Downloaded viaTONGJ UNIV on March 6, 2025 at 01:33:02 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Distorting Local Structures to Modulate
Ligand Fields in Vanadium Oxide for High-
Performance Aqueous Zinc-lon Batteries

Heng Liu,# Long Yang,# Ting Shen, Changyuan Li, Te Kang, Huanhuan Niu, Wei-Hsiang Huang,
Chun-Chi Chang, Menghao Yang, Guozhong Cao,* and Chaofeng Liu™*

Cite This: https://doi.org/10.1021/acsnano.4c18250

I: I Read Online

ACCESS |

[l Metrics & More ‘

Article Recommendations |

@ Supporting Information

Layered hydrate vanadates are promising cathode materials for

aqueous zinc-ion batteries (AZIBs). Various intercalants have been preinserted 0.9%: 19 02p
into the interplanar space of hydrate vanadates with significantly enhanced MOk ™9 =/ (\g«)
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kinetics and stabilized structures. However, such an enhancement is induced g  ©%%c,
by various intercalants, and the relationship between the property enhance- .«~v ' A
ment and the type of intercalant still needs to be revealed. In this work, the o—g
distortion of octahedra induced by the preintercalation of benzyltrimethy-
lammonium (BTA*) cations into hydrate vanadium pentoxide (V,05nH,0,
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VOH) and the change in ligand field are studied using synchrotron X-ray pair

distribution function (PDF) and X-ray absorption fine structure (XAFS). Variations in the local coordination of vanadium
alter the ligand field, decreasing the energy of the lowest unoccupied orbitals (e*), which leads to an increased electrochemical
potential. Additionally, the introduced BTA" facilitates fast ion diffusion and stabilizes the layer structure. A cathode with a
distorted local structure delivers a specific capacity of 408 mAh/g at 0.5 A/g, with a capacity retention of 95% after 3000 cycles

at 8 A/g.
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ecently, aqueous batteries have attracted tremendous
attention due to their safety, environmental friend-
liness, and low cost. Among these, aqueous zinc-ion
batteries (AZIBs) stand out because of the high theoretical
capacity (820 mAh/g or 5851 mAh/cm?) and the relatively
low redox potential (—0.76 V versus the standard hydrogen
electrode) of the zinc metal anode.”® Various materials have
been studied, including manganese oxides,*™° Prussian blue,
and its analogues,7_9 polymers,lo ! and vanadium oxides,"*™'*
to screen for suitable candidates with comprehensive proper-
ties for the cathode materials of AZIBs. Despite extensive
efforts and significant progress, further development of AZIBs
is still hindered by slow kinetics, dissolution, and phase
transitions of cathode materials.'®
Vanadium pentoxide (V,05), a typical vanadium oxide with
a layered structure, has a theoretical capacity of 589 mAh/g
owing to the variable chemical valence of vanadium from 5+ to
3+.'7"'® However, it suffers from limited practical capacity and
poor cycling stability because of its narrow interlayer spacing,
significant electrostatic interactions between the Zn** and the
[VO] skeleton, and [VO] layers connected by weak van der
Waals forces."”*® Incorporating water molecules between
[VO] layers of V,05 could form bilayered hydrated vanadium
pentoxide (V,04nH,0, denoted as VOH), expanding the

,1

© XXXX American Chemical Society

WACS Publications

interlayer spacing from 4.4 to 11.9 A."" The electrostatic
interaction between Zn** and the V—O framework is reduced
due to the shielding effect of lattice water, facilitating ion
diffusion and leading to an enhanced capacity (325 mAh/g at
0.5 A/g).”’21 Preintercalation of guest species, such as
inorganic ions (Mn*', AI**, K¥, Li*, NH,, Zn*', etc.),! 2730
organic molecules/ions (ethylene glycol, N(CH;),",
CsH,,ON*, C;H ;N", etc.),'®*' ™ and polymers (polyaniline,
poly(2,3-dihydrothieno-1,4-dioxin), etc.),"**” into the inter-
planar spacing has been demonstrated to be an effective way to
improve the electrochemical kinetics and structure stability of
VOH. The intercalated inorganic ions exert strong interaction
with lattice oxygen ions enhancing structural robustness.”**’
The preintercalation of organics stabilizes the layered structure
via forming hydrogen bonds or electrostatic interactions with
[VO] slabs®” and the conjugated chemical bonds of organics
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Figure 1. Structural, compositional, chemical states, and bonding information of BTA-VOH and VOH. (a) XRD patterns. The lattice spacing
of the (001) plane increases from 11.9 to 13.8 A due to the insertion of BTA". (b) HRTEM image of BTA-VOH; the spacing of the (001)
plane is 13.8 A. (c) TG/DSC curves of BTA-VOH. The weight loss occurring at 250—400 °C originates from the disintegration of the BTA*
cations. (d) High-resolution XPS spectra of C 1s and (e) high-resolution XPS spectra of V 2p,,. (f) EPR spectra. BTA-VOH exhibits a
stronger symmetric peak with a g value of 2.003, verifying the increased ratio of V** in BTA-VOH. (g) FTIR spectra. The vibration peak of
the benzene ring appears in BTA-VOH, demonstrating the introduction of BTA" ions between the layers. (h) Raman spectra. The redshifts
of the peaks of the O—V—0 bonds, V-O—V bonds, and V,—O bonds indicate the elongation of these bonds in BTA-VOH. The blue shift of
the V1—-O bending vibration peak shows that the V1—O bonds in BTA-VOH are shortened.

can shield the charge of Zn*, alleviating its electrostatic
interactions with lattice oxygen."” In addition, the flexibility of
organics allows them to buffer the lattice strain during charging
and discharging.*"** Although progress has been made by
preintercalation, the influence of intercalants on the local
structure of the host lattice and the corresponding changes in
the ligand field and the electrical structures of vanadium oxides
have received limited attention.

In this study, distorted octahedra in hydrated vanadium
pentoxide and the corresponding effects on the electrochemical
performance through the preintercalation of an organic cation
(benzyltrimethylammonium, C,;,H;(N*, BTA*) are investi-
gated. It is demonstrated that the introduced BTA" not only
stabilizes the lattice but also induces distortion in the [VO]
octahedra, affecting both the bond length and bond angle. The
changes in the coordination structure decrease the energy level
of the V 3d orbitals, leading to a lower energy level of the t,,*
(e*) antibonding orbitals, resulting in a higher electrochemical
potential of the modified cathode (BTA-VOH). The organic
cation preintercalation expands the interlayer spacing, boosting
ion diffusion, and increasing the tetravalent vanadium cations,
enhancing electronic conductivity. The BTA-VOH cathode

delivers a specific capacity of 408 mAh/g at 0.5 A/g, with a
capacity retention of 95% after 3000 cycles at 8 A/g. The
deciphered impacts of the local structure on electrochemical
performance provide fundamental guidance for designing next-
generation high-performance rechargeable batteries.

RESULTS AND DISCUSSION

The X-ray diffraction (XRD) patterns of both VOH and BTA-
VOH are shown in Figure la. VOH is well indexed with
textured V,05-nH,O (PDF# 40-1296) and its highest peak at
7.2° originates from the (001) plane, indicating an interplanar
spacing of 12.2 A. BTA-VOH shows diffraction peaks indexed
to the monoclinic (Na, Ca)(V, Fe)3O,ynH,0 phase (PDF#
45-1363)," which is similar to polycrystalline V,04nH,O0.
The (00!) peaks of BTA-VOH and (Na, Ca)(V, Fe)3O,,nH,0
with the same [ value are marked with the same color, and
these peaks of BTA-VOH shift to lower degrees in comparison
with (Na, Ca)(V, Fe)3O,ynH,0 and VOH, indicating the
expanded interlayer spacing in BTA-VOH. The lattice plane
with a higher [ value experiences a more significant shift. The
positions of the peaks assigned to the (110), (401), (113),
(601), (020), and (021) planes remain the same as those in
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Figure 2. Local structure information. (a) V K-edge XAFS spectra. The stronger intensity of the pre-edge peak in BTA-VOH indicates its
more highly distorted [VO,] polyhedra. (b) k*-weighted Fourier transform of the V K-edge EXAFS. The right shift of the peaks is assigned to
the V—O interatomic distance, which is along the c-axis and within the ab plane, suggesting longer V—O bonds in BTA-VOH. (c) 3D wavelet
transforms of BTA-VOH. (d) X-ray pair distribution function (PDF) data of both samples. The peak at r ~ 1.9 A, attributed to the V-0
interatomic distance, shows a right shift in BTA-VOH, demonstrating the longer V—0 bonds in BTA-VOH. PDF refinement results of (e)
BTA-VOH and (f) VOH. The experimental PDF data are fit by the V,04-nH,O crystal model over the range of 1.2 < r < 11.5 A. (g) Crystal
structures of both the samples. (h) Schematic illustration of octahedral distortion resolved by PDF local structural refinement. The

octahedra in BTA-VOH are distorted compared to those in VOH.

(Na, Ca)(V, Fe)3O,ynH,0. The introduced BTA" cations
enlarge the interplanar spacing without changing the bilayer
structural framework. The interplanar spacing of the (001)
plane in BTA-VOH is expanded to 13.8 A, which is confirmed
by the high-resolution transmission electron microscopy
(HRTEM) image in Figure 1b. The HRTEM-EDS mapping
shown in Figure S1 indicates the homogeneous element
distribution of V, O, C, and N in the BTA-VOH nanowires.
Thermogravimetric (TG) and differential scanning calorimetry
(DSC) analyses of VOH and BTA-VOH were performed, and
the results are presented in Figures S2 and Ic, respectively.
The total content of water molecules, including adsorbed water
(from RT to 150 °C) and lattice water (from 150 to 350 °C),
is 11.5% for VOH. In BTA-VOH, a weight loss of 2.0%
occurred accompanied by a weak exothermic peak below 100
°C, resulting from the loss of adsorbed water. The weight loss
between 250 and 400 °C with the strongest exothermic peak is
primarily attributed to the pyrolysis of BTA" cations, indicating
that the mass ratio of BTA' cations in BTA-VOH is
approximately 16%. The reduced water content in BTA-
VOH compared to that of VOH indicates that lattice water
escapes in BTA-VOH. The weaker exothermic peak located at

about 400 °C arises from the oxidation of V*+,** resulting in a
subtle mass increase. For VOH, this V* oxidation peak is
almost absent, indicating a higher content of V* in BTA-VOH
than in VOH. Figure 1d shows the high-resolution XPS spectra
of C 1s. The characteristic peaks at ~284.8 and 286.4 eV are
assigned to C—C and C—N/C—O, respectively.” The signals
of carbon in VOH originate from the adventitious carbon
contamination.*® A significant increase in the intensity of the
C—N/C—0 peak demonstrates the incorporation of organics
(BTA") in BTA-VOH. The N 1s spectrum of BTA-VOH in
Figure S3 also corroborates BTA" incorporation. Figure le
displays the XPS spectra of V 2p;,,. VOH shows two
characteristic peaks at 516.1 and 517.5 eV, corresponding to
V* and V¥, respectively. For BTA-VOH, these two peaks shift
slightly to higher binding energies of 516.4 and 518.0 eV,
respectively, indicating that the incorporation of BTA" cations
changes the coordination environment of vanadium and
consequently alters the energy level of molecule orbitals,
which will be elaborated on in the next section. The ratio of
V* in BTA-VOH is 14%, which is higher than that in VOH
(8%). The increased proportion of V*' is attributed to the
intercalation of BTA™ cations because of the electroneutrality

https://doi.org/10.1021/acsnano.4c18250
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c18250/suppl_file/nn4c18250_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c18250/suppl_file/nn4c18250_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c18250/suppl_file/nn4c18250_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c18250?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c18250?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c18250?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c18250?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c18250?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Table 1. PDF Structural Refinement Results for BTA-BOH and VOH over the Range of 1.2 < r < 11.5 A“

VOH

BTA-VOH

lattice parameter: a = 11.8637 A, b = 3.5980 A, ¢ = 11.7426 A, = 88.65°.

lattice parameter: a = 11.7556 A, b = 3.6288 A, ¢ = 11.7474 A, j = 88.65°.

atom x z U,, [A?]
v (1) 0.9305 0.1280 0.0047
v (2) 0.2255 0.1297 0.0047
0 (1) 0.3838 0.1223 0.0187
0 (2) 0.0818 0.0767 0.0187
0 (3) 0.7409 0.0906 0.0187
O (4) 0.9346 0.2885 0.0187
0 (5) 0.1988 0.2576 0.0187
o* 0.5939 0.5040 0.0297

atom x z U,, [A?]
V(1) 0.9292 0.1314 0.0041
vV (2) 0.2247 0.1306 0.0041
0 (1) 0.3830 0.1166 0.0284
0 (2) 0.0847 0.0627 0.0284
0 (3) 0.7588 0.0949 0.0284
0 (4) 0.9079 0.2763 0.0284
0 (S) 0.1913 0.2532 0.0284
o* 0.6098 0.5035 0.0114

“Here, x and z are the refinable atomic positions in the fractional coordinates of the V and O sites. Uy, (A?) is the isotropic atomic displacement

parameter (ADP). O* represents the oxygen of the lattice water.

requirement in BTA-VOH.'” The EPR signal from both
samples in Figure 1f comes from the magnetic moment of
unpaired electrons.”” V** has one unpaired electron, while V**
has none. Therefore, BTA-VOH exhibits a stronger symmetric
peak with a g value of 2.003, demonstrating a higher ratio of
V*. Fourier transform infrared spectroscopy (FTIR) spectra
are presented in Figure 1g. The peak located at 727 cm™ is
assigned to the asymmetric stretching vibration of the V—O—-V
bonds."* The peaks at 921 and 989 cm™ are attributed to the
stretching vibrations of V¥*=0 and V**=0,”" respectively.
The splitting of the V**=0 and V**=0 peaks in BTA-VOH
implies changes in the V—0O bond length and distortion in the
[VO¢] octahedra. The peaks at 1455 cm™" originate from the
ring mode of the benzene ring,”® which is a chemical species of
BTA". The peaks at 1612 and 3560 cm™" are related to the
bending and stretching vibrations of O—H bonds in lattice
water.”"*”*” The water signal of BTA-VOH is significantly
weakened, suggesting that the intercalation of BTA' is
accompanied by the expulsion of partial lattice water. The
Raman spectra shown in Figure 1h provide structural
information for both samples. For VOH, the peaks at 150,
414, and 699 cm™" are assigned to the bending vibrations of
0-V-0, V-=0-V, and V,—0, respectively."”*"*" In BTA-
VOH, these three peaks were red-shifted to 140, 407, and 691
cm™, respectively, indicating the weakening and elongation of
these bonds. The peak of V,—O at 266 cm™" is ascribed to the
bending vibration of the shorter V—O bonds along the c-axis in
VOH.> The blue shift of this peak in BTA-VOH implies
shortening in the corresponding V—O bonds. The undetected
water signal (318 cm™') in BTA-VOH indicates less lattice
water in BTA-VOH. The peak at 991 cm™ is assigned to the
ring breathing mode of phenyl,°>”>* demonstrating the
intercalation of BTA* cations again.

The V K-edge X-ray absorption fine structure (XAFS)
spectra are shown in Figure 2a. The intensity of the pre-edge
peak is associated with the symmetry and distortion of the
[VOq] octahedra.” Compared to VOH, BTA-VOH exhibits a
higher amplitude of the pre-edge peak, indicating its lower
local symmetry and more highly distorted [VOg4] octahedra.
Compared with VOH, the pre-edge peak and the absorption
edge of BTA-VOH both shift to lower energy, indicating the
lower valence state of vanadium in BTA-VOH.’® The k-
weighted Fourier transform of the extended X-ray absorption
fine structure (EXAFS) unveils the interatomic distance of the
coordination shell.”” As displayed in Figure 2b, the first peak at
~1.2 A, to a great extent, suffers from background noise and is

unable to accurately provide local structure information. The
peak at ~1.9 A is attributed to the signals of V—O bonds, with
the real length ranging from 1.5 to 2.6 A.>® The peak around
3.0 A mainly originates from the V—V interatomic distance.’
For BTA-VOH, the V—O peak shifts slightly to a higher radial
distance in comparison with VOH, indicating the increased
average V—O bond length in BTA-VOH. This average
elongation is attributed to the higher ratio of V** in BTA-
VOH, which has a larger ionic radius of 72 pm than 68 pm for
V**.'7 The changed length of V—O bonds results in more
highly distorted [VOg4] octahedra in BTA-VOH, compared
with VOH. In addition, the intensities of the V—0O and V-V
peaks in BTA-VOH are lower than those in VOH, indicating
the decreased coordination numbers of vanadium in BTA-
VOH, which is probably attributed to its lower crystallinity.
The 3D wavelet transforms (WT) of BTA-VOH from EXAFS
spectra are shown in Figure 2c, indicating that the peak at 3.0
A in Figure 2b originates from V—O and V-V bonds, which
have two maxima at about 4 and 7 A™', respectively.
Synchrotron X-ray atomic pair distribution function (PDF)
analyses of both samples are carried out, and the total PDF
curves are shown in Figure 2d. Details of the X-ray PDF data
processing can be found in Supporting Information (SI1).°°~%*
Figure S4 shows the refined partial PDF curves of BTA-VOH
and VOH, which demonstrate the contribution of each atomic
pair to the total PDF in Figure 2d. The peak at ~1.9 A
represents the average bond length of the V—O bonds. The
right shifts of this peak in both the total and partial PDF curves
further confirm the longer average V—O bond length in BTA-
VOH. The peak located at ~2.5 A is attributed to the O—O
interatomic distance.”® The left shift of this peak in BTA-VOH
indicates a shorter O—O distance. The third peak at ~3.0 A is
mainly contributed to by the combination of V=V and O—-0O
distances. The peak at ~3.6 A is mostly attributed to the V—V
pair distances along the a and b axes, forming the motif of the
octahedra plane. The position and area of this peak are almost
the same in both samples, which indicates that the interlayer
structure motif is unchanged. The peaks at radial distances
larger than 4 A originate from the superposition of the V-0,
O—-0, and V-V pair distances beyond the first coordination
shell, which can be analyzed via PDF refinement to obtain
more detailed local structure information. The PDF local
structural refinements are performed over the range of 1.2 to
11.5 A for the intralayer structure using the V,04-nH,0 model,
and its crystal structure and lattice parameters are shown in
Figure SS. The fitting model shows the monoclinic structure
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Figure 3. Orbital energy information. (a) V L-edge and O K-edge XANES spectra of BTA-VOH and VOH. The lower peak intensity of BTA-
VOH is due to its higher V 3d occupancy, validating the lower valence state of vanadium in BTA-VOH. (b) Gaussian fitting of the t,,* and
e,* peaks for both samples. The t,,* antibonding orbital splits into e* and b,* orbitals due to the C,, symmetry of [VO] octahedra in both
samples. In BTA-VOH, the e*, b,*, and e,* peaks all shift to lower energies compared with those in VOH. (c) Valence band region of XPS
spectra for BTA-VOH and VOH. The O 2p and V 3d bands shift to higher binding energies in BTA-VOH, demonstrating that the
introduction of BTA" lowers the energy level of electrons from oxygen and vanadium. (d) Schematic illustration of orbital hybridization in

BTA-VOH and VOH.

and C2/m space group, which have the same V—0O framework
as both samples. Considering that a small amount of lattice
water and small organic intercalants contribute to negligible
diffraction signals, O atoms are used to represent them for
simplifying the fitting process.””* The fitting results and
atomic structures are shown in Figure 2ef and are listed in
Table 1. The refined structures of both samples are shown in
Figure 2gh. Two kinds of vanadium atoms with different
coordination environments are depicted in diverse colors
together with their homologous octahedra ([VO¢]; and
[VOq4],). Tables S1 and S2 present refined bond length
information on the V—O bonds in BTA-VOH and VOH.
Relative to VOH, both elongated and shortened V—O bonds
are present in BTA-VOH. As shown in the electron localization
function (ELF) sections (Figure S6), the shortening of the V—
O bond could be attributed to the intercalated BTA™ exerting
electrostatic interactions on the adjacent oxygen, compressing
its electron cloud, which leads to the shortening of the
corresponding V—O bonds. In BTA-VOH, for or [VOq],, the
V1-02, bond becomes longer by 0.11 A, and the V1-02,,
V1-04, and V1-03 bonds are shortened by 0.15, 0.17, and
0.27 A, respectively, relative to those in VOH. For [VOyg],, the
V2—02 bond in BTA-VOH is stretched by 0.04 A. Along the
c-axis of [VOg],, the bond length of V2—0OS$ decreases by 0.06
A, and the V2—03_ bond is elongated by 0.07 A compared
with VOH. The partial bond angle information is presented in
Tables S3 and S4, indicating the existence of bond angle
deformations after the intercalation of BTA*. The bonding

electrons of adjacent bonds repel each other.® The variations
in the bond length change the repulsion between the bonding
electrons in adjacent V—O bonds, leading to a bond angle
deformation from a straight to an obtuse angle along the c-axis
in BTA-VOH. The distortions in bond lengths and angles
result in lower symmetric [VOg] octahedra in BTA-VOH
compared to VOH, which is verified by the higher intensity of
the XAFS pre-edge peak in Figure 2a.

Figure 3a shows the V L-edge and O K-edge X-ray
absorption near-edge structure (XANES) spectra of both
samples. There are two main peaks in the V L-edge (510—527
eV). The L, peak is assigned to the dipole-allowed electron
transition from V 2p;/, to V 3d and the L, peak corresponds to
the V 2p,,, to V 3d transition.”®® The decreased peak
intensities in BTA-VOH indicate its higher occupancy of V 3d
and larger proportion of V*, compared with VOH.**’ Based
on the crystal field theory, the 5-fold-degenerate V 3d orbitals
would be split into two sets of degenerate orbitals (eg and tzg)
in a regular [VOg] octahedron.”” The e, orbitals (3d,_,> and
3d;) are in the higher energy level as they point directly
toward the oxygen ions and are subject to greater electrostatic
repulsion. The t,, orbitals (3d,,, 3d,,, and 3d,,) have lower
energies because they are directed between oxygen ions,
experiencing fewer repulsions. The O K-edge spectra between
527 and 552 eV exhibit three peaks, which correspond to
electron transition from O 1s orbital to V 3d (t,,)—O 2p 7
antibonding orbitals (t,;*), V 3d (e,)—O 2p ¢ antibonding
orbitals (e,*) and V 4sp—O 2p antibonding orbitals,
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Figure 4. Electrochemical properties of BTA-VOH and VOH. (a) Open-circuit voltage statistics from ten batteries. Intercalated BTA" ions
influence the crystal field of vanadium and lead to a higher open-circuit voltage. (b) CV curves of BTA-VOH and VOH at a scan rate of 0.1
mV/s. For BTA-VOH, the capacity contribution from the V**/V*" redox pair around 0.5 V is higher than that of VOH. (c) CV contour of
BTA-VOH at various sweep rates from 0.2 to 1.2 mV/s. The change in the redox peaks is intuitively depicted as the sweep rate increases. (d)
Zn?* diffusion coefficients from the GITT tests show that BTA-VOH has higher Zn** diffusion coefficients during charging/discharging. (e)
Calculated Zn*>* diffusion barriers for pathways in BTA-VOH and VOH. (f) Rate performance at current densities from 0.5 to 8 A/g. (g)
Cycling performance at 8 A/g with an expanded voltage range (0.2—1.8 V). BTA" intercalation stabilizes the crystal structure to achieve
higher capacity retention. (h) Ragone plots. BTA-VOH exhibits competitive energy and power densities in comparison with VOH and

reported cathodes at the material level.

respectively.”" The reduced intensities of these peaks in BTA-
VOH are associated with its lower valence state of V and the
decreased V—O covalence.”® The height ratio of €./t peaks
in BTA-VOH is higher than that of VOH, which is attributed
to the lower valence of vanadium in BTA-VOH. The electronic
structures of V°* are [Ar]3d” and [Ar]3d' for V*. The higher
V* ratio in BTA-VOH leads to its higher V 3d occupancy and
the t,;* orbitals are the lowest unoccupied orbitals for both
samples. Therefore, the t,;* occupancy of BTA-VOH is higher
than that of VOH, resulting in a significantly decreased t,,*
peak intensity.”" While the e* and (O 2p—V 4sp)* orbitals
with higher energy levels than t,,* orbitals are much less
occupied, they only experience subtle decreases in their
intensities. Figure 3b shows the Gaussian fitting results of
the t,.* and e,* peaks. The [VOg] octahedra in both samples
present C,, symmetry, leading to the further splitting of t,,;*
into e* and b,* orbitals.*”* The electronic structure of V** is
[Ar]3d° and that of V** is [Ar]3d". The single 3d electron of
V* partially occupies the e* orbitals, which determines the
electrochemical charging/discharging voltage of the first
electrons. This occupancy results in a lower absorption
intensity of the e* peak. As shown in Figure 3b, the e*, b,*,
and e,* peaks all shift to lower energies in BTA-VOH relative

to that in VOH. This shift in the e* orbitals in BTA-VOH
indicates a decrease in the energy level of the lowest
unoccupied orbital. Figure 3c shows the valence band region
of the XPS spectra. The predominant band at ~5 eV is
assigned to the contribution of O 2p electrons.”””* The low-
intensity band around 0 eV comes from the activation of V 3d
electrons, which occupy the e* orbitals.”* For BTA-VOH, both
bands shift to lower binding energy compared with VOH,
indicating the lower energy levels of O 2p and V 3d (e*).
Specifically, the V 3d (e*) band in BTA-VOH shows a left shift
of ~0.4 eV, validating the lower energy of the e* peak in BTA-
VOH, as shown in the O K-edge XANES spectra. Due to the
previously discussed averagely elongated V—O bonds in BTA-
VOH, the electrostatic repulsion of oxygen ions on the 3d
electrons of vanadium is weakened, resulting in the decreased
energy of V 3d electrons. In addition, the [VOg] octahedra
deformation in BTA-VOH, as shown in Figure 2h, leads to the
lower symmetric coordination environment, contributing to
the more significant splitting of the V 3d orbitals.”> Specifically,
this lower symmetric coordination environment reduces the
repulsion on V 3d orbitals within ab, bc, and ac planes (3dxy,
3d,,, and 3d,,) exerted by oxygen ions, causing more significant
splitting between e, and t,, orbitals, and bringing t,, orbitals (e
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and b, orbitals) to lower energy levels. As illustrated in Figure
3d, owing to the weakened electrostatic repulsion exerted by
oxygen ions and the greater 3d splitting in BTA-VOH, the t,,
orbitals, which split into the V 3d,, and 3d,, orbitals (e) and
the 3d,, orbital (b,), subsequently shift to lower energy levels
than in VOH. Compared with those in VOH, the e-bonding,
b,-bonding, e*-antibonding, and b,*-antibonding orbitals in
BTA-VOH, formed by the hybridization of O 2p with e and b,
orbitals, all shift to lower energies.

Figure 4a displays the average open-circuit voltage (OCV)
values of both samples. BTA-VOH has an average OCV of
1.61 V, which is higher than that of VOH (1.51 V). The lifted
OCV can be attributed to the lower energy of the e*
antibonding orbitals in BTA-VOH. Relative to V 3d electrons,
the electrons of O 2p are at a lower energy level; thus, the O
2p electrons preferentially fill the e-bonding and b,-bonding
orbitals, which have lower energy than the e* and b,*
antibonding orbitals.”” The single V 3d electron of V** tends to
occupy the e* orbitals, which are the lowest unoccupied
orbitals in the V** situation.” It is e* that participates in the
electrochemical reactions and relates to the Fermi level of the
cathode, determining the electrochemical potential of the
BTA-VOH and VOH cathodes. The downshift of the e*
orbitals increases the energy gap with the Fermi level of Zn
metal, contributing to the enhanced electrochemical potential
of BTA-VOH.”® Figure 4b is the cyclic voltammetry (CV)
curves of both samples collected at 0.1 mV/s. The split redox
peaks reflect the splitting of 3d orbitals caused by the [VO,]
octahedral distortion in the BTA-VOH cathode, which leads to
e* with a distributed energy level that is reflected by the multi
peaks and the increased voltage at the lower voltage range in
the CV curves.”””” As validated by the ex situ XPS spectra of V
2p3,, in Figure S7a, when the BTA-VOH cathode is discharged
to 0.2 V, V°* is reduced to V** and V**. When charged to 1.6
V, V** and V*" are reversely oxidized to V°*. The proportion of
V* in the fully charged state is larger than that in the pristine
state, which is attributed to the incomplete deintercalation of
Zn** during the charging process of the first cycle, as verified in
the ex situ XPS spectra of Zn 2p (Figure S7b). The lattice-
trapped Zn>" ions during the initial cycle can act as intercalants
to stabilize the [VO] layered structure in BTA-VOH.'® The
increased ratio of V*" introduced by the lattice-trapped Zn**
contributes to the enhanced electrical conductivity."” The two
major pairs of peaks in the CV curves of both samples indicate
a two-step redox reaction. For BTA-VOH, the pair of peaks
appearing at 0.98/0.97 V corresponds to the redox pair of V>*/
V*, and the peaks at 0.52/0.43 V are assigned to the redox pair
of V¥*/V3*'” VOH exhibits larger voltage differences in the
redox pairs (90 mV for V3 /V* and 95 mV for V*/V3Y),
indicating the smaller electrochemical polarization in BTA-
VOH. The current density of the V**/V3* redox peaks in BTA-
VOH is significantly larger than that of VOH, indicating a
more complete electrochemical reaction in BTA-VOH. Figure
S8 shows the CV curves of the initial three cycles at 0.1 mV/s.
Compared with VOH, the highly overlapped curves of BTA-
VOH indicate high reaction reversibility.'” Figures 4c and S9
present the CV contours of BTA-VOH and VOH scanned at
various scan rates from 0.2 to 1.2 mV/s. The reduction peaks
move to lower voltages, and the oxidation peaks move
inversely with the increase of the scan rates because of the
electrochemical polarization. Additionally, the intensities of the
reduction and oxidation peaks increase with the scan rate
owing to the improved kinetics by the weakened interaction

between cations.”® The GITT plots collected at 50 mA/g are
shown in Figure 4d. The Zn*" diffusion coefficients (D) of
BTA-VOH are 1071%°-107*% cm™2%/s during discharging and
107%7=107%2 ecm™2/s during charging. BTA-VOH has higher
Dy, than VOH (107'*~107>* cm™/s during discharging
and 107'°°-107"3 cm™/s during charging), indicating
improved kinetics in BTA-VOH. The preintercalation of
BTA" cations expands the interlayer spacing and reduces the
interactions between Zn?* and the [VO] framework,>
facilitating the diffusion of Zn**. The charge-shielding effect
of BTA" in BTA-VOH also contributes to the enhanced ion
diffusion coeflicients as reported in ref 20. The decreased D>
values during discharging can be attributed to the reciprocal
repulsion between the intercalated Zn** ions. The electrostatic
interaction between the intercalated Zn** and [VO] layers
narrows the interlayer spacing, hindering ion diffusion. As
corroborated by the ex situ XRD spectra in Figure S10, during
discharging, the (001) peak gradually shifts to a higher angle,
indicating shrinkage of the interlayer spacing. When charged to
1.6 V, the interlayer spacing of the (001) plane gradually
recovers to its initial state, and the D,2+ values increase
accordingly. The Zn*" diffusion energy barriers in BTA-VOH
and VOH are calculated via density functional theory (DFT)
to understand the impacts of BTA" cations on Zn*" migration
kinetics. The results are shown in Figure 4e, and the possible
migration pathways for Zn** in BTA-VOH and VOH are
shown in Figure S11. The Zn*" migration barrier in BTA-VOH
(~0.43 eV) is much lower than that in VOH (~0.63 eV),
indicating faster migration kinetics in BTA-VOH due to the
preintercalated BTA" cations expanding the interlayer spacing
and enlarging the Zn>" migration paths. This facilitated ion
migration in BTA-VOH, contributing to its higher specific
capacity and better rate capability. EIS before and after three
cycles of CV testing at 0.1 mV/s is shown in Figure S12.
Compared with VOH, BTA-VOH exhibits a lower charge
transfer resistance (R), indicating a higher charge transfer rate
in BTA-VOH, which can be attributed to the higher
proportion of V** in BTA-VOH. The significant decrease in
the R, value after the CV test can be attributed to the
activation of the electrodes, including the formation of lattice-
trapped Zn’>* enhancing the electrical conductivity and the
penetration of electrolyte boosting mass transfer.'” Figure S13
shows the voltage profiles of BTA-VOH and VOH for the
initial three cycles at a rate of 0.5 A/g in the voltage range of
0.2—1.6 V. BTA-VOH delivers a capacity of 402 mAh/g with
two charge/discharge plateaus. The plateau in the range of
0.8—1.1 V corresponds to the redox pair V°*/V*, while the
plateau in the range of 0.65 to 0.35 V is assigned to the V**/
V3 redox pair, which is significantly weakened in VOH. This
indicates a more complete reaction of the V**/V** redox pair
in BTA-VOH, which is consistent with the CV results.
Compared with VOH (318 mAh/g), BTA-VOH delivers a
much higher capacity. The rate capabilities of both samples at
various current densities from 0.5 to 8 A/g within the voltage
range of 0.2—1.6 V are presented in Figure 4f. At 0.5 A/g,
BTA-VOH delivers a capacity of 408 mAh/g, which is much
higher than that of VOH (318 mAh/g). As the current
densities increase to 1, 2, 4, and 8 A/g, the capacities of BTA-
VOH decrease to 380, 354, 326, and 291 mAh/g, respectively,
which is superior to those of VOH (283, 239, 194, and 157
mAh/g, respectively). For BTA-VOH, when the current
density increases to 8 A/g, the capacity remains 71.3% of the
capacity delivered at 0.5 A/g, which is much higher than that
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for VOH (49.4%). The faster diffusion of Zn** and the
enhanced electronic conductivity, as discussed earlier in this
paper, contribute to the better rate capability of BTA-VOH.
The cycling performances at 8 A/g within 0.2—1.6 V for BTA-
VOH and VOH are shown in Figure S14. BTA-VOH delivers
an initial capacity of 313 mAh/g and retains 95% of its initial
capacity after 3000 cycles, whereas VOH retains 79% of its
initial capacity, which is 150 mAh/g. The enhanced cycle
stability can be ascribed to the electrostatic interactions
between BTA" cations and [VO] slabs stabilizing the layered
structure, and the flexibility of BTA" buffering the volume
strain during zincation and dezincation. Cycling tests of BTA-
VOH and VOH with an expanded voltage range (0.2—1.8 V)
at 8 A/g are also conducted. The results are shown in Figure
4g. The altered electronic structure, as shown in Figure 3d,
leads to a higher average OCV of BTA-VOH (1.61 V) than
that of VOH (1.51 V). This lifted electrochemical potential
endows the BTA-VOH cathode with higher thermodynamic
stability to work steadily in a relatively high voltage range
(0.2—1.8 V) with a capacity retention of 92% compared with
its initial capacity after 3000 cycles. In addition, the specific
capacities of BTA-VOH and VOH both increase when the
voltage range is widened. In contrast, VOH suffers much more
severe capacity fading when the upper cutoft voltage is raised
to 1.8 V. Overall, the merit of BTA-VOH to work stably under
an expanded voltage range indicates the increased electro-
chemical potential caused by the distorted local structure
boosts the BTA-VOH cathode to work with a higher voltage,
specific capacity, and energy/power density. The cycling test of
BTA-VOH at 0.5 A/g is shown in Figure S1S. BTA-VOH
exhibits a capacity retention of 83% after 100 cycles, indicating
its structural stability during deep charging/discharging.
Ragone plots of BTA-VOH and VOH at 02—1.6 V are
displayed in Figure 4h. BTA-VOH exhibits an energy density
of 340 Wh/kg at 418 W/kg, which is superior to that of VOH
(307 Wh/kg at 482 W/kg) and many reported catho-
des.' 715257538 ‘When charged at 8328 W/kg, BTA-VOH
stlll exhibits an energy density of 303 Wh/kg at the material
level. VOH suffers significant energy density fading when
charged rapidly, which remains at only 183 Wh/kg at 9407 W/
kg. The intercalated BTA" cations lead to expanded interplanar
spacing and lowered energy levels of the e* antibonding
orbitals, benefiting Zn** diffusion and high electrochemical
potential. The electrochemical reaction kinetics and stability
are significantly improved in BTA-VOH, resulting in superior
electrochemical performance.

CONCLUSIONS

The distorted local structure in hydrated vanadium pentoxide
is induced by the preinserted benzyltrimethylammonium
cation (BTAY), which is used as a model to decipher the
correlation between the ligand field and electrochemical
performance. The distorted [VOg] octahedra alter the splitting
of the ligand field and reduce the energy level of the reaction
electron orbitals (e*), causing an increase in the average OCV
in comparison to the pristine hydrated vanadium pentoxide. In
addition, the distorted BTA-VOH cathode has an expanded
interlayer spacing and a stabilized crystal lattice, enhancing the
ion diffusion kinetics and cycling stability. Therefore, the
locally structured distorted cathode delivers a specific capacity
of 408 mAh/g at a current density of 0.5 A/g and maintains
95% of the initial capacity after 3000 cycles at 8 A/g. This
study not only provides a fundamental understanding of the

correlation between the energy level of electron orbitals and
the local coordination structure but also paves the way for
designing advanced electrode materials on the basis of ligand
field theory for next-generation rechargeable batteries.

METHODS

Preparation of BTA-VOH and VOH. All chemicals were used as
received without purification. For the preparation of BTA-VOH, 2
mmol of V,05 (99.6+%, Sigma-Aldrich) was added to SO mL of
deionized (DI) water and stirred magnetically for 30 min. Then, 2 mL
of 30% H,0, (30%, Aladdin) was added and stirred for 30 min to
form a black red transparent solution. At the same time, 1 mmol of
benzyltrimethylammonium chloride (C,oH,NCl, 99%, Aladdin) was
dissolved in 30 mL of DI water to form a colorless transparent
solution. The C;,H (NCI solution was then mixed with a transparent
V,05 solution, transferred to a 100 mL Teflon-lined stainless steel
autoclave, and heated at 120 °C for 6 h. Precipitates were collected by
centrifugation and washed with DI water and ethanol 3 times. The
precipitates were dried at 70 °C overnight and then further dried at
120 °C for 2 h in a vacuum oven to obtain BTA-VOH powder. VOH
was synthesized using the same procedure and conditions without the
addition of C,;H(NCl, and the product was dried at —57 °C using a
freezing dryer instead of a vacuum oven.

Material Characterization. A Rigaku Smartlab X-ray diffrac-
tometer with an X-ray generator has a maximum output power of 9
kW X-ray diffraction (XRD) and was utilized for X-ray diffraction
(XRD). Stretching and bending information on the chemical bonds
was collected using a Fourier transform infrared spectrometer (FTIR,
Bruker, VERTEX 70) from 400 to 4500 cm™'. The Raman spectra
were collected using a Thermo Fisher Scientific DXR 2xi Micro-
Raman spectrometer. A differential scanning calorimetry and
thermogravimetric analysis (DSC/TG, SDT Q600, TA Instruments)
were used to investigate the thermal stability of the samples within
40—700 °C in air at a heating rate of 10 °C/min. The morphology
and lattice fringes of the samples were characterized using a
transmission electron microscope (TEM, JEM-3200FS, JEOL) with
an accelerating voltage of 300 kV. X-ray photoelectron spectroscopy
was performed using a Thermo Fisher Scientific ESCALAB 250Xi
with an Al Ka radiation source that was operated at 10 mA and 15 kV.
Electron paramagnetic resonance measurements (Bruker A300) were
used to explore the valence state of vanadium. V K-edge X-ray
absorption spectra were collected by an easyXAFS300+ benchtop
instrument (easyXAFS, LLC) using a Ge (2,1,1) ball-bending crystal
analyzer and an Ag anode X-ray tube. Deadtime correction and energy
calibration were performed by using a standard V metal foil. Soft-XAS
of the V L-edge and O K-edge was performed by the National
Synchrotron Radiation Research Center (NSRRC) in Taiwan at the
BL20A1 beamline. The experimental PDF data were obtained at
BLO8W at Super Photon ring-8 GeV (SPring-8) in Japan. It gives the
interatomic distance distribution beyond conventional crystallogra-
phy, i.e., the probability of finding atomic pairs of distance r apart,””*°
which can effectively reveal the local atomic distribution in materials.
The PDF instrument resolution parameters Qg,,, and Qg were
determined as Qy,y,, = 0.0367 A" and Qy00q = 0.0086 A™! by fitting
the X-ray PDF from Si collected under the same experimental
conditions, which were fixed when refining the sample data sets.*"*>
The minimum and maximum range of data used in the Fourier
transform was chosen to be Q,;, = 0.2230 A™! and Q,,,, = 14.50 A%

Electrochemical Measurements. For cathode preparation, we
uniformly mixed the active material, conductive carbon, and
poly(vinylidene fluoride) (PVDF) binder with a weight ratio of
7:2:1 in N-methyl-2-pyrrolidone (NMP). The obtained slurry was
pasted onto a current collector (titanium foil and stainless steel mesh
of 500 mesh for ex situ tests). The obtained electrodes were dried in a
vacuum oven at 100 °C for 12 h. The active material loading was
about 2—3 mg-cm ™. Zn metal was used as the anode. A glass fiber
filter (Whatman, grade GF/A) was used as the separator, and 80 uL
of 3 M zinc trifluoromethanesulfonate (98%, Zn(CF;SO;),, Sigma-
Aldrich) aqueous solution was dropped into it as the electrolyte. All

https://doi.org/10.1021/acsnano.4c18250
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c18250/suppl_file/nn4c18250_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c18250/suppl_file/nn4c18250_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c18250?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

electrochemical measurements were based on typical CR2032 coin
cells. Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV) were performed on an electrochemical workstation
(CHI7S0E, Chenhua, China). The EIS measurements were carried
out at the OCV states from 1072 to 10° Hz with an amplitude of 0.005
V. The galvanostatic intermittent titration technique (GITT) was
applied at a current density of 50 mA/g with a charge/discharge time
and interval of 10 min. Galvanostatic charge and discharge tests with
different current densities were conducted on a Neware tester
(MIHW-200—160CH-B). The working voltage range of the cells was
0.2 to 1.6 V versus Zn**/Zn.

Theoretical Calculations. DFT calculations were performed
based on the Vienna Ab Inito Simulation (VASP) using the projector-
augmented wave (PAW) method.**™% The Perdew—Burke—Erzerh
(PBE) exchange-correlation functional of the generalized gradient
approximation (GGA) was adopted. The kinetic energy cutoff of the
plane wave was set to 500 eV. We used a density of 0.04 X 27 A™' k-
mesh set to sample the Brillouin zone integration for structural
optimization. The energy and force convergence were set at 2.0 X
107 eV and 2.0 X 1072 eV/A, respectively. The Coulombic
interaction (DFT + U)*” for V 3d electrons was set as a U—] value
of 4.5 eV. The diffusion barriers of the reactions were calculated using
the climbing image nudged elastic band (CI-NEB) method, which
had been implemented in the VASP transition state tools (VTST).**
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