity and poor
cycling performance owing to the strong interactions between
divalent Mg?" and O%" in the hosts.[?>?% On the contrary, TMDs
are deemed to be a class of promising cathode materials with
more favorable kinetics, attributing to the relatively weaker
Mg—S or Mg—Se bonds than Mg—0 bond.?>?83% Nevertheless,
layered TMDs also suffer from slow Mg?" ion diffusion due to
the narrow interlayer spacing and the high polarity of Mg?*.31l
Recently, it was reported that the interlayer distances of TMDs
could be expanded by intercalating guest molecules (water or
organic molecules), enlarging the dimension of ion diffusion
channels and shielding the Coulombic interactions between
Mg?* and the lattice anions of hosts.'>?’ In addition, the inter-
calated molecules served as interlayer pillars are conducive
to maintain the framework of host materials for prolonged
cycles.32:33]
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Vanadium disulfide (VS,) is a typical member of layered
TMDs with hexagonal structure, which is composed of a
metal vanadium layer interleaved with double sulfur slabs and
stacked by weak van der Waals force with an interlayer spacing
of 5.76 A.3*35 This loosely stacked framework with large open
channels between the layers makes VS, a promising pseudo-
capacitive candidate because this structure is propitious to the
fast ion diffusion and the maintenance of structural integrity
during repetitive cycling.?® In addition, theoretical studies
have predicted that monolayer VS, is metallic, which is ben-
eficial to the charge transfer.’”l These features endow VS, a
great potentiality in RMBs. Herein, we report the preparation of
expanded VS, nanoflowers intercalated with 2-ethylhexylamine
molecules as a high-performance cathode material for RMBs.
The intercalation of 2-ethylhexylamine molecules on one hand
greatly enlarged the interlayer spacing for accelerating ion dif-
fusion, on the other hand shielded the electrostatic interactions
between active magnesium species and VS, host. To elucidate
the detailed reversible magnesium storage mechanism of
expanded VS,, ex situ X-ray diffraction (XRD), transmission
electron microscopy (TEM) and X-ray photoelectron spectros-
copy (XPS) characterizations are carried out. Furthermore, gal-
vanostatic intermittent titration technique (GITT) and cyclic
voltammetry (CV) methods are used to investigate the thermo-
dynamics and reaction kinetics of expanded VS, during mag-
nesiation/demagnesiation, confirming the fast Mg?* diffusion
rate and high pseudocapacitive contribution accounting for the
good performances of magnesium ion storage. According to the
previous report,?¥ Mg(HMDS),-4MgCl,/THF is an excellent
electrolyte for RMBs. However, its practical application is still
limited by the high volatility and flammability of THF. Notably,
ionic liquids have been widely used as an efficient additive in
the electrolytes of electrochemical energy storage systems,
owing to their low melting points, high boiling points, low
vapor pressures, high chemical and thermal stability, and good
nonflammability, etc.?** Hence, in this work, the PP, TFSI
ionic liquid with relatively wide electrochemical window and
high ionic conductivity is selected as a co-solvent to improve
the physicochemical properties of electrolyte.

2. Results and Discussion

The process for preparing expanded VS, nanoflowers is
schematically illustrated in Figure la. The expanded VS,
nanoflowers with enlarged interlayer spacing were directly
synthesized by a one-pot solvothermal method with the assis-
tance of 2-ethylhexylamine served as both solvent and inter-
calation agent, as detailed in the Experimental section of
Supporting Information. As a comparison, the expanded VS,
nanoflowers were further annealed at 400 °C to removing the
2-ethylhexylamine molecules, to obtain a control sample of
annealed VS, nanoflowers with normal (recovered) interlayer
spacing. Figure 1b,e present the scanning electron micros-
copy (SEM) images of the as-prepared expanded VS, nano-
flowers and annealed VS, nanoflowers. These two samples
with almost the same morphologic features are composed of
uniform flower-like nanostructures assembled by numerous
nanosheets. As shown in Figure 1lcf, TEM images further
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demonstrate their hierarchical structures assembled by wrin-
kled VS, nanosheets. From the high-resolution TEM (HRTEM)
images in Figure 1d,g, it is found that the expanded VS, nano-
flowers display a well-defined ultrathin layered structure with
an interlayer spacing of 9.93 A, corresponding to the expanded
(001) planes of VS,; while the annealed VS, nanoflowers exhibit
a narrowed interlayer spacing of 5.73 A comparable to normal
VS,. The polycrystalline nature of the as-synthesized samples is
confirmed by selected-area electron diffraction (SAED) patterns
(the insets of Figure 1d,g). The energy-dispersive X-ray spectra
(EDX) and corresponding elemental mappings (Figure 1h,i
and Figure S1, Supporting Information) confirm the presence
and homogeneous distribution of V, S, C, and N elements in
the expanded VS, nanoflowers and annealed VS, nanoflowers.
The EDX analysis of expanded VS, nanoflowers displays a
higher atomic ratio of N element compared to annealed VS,
nanoflowers, indicating the realization of 2-ethylhexylamine
intercalation.

XRD analysis was used to investigate the crystalline struc-
tures of the as-prepared samples (Figure 2a). All XRD peaks
of annealed VS, nanoflowers are consistent with the position
of hexagonal VS, (JCPDF#36-1139). In contrast, the diffraction
peaks of expanded VS, nanoflowers are markedly different,
showing a sharp peak at 9.28°, and the corresponding inter-
layer distances of 9.93 A is assignable to the (001) lattice plane
of expanded VS,.[*1*2] The XRD pattern of the expanded VS,
does not match well with the PDF card, which is because of
the insertion of large organic molecules between the layers and
thus the positions of some diffraction peaks are changed.*!
For comparison, annealed VS, nanoflowers shows the (001)
diffraction peak at 15.6° after removing the 2-ethylhexylamine
molecules by thermal treatment, possessing the standard inter-
layer distance of 5.73 A. It can be deduced that the interlayer dis-
tance enlargement of expanded VS, nanoflowers is attributed to
the intercalation of 2-ethylhexylamine molecules, as evidenced
by attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy in Figure 2b. The peaks at around 3423 and
1615 cm™ are attributed to the stretching and bending vibra-
tions of N—H bonds, respectively. The peaks at 2957, 2926, and
2858 cm™! are assigned to the stretching vibrations of CH, CH,,
and CHj; groups. The peaks located at 1465 and 1378 cm™! are
indexed to the bending vibrations of CH, and CH; groups. The
C—N stretching vibration absorption signals between 1000 and
1400 cm™! are also observed. These results reveal the presence
of 2-ethylhexylamine molecules in the as-synthesized expanded
VS, nanoflowers. To further confirm the successful intercala-
tion of 2-ethylhexylamine molecules in expanded VS, nano-
flowers, thermogravimetric analysis (TGA) was carried out
from 25 to 500 °C in N, atmosphere, as presented in Figure S2
of Supporting Information. Compared to that of annealed VS,
nanoflowers, the TG trace of expanded VS, nanoflowers shows
a weight loss of 16%, corresponding to the evaporation and
thermal decomposition of intercalated 2-ethylhexylamine mole-
cules.*?l In Figure S3a of Supporting Information, the Raman
spectra of both expanded and annealed VS, nanoflowers pre-
sent six characteristic bands at 140.4, 192.1, 281.5, 406.6, 687.8,
and 991.6 cm™, well consistent with the previous reports.[*>*4

XPS analysis was further conducted to investigate the
chemical compositions and states of the samples (Figure S3b,
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Figure 1. a) Schematic illustration of the one-step synthesis and in situ intercalation process of expanded VS, nanoflowers and annealed VS, nanoflowers.
b,e) SEM, ¢,f) TEM, and d,g) high-resolution TEM images of expanded VS, nanoflowers and annealed VS, nanoflowers, respectively. The insets in (d) and
(g) are the corresponding SAED patterns. h) Spatial distribution and i) atomic contents of V, S, C, and N elements in interlayer-expanded VS, nanoflowers.

Supporting Information). It is observed that all the XPS to the V*' state (Figure 2c).*¥ In addition, two smaller peaks
peaks can be indexed to V, S, C, and N elements. In the high-  at around 522.7 and 513.3 eV are observed, indicating the
resolution V 2p spectra, two main peaks at around 524.3 and  formation of a small amount of V?* species due to the reduc-
516.7 eV are assignable to V 2p;;, and V 2ps,, corresponding  ibility of organic amines and the strong reducibility of H,S

Adv. Energy Mater. 2019, 1900145 1900145 (3 of 11) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

(o

a di=9.93 A — expanded VS, C-t‘l stretching vibration c-H be:iing vibration
- — annealed VS, i
5 5
. A A 3
= = > v H bending |
D o ,.dm_s...'7.3..A, A A A £ | N-H stretchin \';libll—'iatt)ii:dmg '
c —~ . .
o £ S JCPDS#36-1139 g | Vvibration —expanded VS,
c S g £ 3423 :
- e T 8 So~ = —annealed VS, 1465
—~ o =8%
] hs § vgg 295 §: —2-ethylhexylamine
e T | 1. 29262858
20 40 60 80 4000 3000 2000 1000
20 (Degree ) Wavenumber (cm-')
c d
expanded VS, V 2p expanded VS, S2p
— v 2p3/2 —~ S 2p1/2 S 2p3/2
S V 2py, S Sulfate &‘
K S ——
= =
‘» ‘@
5 5
= annealed VS, : £ | annealed VS,
528 524 520 516 512 172 168 164 160
Binding Energy (eV) Binding Energy (eV)
e ded VS C1s f ded VS N 1s
expande 2 cC expande 2 NH
3 El
< c-o < c-N
= =
‘» ‘®
[ [
R} 2
£ | annealed \EA £ |annealed VS,
292 288 284 280 408 404 400 396

Binding Energy (eV)

Binding Energy (eV)

Figure 2. a) XRD patterns of expanded VS, nanoflowers and annealed VS, nanoflowers, respectively. b) ATR-FTIR spectra of expanded VS, nanoflowers,
annealed VS, nanoflowers, and pure 2-ethylhexylamine, respectively. High-resolution XPS spectra at c) V 2p, d) S 2p, €) C 1s, and f) N 1s regions of

expanded VS, nanoflowers and annealed VS, nanoflowers, respectively.

produced by the decomposition of thioacetamide during the
synthesis process.*?®] The V' ratio in annealed VS, nano-
flowers is higher than that in expanded VS, nanoflowers,
owing to the reduction atmosphere in thermal treatment pro-
cess. As presented in S 2p spectra (Figure 2d), the two major
peaks at around 162.0 and 161.5 eV correspond to S 2p;/, and
S 2p;; of S~ species.**4 The peaks located at about 162.7 and
163.8 eV can be assigned to S,>~ and S° species, respectively.*¢!
The peaks at around 168.9 eV assignable to sulfate reveal the
slight oxidization of VS, due to exposure to air.*¥ Figure 2e
shows the C 1s spectra of the samples, in which the peaks at
284.6, 285.4, and 286.3 eV can be attributed to C—C, C—N, and
C—O bonds, respectively.!! The peaks at 401.5 and 399.7 eV
in N 1s spectra can be assigned to the N—H and N—C bonds
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in 2-ethylhexylamine molecules and/or N-doped amorphous
carbon after annealing.*#”] For annealed VS,, the position of
this peak is shifted to a slightly higher energy level (=402 eV),
which is because the thermal decomposition of organic amine
molecules when annealed at high temperature has caused
chemical environmental change of N species. Notably, the
intensity of N signal at 401.5 eV of expanded VS, nanoflowers
is much stronger than that of annealed VS, nanoflowers, indi-
cating the successful intercalation of 2-ethylhexylamine mol-
ecules in expanded VS, nanoflowers. N, adsorption/desorption
isotherms were used to determine the specific surface areas
of the products, which reveal their type-IV isotherms with a
porous structure (Figure S4a, Supporting Information). The
BET surface areas of expanded VS, and annealed VS, are 136
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and 177 m? g1, respectively, and the pore size calculations of
expanded VS, and annealed VS, indicate a similar distribution
(Figure S4b, Supporting Information). The relatively large spe-
cific surface area and highly porous structure are beneficial to
the interfacial contact between electrolyte and electrode mate-
rials and can provide more active sites for magnesium storage.

The electrolytes were first synthesized and characterized
as detailed in the Supporting Information. As presented in
Figure S5 of Supporting Information, the TGA curves show
that pure PP, TFSI exhibits almost no significant weight loss
below 385 °C, indicating its excellent thermal stability. Similarly,
the mixed solution of THF and PP;,TFSI with a volume ratio
of 2:1 begins to lose weight at above 375 °C, while the boiling
point of pure THF is only 66 °C, demonstrating that the addi-
tion of PP, TFSI can effectively inhibit the solvent volatilization
in electrolyte. Moreover, the Mg plating/stripping behaviors in
Mg(HMDS),-4MgCl,/THF and Mg(HMDS),-4MgCl,/2THF-
PP, TESI have also been analyzed by CV. Although the overpo-
tential of Mg plating/stripping in Mg(HMDS),-4MgCl,/2THF-
PP,TESI is slightly higher than that in Mg(HMDS),-4MgCl,/
THF, the Mg plating/stripping currents in the former elec-
trolyte are greatly higher than that in the latter, indicating the
addition of PP, TFSI can significantly improve the Mg plating/
stripping performance (Figure S6a, Supporting Information).
Besides, The CV curves measured with Pt foil as working elec-
trode and Mg foil as both counter and reference electrodes
also display that the electrochemical window of Mg(HMDS),-
4MgCl,/2THF-PP,TFSI is wider than that of Mg(HMDS),-
4MgCl,/THF, indicating the better oxidation stability of the
former. To further investigate the Mg plating/stripping behavior
of Mg(HMDS),-4MgCl,/2THE-PP,TFSI, the chronopoten-
tiometry was conducted by the coin cells with Mo as positive
electrode and Mg as negative electrode. As shown in Figure S6b
of Supporting Information, the Coulombic efficiency of the first
cycle is 94.6% and finally stabilizes at about 98.6%, indicating
its good capability for stable Mg plating/stripping.

To examine the electrochemical properties of expanded
VS, and annealed VS, nanoflowers, CV analysis and galva-
nostatic discharge/charge cycling were conducted. The CV
profiles of expanded VS, nanoflowers (Figure 3a), except the
first two cycles, show two pairs of redox peaks at 1.37/1.18
and 0.80/0.56 V, in which the former is corresponding to the
active magnesium species intercalation/deintercalation and
the latter is assignable to the magnesium conversion reaction.
The first two cycles of CV curves display apparent differences
compared with the latter cycles, indicating that the first few
cycles of expanded VS, electrode undergo irreversible reactions.
Meanwhile, another reduction peak at about 1.60 V is observed,
which should be ascribed to the reactions in the first few cycles
of activation process and the reactions between organic amine
and electrolyte. The CV curves of expanded VS, electrode after
cycled at the current density of 100 mA g for 10 cycles in
Figure S7 of Supporting Information show that the reduction
peak at about 1.60 V disappears, indicating the disappearance
of these side reactions, which is also a good explanation for the
capacity increase in the following cycles. Notably, compared
to the expanded VS, electrode, the CV profile of annealed VS,
electrode exhibits no obvious redox peaks and significantly
decreased peak currents, implying the inferior electrochemical
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performance of annealed VS, with almost negligible active
magnesium species intercalation/deintercalation capability
(Figure S8a, Supporting Information). Figure 3b presents the
discharge/charge performances of expanded VS, and annealed
VS, electrodes at the current density of 100 mA g~!. With about
10 cycles of activation, a highly reversible discharge capacity
of 245 mAh g! was obtained by expanded VS, electrode and
retained 78% of this value after 100 cycles. The Coulombic
efficiency of the first cycle is 59.3% with the initial discharge
and charge capacities of 116 and 69 mAh g~!, respectively, and
it is greatly improved to about 104% starting from the ninth
cycle, which could be attributed to the polarization and activa-
tion of the electrode in the first few cycles. For comparison, the
annealed VS, electrode only exhibits a poor discharge capacity
of about 30 mAh g1, because the intrinsic narrow interlayer
spacing and strong electrostatic interaction seriously hindered
the magnesium storage.

Figure 3c shows the galvanostatic discharge/charge profiles
of the expanded VS, electrode at various current densities. The
discharge profiles exhibit a plateau behavior, corresponding to
the intercalation of active magnesium species. The discharge
plateau is still visible at high current rate of 2000 mA g7,
despite of showing a slight decline of the platform voltage. In
contrast, the galvanostatic discharge/charge profiles of annealed
VS, electrode cannot display a plateau behavior (Figure S8b,
Supporting Information), which is in accordance with the CV
profiles. The expanded VS, electrode achieves a high discharge
capacity of 249 mAh g at 100 mA g after 10 cycles of activa-
tion. When the current rate increases stepwise, the expanded
VS, electrode exhibits average reversible discharge capaci-
ties of 212, 179, 140, and 102 mAh g! at 300, 500, 1000, and
2000 mA g1, respectively (Figure 3d). Moreover, when the cur-
rent rate is reduced stepwise back to 100 mA g}, the specific
capacity of expanded VS, electrode recovers to 232 mAh g7,
indicating the good tolerance of host material during magne-
siation/demagnesiation processes. In contrast, the annealed
VS, electrode delivers very poor discharge capacities at the
same current densities (Figure 3d). As shown in Figure S9 and
Table S1 of Supporting Information, the rate performance of
expanded VS, nanoflowers is very competitive among the previ-
ously reported cathode materials for RMBs, especially at high
current densities.

To evaluate the long-term cycling stability, the RMBs based
on the expanded VS, and annealed VS, cathodes are cycled at a
high current density of 1000 mA g~!. As presented in Figure 3e,
after nearly 10 cycles of activation, the discharge and charge
capabilities of expanded VS, cathode are gradually increased
from 81 and 63 mAh g! to 129 and 132 mAh g, respectively,
corresponding to the increase of Coulombic efficiency from
77% to nearly 102%. After 600 cycles, the discharge capacity
of expanded VS, electrode still maintains at 90 mAh g7,
with a capacity retention of about 70% and Coulombic effi-
ciency of 102%. The Coulombic efficiency at lower current
density is greater than 100%, while it is improved to nearly
100% at high current density, which could be owing to the
self-discharge phenomenon at lower current density, similar
to the results reported in previous works.*3#9 The cycling sta-
bility of expanded VS, nanoflowers is remarkable among the
reported Mg-storage cathode materials (Table S1, Supporting
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Figure 3. a) CV curves of expanded VS, electrode at a scan rate of 0.2 mV s7' in the voltage range of 0.2-2.2 V versus Mg?*/Mg. b) Cycling perfor-
mances and Coulombic efficiencies of expanded VS, and annealed VS, electrodes tested at a current density of 100 mA g™', respectively. c) Galvano-
static discharge/charge profiles at various current densities. d) Rate capabilities of expanded VS, and annealed VS, electrodes at the current densities
from 100 to 2000 mA g~'. e) Long-term cycling performances of expanded VS, and annealed VS, electrodes at a current density of 1000 mA g~' for

600 cycles, respectively.

Information). In comparison, the annealed VS, cathode only
delivers an average discharge capacity of only 22 mAh g for
600 cycles with a Coulombic efficiency of nearly 101%. In addi-
tion, to investigate the morphology characteristics variation of
expanded VS, electrode, the SEM image and XRD pattern after
10 discharge/charge cycles at 100 mA g~! were measured. As
shown in Figure S10 of Supporting Information, the expanded
VS, still maintains a sheet structure after 10 cycles and the
XRD peaks show very slight shifts, suggesting the good struc-
tural stability. This structural integrity of expanded VS, during
discharge/charge process is beneficial to the long cycling life.

It has been suggested that the expanded intercalation-type
materials may store MgCl* ions rather than Mg** ion.l'>>%
Therefore, here we also investigated the active magnesium
species inserted in the expanded VS, electrode based on
Mg(HMDS),-4MgCl,/2THF-PP,TFSI electrolyte by XPS and
EDS analysis. As presented in Figure S1la,b of Supporting
Information, compared with pristine expanded VS, electrode,
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the Mg 2s and Cl 2p signals concurrently appeared when dis-
charged to 0.6 V and the peak intensities obviously increased
when fully discharged to 0.2 V, and the peak intensity synchro-
nously decreased again upon charging back to 2.2 V, indicating
the simultaneous insertion/extraction of Mg and Cl species
into/from the expanded VS, electrode. To further investigate
the types of active Mg species, EDS measurements were also
conducted to analyze the Mg/Cl atomic ratios at different
states. Notably, the Mg/Cl atomic ratios at all of the different
discharge/charge states are always larger than 1, which is in
accordance with the atomic concentration table of XPS analysis
(Table S2, Supporting Information). Therefore, it is possible
that both MgCl* and desolvated Mg?* ions may simultane-
ously participate the cation insertion/extraction processes of
expanded VS, electrode."]

The electrochemical impedance spectra (EIS) of expanded
VS, and annealed VS, cathodes are provided in Figure S12a
of Supporting Information. The semicircle radius in the

(6 0f11) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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high-frequency region of expanded VS, electrode is smaller
than that of annealed VS, electrode, suggesting the smaller
charge transfer resistance of expanded VS, at electrode—elec-
trolyte interface, which is beneficial to the rate performance.
Moreover, the EIS plot of the expanded VS, electrode after 10th
discharge/charge cycles at 100 mA g™ was also measured. As
shown in Figure S12b of Supporting Information, the semi-
circle radius in the high-frequency region is greatly decreased
after 10th cycles, which is probably because the electrode
undergoes an activation process in the initial cycles and/or the
generation of metallic vanadium during the conversion reaction
stage. To probe the diffusivity of active magnesium species ions
in expanded VS, nanoflowers, the discharge and charge GITT
curves of expanded VS, electrode at 50 mA g! after activation
of 5 cycles were measured, as shown in Figure 4a. Herein, for
convenience of calculation, the Mg?* was considered as the
active species to calculate the ion diffusion coefficient due to
the uncertainty of the Mg?*/MgCl* ratio. The Mg?* ion diffu-
sivity can be calculated according to the following equationl®?

4 (myVa Y (AR Y
el ) (66 "

T\ MgS AE,
where Tis the constant current pulse time, mg, Vi, and My denote
the mass, molar volume, and molar mass of the active mate-
rial, respectively, S is the surface area of electrode—electrolyte
interface, AE is the voltage difference between the steady state
and the original state, and AE, is the total voltage change during
a current pulse 7 excluding the iR drop. From Figure 4b, it can
be observed that the Mg?* ion diffusion coefficient (Dyyg) is
decreased from 7.58 X 107! t0 6.03 x 10713 cm? s7! when the Mg
content (x) inserted in expended VS, is increased from 0.034 to
0.240. As x increases to above 0.240, the Mg?" ion diffusivity
of discharge process increases again and reaches to a relatively
stable level of =7.00 x 10712 cm? s7!. These results indicate that
the Mg?* ion diffusivity is relatively high in expended VS,.

To further understand the superior magnesium storage abili-
ties of expanded VS, nanoflowers, the electrochemical kinetic
analysis based on CV method was employed to investigate the
pseudocapacitance contribution to the total capacity according
to a previous approach reported by Dunn and co-workers.>?!
Figure 4c shows the typical CV curves of expanded VS, elec-
trode at different scan rates from 0.2 to 2.0 mV s~ between
0.2 and 2.2 V. With the increase of scan rates, the redox peaks
of CV curves exhibit subtle shifts. The relationship between the
measured currents (i) and the scan rates (v) was also investi-
gated by the following equations®®?!

i(V)=av® (2)
logi(V)=blogv+loga (3)

where the measured current i and the sweep rate v obey a
power law. Both a and b are adjustable parameters and b-values
are derived from the slope of the curve of log i versus log v on
the basis of Equation (3). The b-value of 1.0 signifies that the
electrode is controlled by capacitive response, while b = 0.5 indi-
cates the diffusion process is dominating.>>** The calculated
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b-values of discharge and charge processes at different poten-
tials for expanded VS, electrode are presented in Figure 4d.e.
At the potentials of 0.90 and 1.15 V in the anodic process,
the b-values are 0.97 and 0.76, indicating that the discharge
storage mainly comes from intercalation pseudocapacitance,
thus leading to the fast active Mg species diffusion. During the
charge process, the b-values are 0.97 and 0.53 at the potentials
of 1.43 and 1.57 V, indicating that both the capacitive response
and the diffusion process contribute to the capacity. Therefore,
it is reasonable to deduce that the magnesium storage behavior
of expanded VS, electrode is mainly controlled by capacitive
and diffusion processes. Moreover, the contributions of capaci-
tive and diffusion processes can be quantified according to the
following equations(®?!

i(V)=kv +kv'? “)
(VW2 =k +k, )

where kv and k,v!/? stand for the capacitive and diffusion
effects, respectively. As shown in Figure 4f, the k;-values at
different potentials are obtained from the slopes of the plots
of V112 versus i(V)v''/2. As depicted by the red shaded area
(Figure 4g), the capacitance contribution was calculated to be
64% at 1.0 mV s.. From Figure 4h, the ratios of capacitive
contribution at the san rates of 0.2, 0.6, 1.0, and 2.0 mV s7!
are 53%, 58%, 64%, and 78%, respectively, revealing that the
electrochemical behavior of expanded VS, electrode is mainly
controlled by the capacitive effect, while the diffusion process
also contributes to some capacity, which accounts for the excel-
lent rate capability.

To further wunderstand the magnesiation/demagnesia-
tion mechanism of expanded VS, nanoflowers, ex situ XRD,
HRTEM, XPS, ICP-OES, and EDX characterizations were sys-
tematically performed at the second cycles to identify the pos-
sible phases. The XRD patterns of expanded VS, electrode at
different discharge/charge states are shown in Figure 5a,b.
When discharged from 2.2 to 0.6 V, the (001) and (002) diffrac-
tion peaks are getting weaker and shift to lower angles, sug-
gesting the interlayer spacing expansion of host material during
the Mg-ion insertion. The XRD peaks of expanded VS, are dis-
appeared when the electrode is discharged from 0.4 to 0.2 V,
meanwhile a weak diffraction peak of MgS at 29.7° and a new
peak of metallic V at 42.1° are emerged. When the electrode
is further fully charged to 2.2 V, all the peaks of VS, reappear
again; However, the (001) and (002) peaks shift to lower angles
compared with the pristine state, indicating the further expan-
sion of interlayer distances. The XRD peak intensities and full
width at halfmaximums (FWHMs) of expanded VS, nano-
flowers are well recovered after fully charged to 2.2V, indicating
a highly reversible structure evolution. These results were fur-
ther confirmed by ex situ HRTEM analysis. When discharged to
0.6 V, the lattice spacing of (001) planes increases from 9.93 to
10.70 A, verifying the intercalation reaction mechanism and in
agreement with the ex situ XRD results (Figure 5e). Notably,
the interlayer spacing is further increased to 10.90 A at 0.4V,
meanwhile a new lattice spacing of 3.00 A belonging to MgS
is observed, demonstrating the co-existence of magnesium

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
ENERGY
MATERIALS

www.advenergymat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a 25 b -8
= —Magnesiation -+-Magnesiation
g 2.0 —Demagnesiation ‘_2 -104 -+-Demagnesiation
[e)) (2]
= 15, =
< 1.0 =)
° 2
(o) D
£ o5 S
>
0.0 T T r r -16 T T r y
0 100 200 300 400 500 0.0 0.2 0.4 0.6 0.8 1.0
Specific capacity (mAh g™) x in Mg,VS,
c d
—0.2mV st 1.0- .
- -=-Discharge —n
5191 —oemvst —
< —1.0mV s '\\ j
Z —2.0mVs? 808
c 0.0 [ - oo
3 2 o] e v
§ 0.6 i ’
3 1.5
O 0'?0 -ov4l ()ovo 0.4
; . . 0.44+— . . —
0.0 0.6 1.2 1.8 24 0.4 0.8 1.2 1.6 2.0
Potential (V vs. Mg2*/Mg ) Potential (V vs. Mg2*/Mg )
20
€ 10] - Charge — i <073V
Y, d & «0.82V e
! N 151 cia3v S
o 084 > SASEV e, T
® 1 < 104 .- ot
> 00 T o . P e
TPl |V TS T e
) o 04 - e Discharge
0.4+— = . ; . 0 . . .
0.4 0.8 1.2 1.6 2.0 0.01 0.02 0.03 0.04 0.05
Potential (V vs. Mg?*/Mg ) V12 ((V s1)112)
g h 150
; —1.0mVs' Il Diffusion
% | #Capacitive —_ I Capacitive
< X
< ‘E100-
z ° 2
2 £ 504
. 8
5 14
O
T T T 0- T T T
0.0 0.6 1.2 1.8 24 0.2 0.6 1.0 2.0

Potential (V vs. Mg?*/Mg ) Scan rate (mV s™)

Figure 4. a) Potential response of expanded VS, electrode during GITT measurement at a constant current density of 50 mA g'. b) The logarithm of
calculated diffusion coefficient for Mg?* ion (Dy,) versus the Mg content (x) inserted in expended VS,. ¢) CV curves of expanded VS, electrode at dif-
ferent scan rates. Calculated b-values as a function of potential for d) discharged and e) charged sweeps. The inset shows the power law relationships
between the logarithm currents and the logarithm sweep rates. f) Curves of v!/2versus iv'/2, in which v varies from 0.2 to 2.0 mV s7'. g) Pseudoca-
pacitive contribution (the red shaded region) to the total capacity at 1.0 mV s7'. h) Normalized contribution ratio of pseudocapacitive contribution
to the total capacity at different sweep rates.

intercalation and conversion reaction (Figure 5f). When fully
discharged to 0.2 V, apart from the lattice spacing at 10.90 A
corresponding to the (100) planes of expanded VS,, the lattice
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fringes of the MgS (111) planes at 3.00 A and the metallic V
(110) planes at 2.14 A can also be seen (Figure 5g), indicating
that a portion of VS, has been reduced to metallic V. When fully
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Figure 5. Structural characterizations of expanded VS, nanoflowers during the magnetization/demagnetization processes. a,b) Ex situ XRD patterns
and c) the corresponding specific capacities of expanded VS, electrodes at different discharge/charge states. d) Ex situ high-resolution XPS spectra at
Mg 2p region measured at the pristine state, after discharged to 0.2 V and after charged to 2.2 V, respectively. HRTEM images of expanded VS, nano-
flowers at different discharge/charge states: e) discharged to 0.6 V, f) discharged to 0.4V, g) fully discharged to 0.2 V, and h) fully charged to 2.2 V.
i) Schematic reversible storage mechanism of active magnesium species in expanded VS, nanoflowers.

charged back to 2.2 V, the HRTEM images in Figure 5h display
clear lattice spacings of 2.77 and 10.10 A, corresponding to the
(100) and (001) plane of expanded VS,. Moreover, the variation
of magnesiation/demagnesiation degree is further confirmed
by ex situ XPS spectra. As presented in Figure 5d, the inten-
sity of Mg 2p peak at the fully discharged state is much higher
than those at the pristine state and the fully charged state,
indicating the reversible insertion/extraction of active magne-
sium species into/from expanded VS,. To further confirm the
magnesium storage mechanism, the variation of the V 2p XPS
peaks at different states were tracked (Figure S13, Supporting
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Information). It can be seen that low-valence V2* and V** spe-
cies are observed at the fully discharged state, which illustrates
the valence of V decreases with the insertion of cations. In addi-
tion, a small peak of V? is also found at the fully discharged
state, corresponding to the product of partial conversion reac-
tion. When fully charged, V** becomes the major V species,
indicating the good reversibility of the intercalation and con-
versation reactions in expanded VS, electrode. In addition, the
presence of V°* is attributed to the unavoidable oxidation of VS,
exposed to the air when tested. Similarly, ICP-OES and EDS
measurements (Tables S3 and S4, Supporting Information) also
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show the obvious variation of Mg/V atomic ratio during the dis-
charge/charge cycles. All these characterization results demon-
strate that the reaction mechanism of magnesium storage in
expanded VS, nanoflowers is mainly active magnesium species
intercalation, followed by the partial conversion reaction at the
end of the discharge processes (below 0.4 V), as illustrated in
Figure 5i.

3. Conclusion

In summary, here we report the single-step synthesis of inter-
layer-expanded VS, nanoflowers as a high-performance cathode
material for RMBs. The 2-ethylhexylamine molecules interca-
lated in expanded VS, nanoflowers can effectively widen the
ionic channels, providing more active sites for active magne-
sium species intercalation and boosting the ion transport by
alleviating undesirable electrostatic interactions between the
active magnesium species and the anions of host material.
Simultaneously, as interstitial pillars, the 2-ethylhexylamine
molecule intercalants are conducive to maintain the integrity of
host framework, thus in favor of the long-term discharge/charge
cycles. Through systematic ex situ characterizations of the struc-
tural variation during cycling processes, we confirm that the
magnesium storage capacity of expanded VS, is mainly attrib-
uted to the intercalation pseudocapacitance, while the conver-
sion reaction provides a small portion of contribution. Our work
presents an intrinsic understanding of the Mg-storage mecha-
nism in interlayer-expanded layered compounds of TMDs. It
is also concluded that the reasonable regulation of interlayer
spacing represents an efficient method to developing multiva-
lent-ion batteries with high rate capability and long cycling life.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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