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ABSTRACT: Sodium superionic conductor (NASICON)-struc-
tured compounds with a robust polyanionic framework, e.g.,
Na,V,(PO,);, have been considered as promising cathode
candidates f or rechargeable batteries due to their open 3D
structure and high thermal stability. However, their practical
implementation in aqueous batteries is hindered by their
structural instability during the charge/discharge process.
Herein, Na;V,. Cr,(PO,); is investigated as a cathode material
f or aqueous zinc-metal batteries. It is identified t hat t he Cr

substitution has a significant e ffect on im proving it s rate

capability and cycling stability. As a result, the optimal
Na,V, ;Crys(PO,); electrode delivers an ultra-stable cycling
perf ormance (68% capacity retention af ter 10,000 cycles at
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1000 mA g_l). A two-electron reaction mechanism between V*/V** and V**/V* redox couples has been revealed during the
electrochemical process for Zn-ion storage. This work verifies the feasibility of multi-electron reactions in NASICON-type
cathodes for aqueous zinc batteries and sheds light on designing advanced cathode materials for other aqueous batteries.

he ever-growing integration of renewable energy
I sources has boosted the development of low-cost,
safe, and efficient energy storage technologies."”
Battery chemistry, inspired by the commercialized lithium-
ion batteries (LIBs) for portable electronics and electric
vehicles, is also showing promise for grid-scale energy storage.’
However, because lithium is a limited resource with gradual
price increases, the large-scale implementation of LIBs is
questionable in view of safety and cost issues.” Recently,
rechargeable aqueous batteries have been revisited as one of
the most promising and feasible candidates for large-scale
energy storage applications, favorable for their intrinsic safety
and low manufacturing cost from the use of water-based
electrolytes.”® Benefiting from the high theoretical capacity
(820 mAh g™') and moderate redox potential (—0.78 V vs
standard hydrogen electrode) of the zinc anode, aqueous zinc-
metal batteries (AZBs) are attracting particular interest,
although tremendous efforts are still in demand to achieve
competitive performance for practical applications.”® As key
components in batteries, cathode materials play a critical role
in determining the performance of AZBs. To date, various
types of materials have been investigated as cathodes for AZBs,
such as vanadium-based oxides”'® and manganese-based
oxides.'"'?

Sodium superionic conductor (NASICON)-structured com-
pounds, having a general formula of AMM’'(XO,); (A = Lij,
Na, K; M or M’ = Fe, V, Ti, Cr, Mn; X = S, P, Si, As) and a
robust polyanionic framework, have been regarded as
promising electrode materials for batteries.”>™'> The open-
framework structure not only constructs the 3D Na* diffusion
pathway but also restricts lattice volume variations during Na*
extraction/insertion, which is responsible for the decent rate
capability and cycling stability. Besides, the strong inductive
effect and covalent bonds from the polyanionic groups (e.g.,
PO,’") allow a higher working potential, consequently
contributing to the increased energy density and high safety
of NASICON cathodes.'”"” Unfortunately, albeit significant
progress has been made, it remains a great challenge to
stabilize the capacity of these polyanionic materials in aqueous
batteries, often due to their incompatibility with conventional
aqueous electrolytes.'"® For example, a typical NASICON
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compound, Na;V,(PO,); (NVP), has been investigated as a
cathode material for aqueous sodium batteries, but it suffers
from severe structural degradation.'””” NVP materials have
also been tested as cathodes in AZBs, and it has been found
that they can simultaneously (de)intercalate Zn**/Na* ions
from the aqueous electrolyte.” ™ However, the problem of
material dissolution upon either Zn®>* or Na' insertion/
extraction still exists in the AZB configuration, inducing the
inevitable capacity decay. In this context, electrolyte engineer-
ing appears to be one of the most efficient strategies, making it
possible to build robust cathode—electrolyte interphases to
prevent the structural deterioration of the NASICON cathode
and enable Zn®* transArport upon repeated cation insertion and
extraction processes.”>® For example, our previous work has
already demonstrated an efficient electrolyte engineering
strategy that involved coupling a crowding agent and mixed
cations to stabilize the NVP in AZBs, resulting from the
inhibited water activity and anion-involved interphase
chemistry.”” In addition, the substitution of transition metal
ions presents another intrinsic route to improve the perform-
ance; for example, partial substitution of V by chromium,*®
29,30 31 32,33 .

iron, manganese,” or aluminum has been utilized to
enhance the electrochemical performance of sodium-ion
batteries. Particularly, V and Mn elements are simultaneously
incorporated into the NASICON structure to make use of the
electrochemical redox reactions in V and Mn transition metal
elements for aqueous Zn-ion storage.34 Significant increases in
energy density and cycle performance have been observed after
Mn substitution into NVP to form Na,VMn(PO,);. Transition
metal ion substitution in the polyanionic structure can inhibit
material dissolution, thus contributing to prolonged cycling
stability of NASICON cathodes in AZBs.

Considering the benefit in the fact that NASICON-type
electrode materials possess stable frameworks to host cations, it
is of great importance to improve the specific capacity, offering
higher energy density. NVP materials show the potential of
two V**/V* and V*/V*" redox couples, and it has been
reported that the proper amount of transition metal
substitution into the VO octahedra can activate the V*/V**
redox couple at high voltage in non-aqueous electrolytes,
resulting in remarkably improved energy density. For example,
the homogeneous incorporation of Cr** to V*' not only
reinforces the structural stability but also increases the average
working potential by triggering the V**/V°* redox pair in the
wide voltage range of 2.5—4.1 V (vs Na/Na*) during the
sodiation/desodiation process.35 However, to the best of our
knowledge, there are still no studies on the multi-electron
reaction of NVP-based materials in an aqueous Zn-metal
battery, which can be essential and important to boost the
energy density of aqueous Zn batteries with NASICON
electrodes.

In this work, we investigated the NASICON-type
Na,V,_Cr,(PO,); cathodes, which can fully activate the two-
electron reaction of vanadium in aqueous zinc-metal batteries.
Significantly improved high-rate capacity and long-term cycling
stability are achieved, benefiting from the incorporation of Cr**
into the NASCION structure. Particularly, Na;V, ;Crys(PO,);
offers a high reversible capacity of 84.4 mAh g~ at 1000 mA
g~ " with retention of 68% after extra-long cycling up to 10,000
cycles. Moreover, by employing advanced characterization
techniques, the unique two-phase solid—solution reactions are
identified which can stabilize the structure upon cation
(de)intercalation. This finding provides an unprecedented

insight into the development of advanced NASCION-based
cathodes for AZBs that can be applied to other types of
aqueous batteries for achieving high energy and long lifespan.

The Na,V, ,Cr,(PO,); (x = 0, 0.5, 1) compounds were
synthesized by a conventional solid-sate method (see
experimental details in the Supporting Information) and are
denoted as NVP, NVCP-0.5, and NVCP-1.0, according to the
specific amount (x) of Cr substituted. Figure S1 shows the
powder X-ray diffraction patterns of NVP, NVCP-0.5, and
NVCP-1.0 with their Rietveld refinement results. The typical
Na,V,(P0O,); structure (ICSD-114269) and the
Na,V, ;Cr,s(PO,); structure (ICSD-114268) were used as
the structural models for the refinement. To simplify the
refinement, the atom positions and occupancies were fixed as
in the standard structures (except for the V and Cr
occupancies in NVCP-0.5). The cell parameters, scale factor,
10 terms of background fitting, unit cell parameters, and
isotropic thermal parameters (Uy,) for all atoms were refined.
The refinement exhibits satisfactory agreement factors,
(weighed residual factor), R, (Bragg factor), and y% and good
weighted profile R factor values (pr = 7.87, 5.26, and 7.91,
respectively) can be obtained. All the observed peaks can be
indexed to the standard pattern of a typical NASICON-
structured NVP material with a rhombohedral R3¢ space
group. The lattice parameters of the Na,;V,_Cr,(PO,); phases
are summarized in Table S1. Due to the smaller ionic radius of
Cr** (0.615 A) than that of V** (0.64 A), the a, b, and ¢ values
gradually decrease as the incorporated Cr’" concentration
increases from 0.5 to 1.0, inducing the contraction of the unit
cell volume. No other impurity phases were detected,
confirming the successful synthesis of the Na,;V, Cr,(PO,);
compounds with high phase purity. The occupancies, thermal
parameters (Uj,), and detailed crystallographic data of NVP,
NVCP-0.5, and NVCP-1.0 from the Rietveld refinement are
provided in Tables S2, S3, and S4. The crystal structure of
Na,V,_Cr,(PO,); (Figure S2) demonstrates the typical open
three-dimensional (3D) polyanionic framework, which is built
up from isolated VO4 (or CrOg) octahedra and PO,
tetrahedral units interlinked via corners to establish the
framework anion [V,(PO,);]>~.* Two independent sodium
atoms are located in the voids/channels of the framework with
two different oxygen environments, i.e., sixfold coordination
for the first and eightfold for the second Na* cations.””** The
doped Cr atoms are randomly distributed in the original V—O
octahedral sites. Thermogravimetric analyses (TGAs) for
NVCP-0.5 and NVP are shown in Figure S3, and the carbon
contents are determined to be 16.5% for NVCP-0.5 and 2.2%
for NVP. It should be noted that the introduction of Cr-based
raw materials during the synthesis will reduce the consumption
of carbon for V reduction, which significantly affects the
carbon content in the composites. A nitrogen adsorption/
desorption experiment was conducted to investigate the
porous structure, as shown in Figure S4. The NVCP-0.5
composite has a specific surface area of 18.534 m” g™' based on
the Brunauer—Emmett—Teller (BET) method, with its average
pore size being around 10 nm.

The surface chemical composition of the NVP, NVCP-0.5,
and NVCP-1.0 materials was analyzed by X-ray photoelectron
spectroscopy (XPS). The high-resolution V 2p and Cr 2p
spectra of NVP, NVCP-0.5, and NVCP-1.0 powders are
displayed in Figure SS. The main peaks of V 2p in NVP are
located at 515.5 and 522.6 eV, which can be ascribed to the V
2p,/, and V 2p, ), orbitals of V**, respectively.”” The high-
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Figure 1. Electrochemical performance of the NVP, NVCP-0.5, and NVCP-1.0 electrodes. (a) Selected charge/discharge profiles of NVCP-
0.5 at 50 mA g~ ' (1st, 2nd, and 3rd). (b) Galvanostatic discharge/charge profiles of NVCP-0.5 at different current densities, ranging from 50
to 1000 mA g_l, for selected cycles. (c) Rate performance of NVP, NVCP-0.5, and NVCP-1.0 at various current densities, ranging from 50 to
1000 mA g~ (d) Cycling performance of NVP, NVCP-0.5, and NVCP-1.0 at 50 mA g~ for 300 cycles. (e) Long-term cycling performance
of NVP, NVCP-0.5, and NVCP-1.0 at 1000 mA g'. All the specific capacities are based on the mass of the composite including carbon.

resolution Cr 2p spectra of NVCP-0.5 and NVCP-1.0 show
two distinct peaks located at 577.1 and 586.6 eV, indicating the
presence of Cr’".*" When the Cr** was introduced into the
NVP structure, the V valence state was not changed. In
addition, the full XPS survey in Figure S6 clearly demonstrates
all the identified elements in NVCP, and the atomic
concentrations from XPS, listed in Table SS, are close to the
theoretical values. Moreover, inductively coupled plasma
optical emission spectroscopy (ICP-OES) tests were carried
out to analyze the compositions of the NVP and NVCP-0.5
samples. The results are displayed in Table S6. As can be seen,
the weight ratio of V to Cr in NVCP-0.5 is ~3.06,
corresponding to an atomic ratio of ~3.12, which is slightly
higher than the theoretical value of 3. In this context, we used
the Cr/V occupancies of 0.24/0.76 and 0.25/0.75 in NVCP-
0.5 for the refinement. As presented in Table S3, when the
occupancies of V and Cr were fixed at 0.24/0.76, better
agreement factors were reached during the refinement.
Therefore, the occupancy ratio of V to Cr is calculated to be
~3.17, in good correspondence to the ICP-OES results.
Scanning electron microscopy (SEM), scanning trans-
mission electron microscopy (STEM), and high-resolution
transmission electron microscopy (HR-TEM) were used to
characterize the morphology and structure of NVP, NVCP-0.5,
and NVCP-1.0. The SEM images in Figure S7 reveal that all
samples exhibit a typically porous structure, while the overall
morphology is strongly affected by the introduction of Cr'*.
NVP and NVCP-0.5 present identifiable particles on the
surface, while the NVCP-1.0 sample has a foam-like structure,
which can be attributed to the increased carbon content in the
composite. The microstructure of NVCP-0.5 was further
characterized by TEM. The low-magnification TEM image in
Figure S8a demonstrates the particle with a width of several
hundred nanometers, contracting the porous structure. At
higher magnification (Figure S8b), the carbon layer can be
distinguished in an average thickness of 4 nm. Lattice fringes

with d-spacing of 0.369 nm along the particle edge are
observed, corresponding to the (113) plane in the rhombohe-
dral NVCP-0.5 phase. Additionally, the energy-dispersive X-ray
spectroscopy (EDX) elemental mapping of the discharged
electrodes in STEM mode (STEM-EDX) results (Figure S9)
clearly demonstrates the uniform elemental distribution of Na,
V, Cr, and O in NVCP-0.5.

The electrochemical performances of the Na;V,_.Cr,(PO,)
materials as cathodes for AZBs were investigated in 2032-type
coin cells using zinc foil as anode and 2 m ZnOTF, + 1 m
NaOTF as electrolyte. The Na salt additive has been reported
to be a critical factor affecting the reversibility of both the
NASICON-based cathode and the zinc metal.””*"** The initial
galvanostatic charge/discharge (GCD) voltage profiles of the
NVP, NVCP-0.5, and NVCP-1.0 electrodes were recorded at
50 mA g~ in the voltage range of 1.0—1.8 V and are displayed
in Figure S10 and Figure la. The NVP electrode delivers a
charge capacity of 92.1 mAh g™ and discharge capacity of 87.2
mAh ¢! with an initial Coulombic efficiency (CE) of 94.7%.
The flat voltage plateau reflects the quasi-one-stage inter-
calation process.””*> When the Cr** was introduced into the
structure, both Cr-doped NVCP-0.5 and NVCP-1.0 electrodes
exhibited a new plateau at a higher working voltage.
Specifically, the NVCP-0.5 cathode possesses a high reversible
capacity of ~100 mAh g~ and an average output voltage of 1.4
V, which are higher than those of NVP. It should be noted that
the theoretical capacity of the NVCP-0.5 material is calculated
to be 88 mAh g! if only the V**/V* redox couple is
considered. In such a case, the achieved capacity of NVCP-0.5
(~100 mAh g') is much higher than the theoretical value,
indicating potential multi-redox reactions in the electrode.
However, at a high content of Cr* in NVCP-1.0, the reduced
V element and increased carbon content lead to a specific
capacity decrease, which is consistent with the reported
result.”” To verify the specific cation intercalation behaviors,
NVP and NVCP-0.5 were systematically tested in 2 m ZnOTF,
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Figure 2. Electrochemical kinetic analysis. CV curves of the (a) Zn/NVCP-0.5 and (b) Zn/NVP cells at various scan rates. (c, d) The
corresponding ions diffusion coefficients of NVP and NVCP-0.5 electrodes from GITT results. (e, f) Nyquist plots of the Zn/NVCP-0.5 and

Zn/NVP cells before and after cycling.

+ 1 m NaOTF, 2 m ZnOTF,, and 1 m NaOTF aqueous
electrolytes, and the initial GCD profiles at S0 mA g~ are
displayed in Figure S11. The Cr-doped NVCP-0.5 electrode
has higher capacity for single Na* (19.8 mAh g™'), single Zn**
(65.3 mAh g™'), and Na*/Zn*" (99.6 mAh g~') intercalation
than the NVP (11.8, 56.0, and 85.4 mAh gfl, respectively),
indicating the predominant Zn*" intercalation of the NVP-
based materials in AZBs.

The rate performance of the Na,V, Cr,(PO,); materials
was evaluated, as shown in Figure 1b. It can be seen that the
NVCP-0.5 electrode has higher reversible capacities of 102,
101, 97, 91, and 84 mAh g_1 at current densities of 50, 100,
250, 500, and 1000 mA g_l, respectively, which are
substantially higher than those of NVP and NVCP-1.0.
When the current goes back to 100 mA g~', a capacity
comparable to the initial specific capacity value is almost
entirely recovered. Note that although NVCP-1.0 exhibits low
specific capacities, the rate capability is much enhanced, with a
capacity retention of 85% at 1000 mA g~' of that at SO mA g™".
The selected GCD profiles are presented in Figure Ic and
Figure S12, clearly illustrating the reduced voltage polarizations
in NVCP-based electrodes. These results suggest that the Cr
substitution can efficiently improve the rate capability and
reversibility of NVP in AZBs.

It is critical to evaluate the low-rate cycling stability of V-
based cathodes in aqueous batteries, as the operational
currents required by a storage device for the power grid are
around 0.5—2 C and do not exceed 10 C.** In this context,
cycling stability tests of the NVP, NVCP-0.5, and NVCP-1.0
electrodes were performed at a current density of S0 mA g™
(~0.5 C), as shown in Figure 1d. The reversible capacity of
NVCP-0.5 is stabilized at 94 mAh g_l, with an average CE of
99.7% and a capacity retention of 92% after 300 cycles at a low
current density of S0 mA g~' However, the NVP electrode
only achieves 30% capacity after 270 cycles. In addition, the
Cr-doped NVCP species also exhibit excellent long-term
cycling stability at high rate. Figure le demonstrates the long-
term cycling results at a relatively high current density of 1000
mA g ' for NVP, NVCP-0.5, and NVCP-1.0 electrodes.
Impressively, compared with the fast capacity fade of NVP,

NVCP-0.5 behaves at a prospective specific capacity of ~S58
mAh g™! after extra-long cycling up to 10,000 cycles (~68.3%
capacity retention), with a high average CE of 99.99%. The
specific capacities of NVP and NVCP-0.5 compounds, based
on the mass deducting the carbon percentages in the
composites (Figure S13), further verifies the superior perform-
ance of the NVCP-0.5 electrode. To prove the robustness of
the as-prepared NVCP-0.5 materials, four additional cells were
tested at low and high current densities, as shown in Figures
S14 and SIS. All these identical cells exhibit consistent
performance, demonstrating the high reproducibility of the
electrochemical properties. Moreover, the cycling performance
of the NVCP-1.0 material is also improved, in spite of the low
specific capacities. Besides, the average working voltage of
NVCP-0.5 electrode is 1.4 V, resulting in a specific energy
density of ~140 Wh kg™ calculated based on eq (1) in the
Supporting Information. Such performance authenticates that
the introduction of Cr*" can improve the cycling stability and
energy density of NVP-based cathodes and is of great promise
among the various advanced NVP-based cathodes for AZBs
(Table S7).

To understand the redox mechanisms between the NVP and
Cr-doped NVP cathode materials, cyclic voltammetry (CV)
tests were performed at various scan rates in AZBs. In Figure
2a, two couples of stepwise redox peaks are detected in the
NVCP-0.5 electrode at a low scan rate, indicating the potential
multi-redox reactions. Specifically, during the initial anodic
scan at 0.25 mV s, two oxidation peaks located at 1.47 and
149 V can be observed, and accordingly more distinct
reduction peaks at 1.42 and 1.38 V appeared during the
subsequent cathodic scan. When the scanning rate was
increased, the gap between oxidation peaks and reduction
peaks widened, which can be attributed to the polarization and
is also consistent with the GCD profile (Figure la). It has
already been reported that the quasi-two-stage Zn>*/Na*
intercalation in NVP material also exhibits two redox peaks,
while the subsequent Zn®' intercalation takes place at lower
voltage (~1.1 V).”"* In contrast, the NVP electrode (Figure
2b) displays only a couple of broad redox peaks and severe
voltage polarization at different scan rates, implying limited
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Figure 3. Post-mortem analysis of the cycled NVCP-0.5 electrodes. (a) Amplified ex situ XRD patterns at the initial cycle. (b, ¢) V 2p and Cr
2p high-resolution XPS spectra. (d) EELS spectra recorded from the surface to the bulk electrode. (e) V-L, ; EELS spectra, where Ly and L,
represent excitations of 2p*? — 3d and 2p'/* — 3d, respectively. (f, g) HR-TEM images recorded at charge and discharge states after §
cycles. (h) Energy-dispersive X-ray spectroscopy (EDX) elemental mapping in STEM mode at 1.0 V discharge.

electrochemical activity. In order to more intuitively represent
the redox reactions in the electrochemical reaction of NVCP
electrode, differential capacity vs potential (dQ/dV) curves of
NVCP-0.5 and NVP derived from the GCD results at 500 mA
g ! are displayed in Figure S16. Differential capacity is defined
as the relative change in capacity (AQ) over the corresponding
voltage range (AV), and the peaks of the dlﬁerentlal capacity
curves (dQ/dV) represent phase equilibria.”® The NVCP-0.5
electrode shows two each anodic and cathodic peaks at
different voltages, suggesting a two-stage redox reaction. In
contrast, only each one anodic and cathodic peaks were
observed for NVP electrode, in agreement with the CV results.
Thus, the two-stage redox reactions at higher voltages in the
NVCP electrode can be ascribed to the successive multi-
electron redox reactions. Figure S17 presents the relationships
between the peak current (i) and the square root of scan rate
(v"?) in log scale (see detailed calculation in Supporting
Information) to clarify the capacity contribution type for Zn-
ion storage in NVP and NVCP-0.5 cathodes. According to eq
(2) in the Supporting Information, a b value of 0.5 implies a
diffusion mechanism, while a b value of 1.0 indicates the
predominant capacitive behavior. For the NVCP-0.5 material,
the b values of the cathodic and anodic peaks were calculated
to be 091, 0.85, and 0.82, respectively, indicating the
facilitated capacitive contribution and combined diffusion
reaction in NVCP-0.5 material. However, the b values of the
NVP electrode are smaller than those of the NVCP, illustrating
the lower capacitive contribution. According to eq (3) in the
Supporting Information, k;v and k,v'/? represent the capacitive
and diffusion-controlled contributions, respectively. As dis-

played in Figure S18, 59.1% of the total capacity is identified as
the capacitive contribution in the NVCP-0.5 electrode at 0.5
mV s~!, which is higher than that of NVP (44.3%), implying
the enhanced capacitive behavior with fast reaction kinetics in
the NVCP-0.5.

The galvanostatic intermittent titration technique (GITT)
was employed to investigate the cation diffusion dynamics in
the electrodes. The results are shown in Figure SI19. As
depicted in Figure 2c,d, the apparent cation diffusion
coefficients in the NVP and NVCP-0.5 electrodes during
(de)intercalation processes were calculated. It is expected that
the diffusion coeflicients of the NVCP electrode are about an
order of magnitude higher than those of the NVP, which
supports the statement that Cr substitution is beneficial for
enhancing the high-rate performance. Meanwhile, electro-
chemical impedance spectroscopy (EIS) experiments were
adopted to understand the charge-transfer behaviors and ion
diffusion kinetics, and the results are displayed in Figure 2e,f.
The collected Nyquist plot of the Zn/NVP cell before and
after 100 cycles reveals an increase of charge-transfer resistance
after cycling, which is typically caused by the dissolution of V-
based species and will result in poor cycling stability."®
However, the NVCP-0.5-based cell exhibits an observably
decreased charge-transfer resistance with much lower values,
implying its favorable kinetic properties. These observations
well explain the superior electrochemical performance of the
NVCP-0.5 cathode.

In order to understand the redox reaction mechanism in the
NVCP-0.5 electrode, ex situ XRD and XPS characterizations
were conducted. The recorded ex situ XRD patterns on the
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Figure 4. Density functional theory (DFT) calculations. Calculated density of states (DOS) and the corresponding partial density of states
(PDOS) diagrams of (a) Zn,,sNaV, ;Cr,s(PO,); and (b) Zny,NaV,(PO,);. (c) Comparison of the electronic spin states for these two
samples. (d) Calculated voltage profiles for Zn,V, ;Cr,sPO,); and Zn,V, ;Cry5PO,); (x = 0, 0.16, 0.25).

NVCP-0.5 electrode during the initial discharge and charge
processes are shown in Figure S20. As can be seen in the
amplified XRD patterns (Figure 3a), all the dominant
diffraction peaks shifted to a higher 20 degree along with the
initial charging procedure to 1.8 V, due to the extraction of
Na* from the NVP structure causing lattice structure
contraction. At a charged state of 1.8 V, new diffraction
peaks at 20.8° and 29.2° occur which can be indexed to the
Na-deficient NaV,(PO,); phase.”” Upon discharging, the
corresponding diffraction peaks gradually tuned back to
lower 26 degrees without impurity peaks, while the final 26
degree value of these peaks is a little bit higher than those of
the pristine NVCP-0.5 electrode, suggesting the occupancy for
Zn** with low ionic radius into the empty 18e sites of the
lattice.*” The ex situ XRD characterization gives a feasible
sodium-ion extraction/Zn-ion insertion mechanism with the
maintenance of the general NASICON framework during the
first charge/discharge process.

The Rietveld-refined XRD patterns of the cycled electrodes
at charging and discharging states (Figure S21) allow for a
more descriptive analysis of the structural changes associated
with the (de)intercalation process. The refined V and Cr
occupancies obtained from the powder XRD refinement were
used as models for the ex situ XRD refinements. The lattice
parameters and occupancy values are listed in Tables S8, S9,
and S10. After charging to 1.8 V, two phases coexist in the
diffraction pattern, corresponding to Na;V, ;Crys(PO,); and
NaV, ;Cry5(PO,);. The 6b site for Nal is still occupied, with
Na2 fully unoccupied. The Na*-extracted NVCP phase yields
the high phase fraction of 90%, while pristine
Na,V, Crys(PO,); remains at 10%. The lattice parameter
values change to a = b = 8.62 A and ¢ = 21.57 A, resulting in a

significant lattice shrinkage with a unit cell volume of 1388.6
A3, This corresponds to a contraction of the crystal structure
after extraction of Na, with the unit cell volume decreasing by
~3.0%, which is half less than that of the reported conventional
NVP after charging.*

When discharged to 1.0 V, the lattice parameters and unit
cell volume (Table S8) area=b=8.77A,c=21.96 A, and V=
1462.5 A3, indicating lattice expansion after Zn>* insertion.
Because a maximum of 2 mol of Zn** (or Na*) can be present
in the 18e site, the Zn mole fraction based on the Zn
occupancy of 0.125 was calculated to be 0.25 [ie,
Zny,sNaV,(PO,);].** In this context, the Zn>*-inserted phase
of Zny,sNaV, (Cr,s(PO,); was considered as the third phase
for the refinement. With these simulated phases, the Rietveld-
refined weighed residual factor (R,,,) was 4.49, thus providing
confidence in this simulation. The results indicate that the
lattice accommodates Zn®* into the empty 18e sites with an
occupancy of 0.125 and Na remains in the 6b site at full
occupancy. Upon discharging, the phase fraction of
Zngy,sNaV, (Cry(PO,); was ~89.8%, while the Na*-extracted
phase (NaV, ;Crys(PO,);) shows a low fraction of only 0.2%.
The Na'-inserted NVCP phase remains at 9.9%, indicating that
the Zn*" insertion at the 18e sites is the main electrochemical
reaction.

To track the valence change involving the redox reactions, ex
situ XPS spectra were collected on the cycled electrodes. The
full XPS survey spectra of the cycled NVCP-0.5 electrodes are
presented in Figure S22a,b, which clearly demonstrate
presence of Na, F, Cr, and V elements in the charged
electrode, while additional strong peaks related to Zn are
observed in the discharged one (Figure S22c). It should be
noted that very weak peak intensity of the Na 1s peak was
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detected in both the charged and discharged electrodes (Figure
$22d), indicating the limited amount Na* involved in the
intercalation reaction. This observation suggests the successful
intercalation of Zn in the NVCP cathode after discharging.
Figure 3b,c shows the high-resolution V 2p and Cr 2p XPS
spectra recorded at charge (1.8 V) and discharge (1.0 V)
states, respectively. At charged state, the characteristic V 2p
peak can be deconvoluted into two peaks, implying the
existence of V°* (V 2p;5: 517.1 €V) and V** (V 2p;,: 516.5
€V). When the cell is discharged to the low voltage of 1.0 V,
the V 2p peaks shift to lower binding energy and can be
deconvoluted into V** (V 2ps5: 516.5 €V) and V** (V 2p;y:
515.8 €V), indicating the V transition metal element undergoes
multi-electron reactions from V' to V°* during cation
intercalation.””** In contrast, the binding energies of Cr
2p3/, and Cr 2p;/, keep unchanged during the charge and
discharge process (Figure 3c), suggesting that the Cr dopant
may not participate in the redox reactions in the specific
voltage range of 1.0—1.8 V for the aqueous cell cycling. In
addition, electron energy loss spectroscopy (EELS) was also
employed to further determine the valence change in the bulk
electrodes during the redox reactions. The selected areas for
collecting EELS spectra are shown in Figure S23. From Figure
3d, it can be seen that the Cr L, ; edge of the charged NVCP-
0.5 electrode is located at 577.5 eV, and there is no shift at the
discharged state. This result confirms that the Cr has no
change in valence and does not participate in the redox
reaction, consistent with the XPS results. In contrast, the VL, ,
edge (Figure 3e) shifts from 517.5 eV at charge 1.8 V to
516.75 eV at discharge 1.0 V, verifying the reduction of V to a
lower valence state after cation intercalation.*”>’

HR-TEM images were collected at charge (1.8 V) and
discharge (1.0 V) states after S cycles to provides further proof
for the structure stability of NVCP-0.5 cathodes in AZBs
(Figure 3f,g). Both the distinctive lattice fringes in the cycled
electrodes, which refer well to the (110) plane and the (113)
plane of the NaV,;Cr,s(PO,); and ZnNaV,Cr,s(PO,);
phases with d-spacings of 0.437 and 0.371 nm, and their
selected-area electron diffraction (SAED) patterns manifest
their stable crystal structure for cation (de)intercalation
reactions. The STEM-EDX mapping results on the discharged
NVCP-0.5 electrode underscore the homogeneous elemental
distribution of V, F, Na Cr, and Zn, verifying the Zn*
intercalation, as shown in Figure 3h. On the basis of the
above experimental results, it is fully evidenced that the Cr’*
dopant can successfully activate the multi-electron reactions of
V3*/V3* redox couples in the NASICON structure as well as
trigger reversible two-phase and solid-solution reactions,
accounting for the improvement of their electrochemical
performance as cathodes for AZBs.

To theoretically unfold the superior kinetics and dynamics of
Na,V, Cry5(PO,); for Zn** storage, optimized models of
Zny,sNaV, ;Crys(PO,); and Zng,sNaV,(PO,); (Figure S24)
were built for the density functional theory (DFT)
calculations. The density of states (DOS) and the correspond-
ing partial density of states (PDOS) diagrams were calculated
as shown in Figure 4a,b. The valence bands for both samples
consist of the hybridized V 3d, P 2p, Na 3s, Zn 2p, and O 1p
orbitals, and the Cr 3d orbital is also observed in Zn,,;NaV| -
Cry5(POy4);. Owing to the hybridized Cr 3d orbitals, the
forbidden band gap of Zny,sNaV, ;Crys(PO,); is reduced to
0.34 eV, lower than that of Zny,sNaV,(PO,); (0.65 eV),
demonstrating that the Cr’* substitution can induce to the

enhanced electron conduction and Zn?' transport, which can
be beneficial for the activation of the high-voltage redox couple
of V¥*/V** in Zng,NaV,Crys(PO,);. In addition, the
electronic spin state comparison extracted from DFT
calculation results (Figure 4c) further indicates that the
unpaired electron of Cr’" ions in Zng,NaV, Cr,s(PO,);
results in the variation of spin magnetic moment in the 3d
orbitals of VO4 and CrOg octahedra, which activates the last
remaining valence electron to enable access to the high-voltage
redox couple V**/V°*. Moreover, calculated using the equation
Efom = '/3[E(ZngsNav,_,Cr,(PO,);) — E(NaV,_.Cr,
(PO,);) — 3E(Zn)], the formation energies of these two
samples are illustrated in Table S11; the formation energy of
Zny,sNaV, (Crys(PO,); is —3.30 eV, which is more negative
than that of Zng,NaV,(PO,); (—2.49 eV). This implies that
Zny,sNaV, (Crys(PO,); is the more thermodynamically stable
phase, and both of these phases can be electrochemically
achieved, which can further explain the multi-electron reaction
nature in the Cr-doped NASCION-type material. From the
lowest-energy structure, the optimized lowest-energy meso-
phase of Zny;(NaV, ;Crys(PO,); was established to calculate
the theoretical voltage profile of NaV, ;Crys(PO,); during the
insertion/extraction of Zn** ions. As shown in Figure 4d, the
sequential reactions based on the intermediate phase (i.e., from
NaV,Cros(POy4); to Zng eNaV,Cro5(PO,);, and from
Zng1eNaV, sCro5(POy); to Zng,sNaV, sCros(PO,);) are pre-
dicted to occur at 1.68 V for V¥*/V>" and 1.59 V for V3*/V*,
while the undoped phase NaV,(PO,); exhibits only one
reaction, at 124 V for V3 /V*—these are close to the
experimental values. These results indicate that the decreased
forbidden band gap resulting from Cr substitution and the
unpaired 3d orbital electrons in Cr**, which is electrochemi-
cally inactive, have strong influences on the activation of the
high-voltage V*'/V°* redox reaction in NASICON-type
materials for Zn*" storage capability.

In summary, we delicately investigated the electrochemical
and structural properties of the NASICON-type materials
Na;V,_Cr,(PO,); as cathodes in AZBs. Benefiting from the
incorporation of Cr*', significant improvements in both the
high-rate capacity and long-term cycling stability have been
achieved. As an example, the Na;V, ;Cr,5(PO,); (NVCP-0.5)
material delivers a high reversible capacity of 84.4 mAh g™* at a
high current density of 1000 mA g~' with ultrahigh cycling
stability (68% capacity retention after extra-long cycling up to
10,000 cycles). By using post-mortem analysis, the role of Cr**
dopant in the activation of multi-electron reactions based on
V3 /V** redox couples in the NASICON structure has been
revealed, involving reversible two-phase and solid-solution
transitions. Furthermore, DFT calculation results disclosed
that Cr doping can contribute to the decreased forbidden band
gap and improved Zn®>' transport capability in the robust
structure, enabling access to the muti-electron reaction at high
voltage. This work provides a guiding significance for designing
advanced NASICON-type cathode materials with a multi-
electron reaction mechanism for high-energy and durable
aqueous zinc batteries.
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