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ABSTRACT: Vanadium-based materials have been extensively studied as promising
cathode materials for zinc-ion batteries because of their multiple valences and
adjustable ion-diffusion channels. However, the sluggish kinetics of Zn-ion
intercalation and less stable layered structure remain bottlenecks that limit their
further development. The present work introduces potassium ions to partially
substitute ammonium ions in ammonium vanadate, leading to a subtle shrinkage of
lattice distance and the increased oxygen vacancies. The resulting potassium
ammonium vanadate exhibits a high discharge capacity (464 mAh g™ at 0.1 A g™")
and excellent cycling stability (90% retention over 3000 cycles at 5 A g '). The
excellent electrochemical properties and battery performances are attributed to the
rich oxygen vacancies. The introduction of K' to partially replace NH," appears to
alleviate the irreversible deammoniation to prevent structural collapse during ion
insertion/extraction. Density functional theory calculations show that potassium
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ammonium vanadate has a modulated electron structure and a better zinc-ion diffusion path with a lower migration barrier.
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electrical energy storage (EES) system, have been

intensively studied, and make up a huge market share in
the past few decades."”” However, lithium resources scarcity as
well as flammable nature of lithium metal and organic
electrolyte are two main inevitable issues in the future
development and safe application of LIBs.”* Aqueous zinc
ion batteries (ZIBs) have attracted extensive attention owing
to the advantages of metallic zinc anode including high
theoretical capacity, low redox potential, and low cost as well
as aqueous electrolytes with superior ionic conductivity (~1 S
cm™) and nontoxicity.”~” Cathode materials allowing fast and
reversible zinc ion (de)intercalation play an important role in
the electrochemical performance of aqueous ZIBs. The
development of cathode materials with a good balance
between capacity, rate performance, and cycling stability
remains a challenge.

Layered vanadium-based oxides have been widely employed
as cathode materials for ZIBs due to the multiple valence states
of V element and adjustable ion-transfer channels.®™"’
However, the unsatisfactory reaction kinetics and structure
instability still hinder their commercial applications because of
their low conductivity and narrow lattice spacing."' ™" It is an
effective strategy to incorporate molecules (H,O), cations

I ithium-ion batteries (LIBs), as the most representative
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(such as Na*, Mn?*, A**, NH,*, etc.), or polymers (PANI and
PEDOT) into the [VO,] layer to enlarge the interlayer spacing
for rapid ion diffusion.”””"" Among these foreign ions,
ammonium vanadates have been developed as cathodes for
zinc ion batteries by incorporating NH," into interlayers, such
as NH,V,0,p, (NH,),V;0;5 and (NH,),V40,41.5H,0,
delivering high capacity (>350 mAh g™' at 0.1 A g™') and a
long cycle lifespan (>1000 cycles).”"~>* NH,* possesses a large
ionic radius (143 pm) and small molecular weight (18 g
mol™"), contributing to large interlayer spacing and high
gravimetric capacities. NH," could also develop N—H:--O
hydrogen bonds with [VO,] layers to ensure structural stability
of the bilayers.”»** However, our previous work demonstrated
that this hydrogen bond could be destroyed during a repeated
charging/discharging process, recognized as the irreversible
deammoniation, resulting in serious structural collapse.”®
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Figure 1. Phase and structural characterizations of NVO and KNVO. (a) Schematic illustration of the preparation process and the crystal
structure. (b) XRD patterns. (c) FTIR spectra. (d) TG curves. (e) XPS spectra of V 2p;,. (f) EPR spectra.

Alleviating the side effects caused by deammoniation is critical
for the stable layered structure of ammonium vanadates
(NVO).

Compared to ammonium ions, the monovalent alkaline
metal cations could be introduced into the interlayer space to
enhance ionic bonding, thus stabilizing the layered structure.*®
For example, Tian et al. incorporated K' into hydrated
vanadium pentoxide, leading to a new phase (KV12030_y'
nH,0, KVOH) with a contracted interlayer spacing.”” KVOH
exhibits better cycling stability than VOH because the
introduction of K—O bonds with more ionic character
(82%) and higher binding energy enhances the interaction
between layers and stabilizes the crystal structure. However,
the cations’ pre-intercalated vanadates usually exhibit lowered
theoretical capacity because of the reduction of pentavalent
vanadium ions.'> Defect engineering is an effective method to
solve this problem because it can tune electronic structures to
further improve the reaction kinetics and enhance the
capacity.”® In this regard, the effects of coupling ions’
preintercalation and defect engineering should be taken into
consideration when introducing guest ions into the host
materials.
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In this study, we report a substitution of partial ammonium
ions by K" in the interlayer of NH,V,0,, as a cathode for
ZIBs. The resulting potassium ammonium vanadate (denoted
as KNVO) shows a discharge capacity of 464 mAh g™' at 0.1 A
g~ " and retains a capacity of 189 mAh g ™' at S A g~" after 3000
cycles. The outstanding electrochemical properties of KNVO
are attributed to the rich oxygen vacancies promoting
interfacial charge transfer and internal ion diffusion. The
incorporation of K" appears to enhance the structural integrity
and prevent irreversible deammoniation, thus resulting in long-
term cycling stability.

RESULTS AND DISCUSSION

Figure la displays the synthesis process of NVO and KNVO
nanoarrays on carbon cloth via a hydrothermal method. Only
NH," ions occupy the space between the [VO,] layer for the
crystal structure of NVO, while K" and NH," coexist in the
interlayer of KNVO. The XRD patterns of NVO, KNVO-1,
KNVO, and KNVO-2 samples (synthesized by adding 0, 0.25,
0.5, and 1 mmol of K,S,0g, respectively) are well indexed to a
monoclinic NH,V,0,, phase with a space group of C2/m
(JCPDS no. 31-0075) in Figure 1b and Figure S1.*” No
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Figure 2. Morphology and structure of KNVO. (a,b) SEM images. (c—e) TEM and HRTEM images. Inset: corresponding IFFT images. (f)

EDS mappings.

additional peaks related to any new phases are detected after
the incorporation of K'. The strong peak at 8.7° of NVO
corresponds to the (001) plane with an interlayer spacing of
10.1 A. After the substitution of NH,* by K, the (001) peak
slightly shifts toward a higher degree, indicating the shrinkage
of interplanar spacing. As the concentration of K" increases,
this (001) peak keeps moving to a higher degree (Figure S1).
The slight decrease of lattice spacing in KNVO is possibly
attributed to the small ion radius of K ions (133 pm of K* and
143 pm of NH,") and the enhanced electrostatic interaction
between K™ and O*~.* It is evident that the peak intensities of
the KNVO are weaker than those of NVO, indicating the lower
crystallinity after the potassium incorporation. ICP-OES
analysis (Table S1) demonstrates that the atomic ratio of K
to Vin NVO, KNVO-1, KNVO, and KNVO-2 are 0:4, 0.17:4,
0.26:4, and 0.42:4, respectively. The FTIR spectra in Figure lc
further confirm the similar crystal structures of NVO and
KNVO samples. The peak of 529 cm™ is assigned to the
bending mode of V—O, and a blue shift in KNVO is caused by
oxygen vacancies. The peak located at 750 cm™ is attributed
to the antisymmetric V—O—=V stretching mode.”” The ];eak at
1002 e is a typical stretching vibration of V=0."" The
peaks located at 1401 and 3148 cm™ are attributed to the
bendin§ and stretching vibration of N—H bonds, respec-
tively.”” The peak intensity becomes weaker in KNVO due to
the decrease of NH,*.

The TG curves of NVO and KNVO could be divided into
three ranges (Figure 1d). The first stage (I) is the loss of
physically adsorbed water, the second stage (II) is the loss of
crystal water and ammonium ions, and the third range (III) is
the complete loss of ammonium ions and the process of
crystallization.” The total weight loss of KNVO and NVO is
5.58 and 7.65%, respectively. The lower total weight loss of
KNVO compared to that of NVO is attributed to the residual
K atoms after heat treatment, while the NH,* ions are removed
completely, supporting that the K ions are inserted into the
ammonium vanadate. The survey XPS spectra of NVO and
KNVO demonstrate the characteristic peaks of V 2p, O 1s, N
Is, and C 1s, and no signal of S could be observed in both
samples (Figure S2). The K 2p XPS spectrum of KNVO
exhibits two peaks, which can be ascribed to K 2p,,, (295.2
eV) and K 2p;, (292.4 V), while no K signal is detected in
NVO (Figure $3).** For the high-resolution V 2p,, spectrum
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of NVO, the peak at 517.0 eV comes from V°* and the signal at
515.6 eV is attributed to V*', respectively (Figure le). The
characteristic peaks in KNVO shift to lower binding energies
(516.9 eV for V** and 515.4 eV for V**) in comparison with
NVO because the electron density of V is increased after the
loss of adjacent oxygen atoms.***® According to the fitted peak
areas, the calculated V3*/V* ratio of KNVO (1.67) is lower
than that of NVO (2.1), indicating that partial V** ions are
reduced to V** because more oxygen vacancies are formed
after the introduction of K'. The high-resolution O 1Is
spectrum of KNVO is fitted into three peaks at 529.5 (O1),
5304 (02), and 531.6 eV (03), corresponding to lattice
oxygen (V—O bonds), oxygen vacancies, and H,O molecules,
respectively (Figure S4).”*® The obviously stronger peak of
oxygen vacancies in KNVO demonstrates that KNVO contains
higher content of oxygen vacancies than NVO. The oxygen
vacancies can be further confirmed by EPR because the signal
originates from the unpaired electrons at the defect sites in an
applied magnetic field.”” V* is paramagnetic, while V> is EPR
silent because of the integer spin; thus, the EPR intensity
suggests the V* and oxygen vacancy state concentration.”*’ As
shown in Figure 1f, both the NVO and KNVO electrode show
a strong signal of g = 1.9865, corresponding to the tetravalent
V ion. Obviously, KNVO shows a higher signal intensity than
that of NVO, demonstrating the increased V* content and
decreased V°* content because V°* exhibits no EPR signal. The
increased proportion of V** demonstrates that more oxygen
vacancies are generated in KNVO, which is in accordance with
the XPS results.

SEM and TEM images of KNVO (Figure 2a—c) show that
the nanobelts are uniformly grown on the carbon fiber and the
nanobelts are ultrathin. In addition, the morphology of KNVO
is similar to that of NVO (Figure SSa,b), indicating that the
incorporation of K would not change the morphology. The
KNVO nanobelt shows a width of ~250 nm, shorter than the
~300 nm NVO nanobelt. Moreover, the width of the
nanobelts became smaller with increasing K* content (Figure
SS5c—f), which is possibly attributed to the slower growth rate
affected by K along the direction of width. The high-resolution
TEM (HRTEM) image in Figure 2d displays various lattice
disorders and lattice dislocations, which are caused by oxygen
vacancies. The corresponding selected area electron diffraction
(SAED) pattern reveals the single-crystalline nature of KNVO

https://doi.org/10.1021/acsnano.1c11169
ACS Nano 2022, 16, 4588—4598


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c11169/suppl_file/nn1c11169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c11169/suppl_file/nn1c11169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c11169/suppl_file/nn1c11169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c11169/suppl_file/nn1c11169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c11169/suppl_file/nn1c11169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c11169/suppl_file/nn1c11169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c11169/suppl_file/nn1c11169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c11169/suppl_file/nn1c11169_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c11169?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c11169?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c11169?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c11169?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c11169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acshano.org
a oo bis e 10°
0] Ko \ KNVO //’/
1.2 —1
~ 03 S
IR e AN I e N
S0 \ ~ N 06
2 T otmver ‘/- - g : 01ag]
§ 06 . . : : - 218 &
= NVO b
£ 034 /\ g o —1
g ’v /\ 4 N E 12 / .
3 0.0 / - 5 e E
- o / E.)
0 /[ | e g
otmvst N e i 01AgT s
06 y T T T T 0.0 g
00 03 06 09 12 15 18 0 100 200 300 400 500 600 £, |
Potential (V vs. Zn?*/Zn) Discharge capacity (mAh g') S
C : : d 1.8 © -@- This work
£ 5009 P P o 3 NH
[ : i @ NVO! i 0. c i
g 0.5: ; ' KNVG : Py ﬁ 1.54 g & 3D-NH,V,0
g 4009 ) P | & o w A (NH,),V,0,
2 oed ! ; ] | aoees g i v NH,V;0q4
g 3007 o P jerend > & (NH,),V,0,q1.5H,0
3 uné 5 g““‘; % 091 ® PANI-VOH
8)200- EHHE iuné g 06
ki : e 5 ] ® K-V,0;
S 100 i A * (IN(CH3)alo 77:ZM0 25V, 3.8H,0
a ' 1 UnitiA g 0.3
0 : ; s . . , . , 10 . -
0 10 20 30 40 0 100 200 300 400 500 10" 102 103 104
Cycle number Discharge capacity (mAh g™) Power density (W kg'w)
f oo i g s
= - T .
211 mah g ‘ E ’\CJ 1.5
L mah g : &\
Skl H c
mzosmmng’ ; N 121
s &L 1 w
R ' " >
?~—150 mAh g”' \ ! mah g > 0.9
o H
R e ]
l KNVO 90% (3000) “*“5&105 mAh g S 06
' °
H 2 Q
= \ NVO 70% {2000) E a - 0.3
H
T T T + T +-20 0.0 T T T T T
0 500 1000 1500 2000 2500 3000 0 50 100 150 200 250

Cycle number

Discharge capacity (mAh g")

Figure 3. Electrochemical properties of KNVO and NVO electrodes. (a) CV curves at 0.1 mV s™" and (b) voltage profiles at 0.1 A g' in the
first three cycles. (c) Discharge capacity and (d) voltage profiles at different current densities. (e) Ragone plot. (f) Cycling performance at 5

A g7 (g) Voltage profiles before and after cycling.

(Figure S6). The measured interplanar spacing of 0.218 nm in
NVO (Figure S7) is attributed to the (004) plane, decreased to
0.215 nm for KNVO (Figure 2e), which is in accordance with
the result of XRD. The corresponding inverse Fast fourier
transform (IFFT) image further confirms the lattice disorder.
EDS mappings in Figure 2f demonstrate that the V, O, N, and
K elements are distributed uniformly throughout the whole
nanobelt, while NVO only shows V, O, and N elements
(Figure S8), further proving the successful insertion of K* into
NVO.

The first three-cycle CV curves of KNVO and NVO at 0.1
mV s~' are compared in Figure 3a. The sharp curve at high
voltage in the first cycle of KNVO corresponds to the in situ
electrochemical oxidation of V** because of the higher content
of V* than that of NVO according to XPS results. The
overlapped CV curves indicate the reversible redox reaction
and the redox peaks at ~1 V (V°*/V*) and ~0.6 V (V*/V**)
are the same as those for the reported ions in pre-intercalated
vanadium oxides.*"** In addition, the small redox peaks at
~1.35 V could be possibly assigned to the NH,* (de)-
intercalation. The weakened redox peaks in KNVO suggest
that K-incorporation could alleviate the irreversible deammo-
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niation.*’ Figure 3b compares the first three-cycle voltage plots
of KNVO and NVO at 0.1 A g~'. The first charge curve of
KNVO exhibits a plateau at around 1.4 V, suggesting the
electrochemical oxidation of V** to V**, consistent with the
anodic peak in the first CV curve. The KNVO shows a lower
discharge capacity than NVO in the first cycle because of the
lower ratio of V°* to V*". The subsequent discharge plots show
two plateaus at ~1.0 and ~0.6 V, which are in accordance with
the redox peak positions of the CV curves, indicating a two-
step intercalation process of Zn®*". The highly overlapped
charging/discharging profiles of KNVO demonstrate that the
KNVO electrode displays better reversibility than NVO. In
addition, the KNVO electrode delivers a discharge capacity of
464 mAh g~ at 0.1 A g7', higher than that of NVO (391 mAh
g™'), KNVO-1 (408 mAh g'), and KNVO-2 (433 mAh g™')
(Figure S9a,b). Because of the electrochemical oxidation
process, the discharge capacity of K-incorporated ammonium
vanadate (KNVO, KNVO-1, and KNVO-2) gradually increases
in the first five cycles at 0.5 A g_l, and the KNVO electrode
exhibits higher capacities than NVO, KNVO-1, and KNVO-2
at the same current densities (Figure 3c and Figure S9¢). The
average discharge capacities of KNVO at 0.5, 1, 2, 4, and S A
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impedance and low frequencies. (f) GITT plot at 0.05 A g™". (g;h) Zn ion diffusion coefficients and reaction resistance calculated from GITT

plot.

g_1 are 422, 383, 325, 240, and 210 mAh g_l, respectively,
demonstrating an excellent rate performance, and the
corresponding voltage profiles are shown in Figure 3d. When
the current density decreases to 0.5 A g~', the capacity could
be recovered to 440 mAh g_l, indicating good reversibility. In
addition, a high energy density of 324 Wh kg™' could be
achieved at a power density of 457 W kg™, higher than the
recently reported ammonium vanadates and pre-intercalated
vanadium oxides, as shown in the Ragone plot (Figure
3e).” 73047 Eyen at a high power output of 4500 W kg™,
the KNVO electrode delivers a high energy density of 150 Wh
kg™'. As shown in Figure 3f, the KNVO electrode delivers an
initial discharge capacity of 211 mA h g™" at 5 A g7/, achieves a
maximum capacity of 224 mAh g™" after 100 cycles, and retains
a stable capacity of 189 mAh g™ after 3000 cycles. In
comparison, the NVO electrode shows rapid capacity decay
after reaching the maximum capacity of 206 mAh g™, and only
70% capacity retention is retained after 2000 cycles at the same
current density. In addition, both of them show an increase in
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discharge capacity in the initial 200 cycles, which is caused by
an activation process due to the incomplete extraction of Zn**
acting as “pillars” in the interlayer to further enhance the
capacity.”® The overall capacity retention of KNVO (90%) is
also higher than that of KNVO-1 (77%) and KNVO-2 (80%)
after 3000 cycles (Figure S9d). The voltage profiles of KNVO
and NVO before and after cycling are compared in Figure 3g.
The large capacity decay at low voltage of NVO is due to the
degradation of the structure caused by deammoniation, which
makes it difficult for zinc ion insertion/extraction. The capacity
decay of KNVO mainly originates from the first discharge
plateau, which could be possibly attributed to the decreased
space for the insertion of large-sized ions as discussed later.
The excellent cycling stability of KNVO could be possibly
attributed to the prevention of irreversible deammoniation
after the partial substitution of NH,* by K'. The crystal
structure and morphology of the KNVO electrode before and
after cycling were further studied by XRD and SEM. The XRD
patterns demonstrate that the phase of KNVO electrode is well
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maintained without generation of other new phases (Figure
$10). SEM images also reveal that the KNVO sample
maintains the initial nanobelt morphology (Figure S11). The
electrochemical properties of the KNVO electrode are superior
to those of many reported vanadium-based cathodes as shown
in Table S2.

To study the electrochemical kinetics of the KNVO
electrode, CV curves at different scan rates were measured
(Figure 4a). The slight peak shift is attributed to the
polarization during Zn®>* intercalation/deintercalation. The
relationship of peak current (i) and scan rate (v) could be
described by the equation i = av’, where a and b are adjustable
parameters.””>" A b value of 1 suggests a surface capacitive
behavior, while b 0.5 represents a diffusion-controlled
process. The b values of peaks a—e are determined as 0.75, 1,
0.84, 0.78, and 0.5 by fitting the log(i) versus log(v) curve,
respectively, demonstrating that the charge storage process is
controlled by both diffusion and capacitive behavior (Figure
4b). The larger b values of KNVO suggest the faster ion
diffusion kinetics compared with those of NVO (Figure S12).
The ratios of the capacitive (k;v) and diffusion-controlled
(kyv) contributions can be approximately calculated on the
basis of the equations i = kv + kyv'/? and i/v'/? = kyw'/* + k,.>*
With the increase of scan rates from 0.2 to 1.2 mV s, the
proportion of capacitance increases from 56% to 90% (Figure
4c). This result suggests that the reaction process of KNVO is
mainly controlled by the surface capacitive behavior at a high
scan rate. The ratio of capacitive process in KNVO is higher
than that of NVO at the same scan rate (Figure S13),
demonstrating that the oxygen vacancies induce ion absorption
reaction, thus contributing to an excellent rate performance. In
addition, Nyquist plots of KNVO and NVO after 15 cycles of
CV tests (Figure 4d) are fitted to investigate the charge-
transfer resistance and ion-diffusion coefficients. The diameter
of the semicircle in the high-frequency region is related to the
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charge-transfer resistance (R.). The KNVO electrode shows
obviously lower R, (12.6 Q) than that of NVO (32 Q), which
suggests fast surface electron mobility for KNVO. The Zn ion
diffusion coefficients (Dy,*) are obtained from the relationship
between low frequencies (w™'/2) and the real part of
impedance (Z’) in Figure 4e (details shown in the Supporting
Information).”** The KNVO electrode presents a higher D>
0f 9.6 X 1073 cm? s™! than that of NVO (7.3 X 107% ¢cm? s™%),
demonstrating the improved ion-transfer kinetics due to
oxygen vacancies facilitating the ion diffusion.

GITT measurements were also carried out to estimate the
internal reaction resistance (RR) and D> of two electrodes
throughout the entire charge—discharge process (Figure 4f—h;
calculation details are described in the Supporting Informa-
tion).'***>* The KNVO displays higher D> and lower RR
than those of NVO, and the calculated D, > of KNVO and
NVO are between 107'* and 107!! cm? s}, consistent with EIS
results. Generally, Zn®" exists in the aqueous electrolyte in the
form of [Zn(H,0)¢)** with a large size of 2.1 A.>> Before being
discharged to 1.1 V, the RRs are lower than 0.2 Q-g and the
D, >+ remains stable because the interlayer distance is large
enough for the insertion of [Zn(H,0),]**. When discharged to
0.8 V, it is difficult for [Zn(H,0)s])*" to insert into the
interlayer space, resulting in the gradual increase of RR values
and the decrease of Dy, Then the RR values go down in the
range of 0.8—0.5 V owing to the further insertion of small-sized
Zn**, which originates from the desolvation of [Zn(H,0)4]*".
After 0.5 V, the dramatic increase of RRs suggests the difficult
diffusion of Zn>* because no channels are available for any ion
intercalation. The discharging process of KNVO involves the
successive insertion/extraction of hydrated zinc ions and zinc
ions, which is consistent with the two plateaus in the voltage
profile. Ex situ O 1s XPS spectra further confirm the ions
intercalation process of KNVO (Figure S14). When discharged
to 0.8 V, the content of water increases to 80%, indicating the
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insertion of [Zn(H,0)s]*" and remains stable after 0.8 V,
suggesting the insertion of Zn*". In the charging process, the
high RR values around 0.8 V are possibly attributed to the
phase transformation during the extraction of zinc ions.
Density functional theory (DFT) calculations were con-
ducted to clarify the impacts of K ions and oxygen vacancies
and reveal the diffusion pathway and diffusion energy barriers
of zinc ions in NVO and KNVO. Charge density difference
analysis of NVO and KNVO was performed (Figure Sa,b) to
demonstrate the modulation of electron structure after the
incorporation of K ions. The negative charge distribution shifts
toward the V atoms due to more oxygen vacancies, resulting in
the weak electrostatic interaction between zinc ions and [VO,,]
layers during the intercalation of zinc ions, thereby facilitating
the diffusion kinetics. In addition, K* develops a strong
chemical bond with O®~, which ensures the structural stability.
The density of state (DOS) results (Figure Sc) show that
KNVO displays a new electronic state and higher density state
near the Fermi level, suggesting an enhanced conductivity,
which is beneficial to electron transfer during redox reactions,
thus contributing to high capacity.’® The top and side views of
possible migration pathways for Zn** in NVO and KNVO are
shown in Figure 5d,e and S16, where Zn?* mainly diffuses
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along the b axis as reported in many similar works.”*” The
energy barrier along the Zn** migration pathways for KNVO is
approximately 0.25 eV in Figure Sf, lower than that of NVO
(~0.46 eV) and previously reported vanadium oxides,
suggesting K ions and oxygen vacancies optimize the pathway
and promote a faster Zn?* migration.”****’

The charge-storage mechanism of KNVO during the
charging/discharging process was further studied via multiple
ex situ characterizations. The ex situ XRD patterns of the first
three cycles are shown in Figure 6a. No additional new peaks
are detected at the fully charge/discharge states compared to
the pristine electrode, demonstrating that the intercalated Zn
ions do not lead to the generation of new phases. As shown in
the enlarged XRD pattern, the diffraction peak of the (001)
reflection shifts slightly to higher angles at the fully discharged
state, indicating a contraction of lattice spacing from 9.9 to 9.6
A. The decrease of lattice spacing is possibly attributed to an
increased electrostatic interaction within the bilayers because
of the intercalation of Zn*". After charging to 1.6 V, the (001)
reflection returns to its original position with the extraction of
Zn*', demonstrating the reversible structure of the KNVO
electrode during the Zn ions intercalation/deintercalation.
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Ex situ XPS spectra are presented in Figure 6b—d.
Compared to the pristine electrode, the intensity of V°*
shows an apparent decrease and a new peak located at 515.4
eV is ascribed to V3* at the fully discharged state, which is
associated with the reduction of V°* and V** during the Zn>*
intercalation process.””” The contents of vanadium ions with
different valence are inaccurate because trivalent vanadium
ions are easily reduced during the ex situ XPS characterization.
At the fully charged state, the V** and V** are reversibly
oxidized to V°*. For the O 1s ex situ XPS spectra (Figure 6¢),
the intensity of O1 decreases in the discharging process and
then recovers during charging. The intensity of O2 peak shows
a decrease when discharging to 0.2 V, indicating the decrease
of the content of oxygen vacancies. This is because the oxygen
vacancies could be filled by the O* from water with the
intercalation of Zn>* and water during the discharge process.”’
The lower EPR intensity of the fully discharged electrode
further confirms the lower oxygen vacancy concentration
(Figure S17). The intensity of O; (water molecule) becomes
stronger at the fully discharged state due to the insertion of
[Zn(H,0)4]*". After charging to 1.6 V, the decreased intensity
of the O; peak indicates that most of the H,O molecules
coordinated with zinc ions are extracted from the layer, while
the residual H,O stay in the interlayer as crystal water
compared to the pristine electrode. As shown in Figure 6d, no
Zn signal is detected at the pristine state. After being
discharged to 0.2 V, the Zn 2p spectrum shows two strong
characteristic peaks of Zn 2p;/, (1044.8 eV) and Zn 2p;),
(1021.7 eV), respectively, confirming the successful insertion
of Zn ions into the KNVO electrode.”’ At the fully charged
state, the weak intensity of the Zn 2p peaks indicates that most
zinc ions are de-intercalated from the KNVO and the residual
zinc ions originate from the absorbed Zn>* or Zn>* existing in
the crystal lattice.

The morphology of the KNVO electrode demonstrates no
obvious change during the charge—discharge process from the
ex situ TEM images (Figure S18). The HRTEM image of the
electrode discharged to 0.2 V in Figure 6e displays a lattice
distance of 0.213 nm, which matches a shrinkage (004) crystal
lattice plane of monoclinic NH,V,0,, phase. When charged to
1.6 V, the interplanar spacing of the (004) crystal plane
recovers to 0.218 nm due to the deintercalation of Zn** ions
(Figure 6f). EDS mappings (Figure S19) display the V, O, N,
K, and Zn elements distributed in the fully discharged/charged
electrode. The different intensities of Zn signals illustrate the
reversible Zn ion insertion/extraction. The detected signal of
Zn in the fully charged electrode corresponds to the lattice-
trapped Zn ions or absorbed Zn ions on the surface, consistent
with the ex situ XPS results. The K and N elements are
detected in both states, implying that K* and NH," stay stable
in the interlayer spacing. Obviously, the HRTEM and EDS
analyses also confirm the reversible Zn*" storage in the KNVO
cathode. On the basis of the analysis of electrochemical
reaction kinetics and ex situ characterizations, the possible
charge-storage mechanism is illustrated in Figure 6g.
Throughout the charge/discharge, KNVO electrode experi-
ences the reversible insertion/extraction of [Zn(H,0)]*" and
Zn*" with no side reactions. The rich oxygen vacancies permit
the fast ion diffusion, and the proper K* and NH," cations in
the interlayer space could stabilize the layered structure.
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CONCLUSIONS

Potassium ammonium vanadate nanobelts with rich oxygen
vacancies exhibits outstanding electrochemical properties as a
cathode material for aqueous ZIBs. The KNVO electrode
delivers an enhanced capacity, excellent rate capability, and
outstanding cycling stability. Experimental data and calcu-
lations reveal that the oxygen vacancies and K cations could
optimize the diffusion path and reduce the diffusion barrier,
permitting fast and reversible Zn** (de)intercalation. The
incorporation of potassium appears to alleviate the irreversible
deammoniation, thus ensuring the stability of whole structure.
The ex situ characterizations demonstrate a reversible [Zn-
(H,0)4)*"/Zn*" insertion/extraction process without phase
transition. This work could provide a promising ammonium
vanadate as a high-performance cathode for emerging aqueous
ZIBs and multivalent metal-ion batteries.

MATERIALS AND METHODS

Synthesis of K-Incorporated Ammonium Vanadate (KNVO).
All chemicals were used without further purification. The carbon cloth
was cleaned by HCI, acetone, deionized water, and absolute ethanol,
respectively. NH,VO; (4 mmol) and of H,C,0,2H,0 (4.8 mmol)
were dissolved into 80 mL of DI water with stirring for 30 min. Then,
0.5 mmol of K,S,04 was added into the above solution and stirred for
another 10 min. The mixture with a piece of carbon cloth was then
heated and maintained at 180 °C for 6 h. After the reaction, the
carbon cloth was rinsed by ethanol and DI water three times. The
KNVO material grown on carbon cloth was obtained after dryingd at
60 °C for 12 h in a vacuum oven. The mass loading of KNVO was
approximately 1.2 mg cm™2 For comparison, 0, 0.25, and 1 mmol of
K,S,04 was used to prepare three additional samples, denoted as
NVO, KNVO-1, and KNVO-2, respectively.

Characterizations. Phase characterizations were investigated by
XRD with Cu Ka radiation (Rigaku, D/Ultima IV, 1 = 1.5418 A).
TG-DSC (Netzsch 449 F3) was conducted with a 10 °C min™"
heating rate in air from 30 to 600 °C. The compositional evolution
and surface valence states were investigated by XPS (Thermo Fisher
Scientific, Kalpha). ICP-OES analysis was employed to acquire the
exact composition. EPR (Bruker A300) measurements were used to
study the oxygen vacancies. SEM (SU-8010) and TEM (Tecnai G2
F20) with an EDS were used to analyze the morphology and structure
of samples.

Electrochemical Measurements. CR2032 coin-type cells were
assembled in air using as-prepared samples, Zn plate, 80 uL of 3 M
Zn(CF;S0;),, and a glass fiber filter (Whatman, grade 934-AH) as
the cathode, anode, electrolyte, and separator, respectively. Cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) were obtained on an electrochemical workstation (CHI
760E). The galvanostatic charge—discharge and galvanostatic
intermittent titration technique (GITT) were recorded on a battery
testing system (Neware, CT-4008).

Computational Method. Density functional theory calculations
were performed using the Vienna Ab initio Simulation Package based
on the pseudopotential plane wave method.®> The Perdew—Bueke—
Ernzerhof functional was used to describe exchange-correlation effects
of electrons. The projected augmented wave potentials were chosen
to describe the ionic cores and take valence electrons into account
using a plane wave basis set with a kinetic energy cutoff of 500 eV.**
In this calculation, two different configurations containing either an
O-vacancy or K ijon were considered. During the geometry
optimizations, all of the atom positions were allowed to relax. The
Brillouin-zone sampling was conducted using Monkhorst—Pack grids
of special points with a separation of 0.04 A™'. The convergence
criterion for the electronic self-consistent field loop was set to 107°
eV/atom. The atomic structures were optimized until the residual
forces were below 0.05 eV A™". In order to investigate the diffusion
properties for Zn ion, the CI-NEB method was employed.®®
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