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ABSTRACT

In search of a suitable cathode host for aqueous Zn-ion batteries (ZIBs), polyanionic
materials have been explored due to their open-framework structure that is believed to improve
Zn-ion diffusion. Among them, Na3V2(POs),F3 was recently shown in the aqueous ZIB to exhibit
attractive electrochemical performance, and the charge storage mechanism was attributed to
reversible Zn?* insertion into the cathode. Here, however, we investigate the puzzling differences
in the electrochemical behavior of Na3V2(PO4)2F; as a cathode material between non-aqueous and
aqueous ZIBs. Ex-situ analyses of the cathode after cycling in both systems unveil that the
observed disparity in the electrochemical behavior stems from the difference in the charge storage
mechanism. In the non-aqueous ZIB, guest ions are determined to be both Zn** and

Na* initially that gradually shifts to be pure Zn>*. In the aqueous ZIB, however, H* is found to be

the guest ion species rather than Zn>*. This explains the attractive electrochemical performance in
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the aqueous ZIB as H* insertion and diffusion would be extremely facile unlike Zn>*. Moreover,
even with Zn(CF3S03)> electrolyte, the formation of zinc salt byproduct on the cathode after
discharge further supports that H* ions are inserted into the cathode, as observed with aqueous
ZnSO0Oy electrolyte. This byproduct formation on the cathode in the aqueous ZIB system calls for
careful analyses to be performed to categorically elucidate that Zn ions are indeed the guest ions

at the cathode when investigating cathodes for “Zn-ion” batteries.
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insertion, proton insertion



1. INTRODUCTION

The ever-increasing deployment of electric vehicles, portable electronics, and renewable
energy sources has generated a pressing need for efficient electrical energy storage systems. This
demand has triggered an explosive surge in the usage of lithium-ion batteries (LIBs). Although
LIBs have been considered the most prominent electrical energy storage technology to date due to
their higher energy and power density compared to alternatives, further improvements are sought
in terms of specific energy and cost.! At the same time, there are growing concerns of the
availability of lithium and the rise in the cost of lithium due to the predicted growth of the LIB
market.>> In light of this, development of next-generation rechargeable battery chemistries based
on the utilization of more earth-abundant metals such as magnesium and zinc are being explored.*>
Among these, aqueous Zn-ion batteries (ZIBs) have gathered much attention owing to their lower
cost and improved safety over LIBs.® Zn metal is environmentally benign, and unlike Li metal, it
can be used as an anode in aqueous electrolytes because the passivation layer that forms on the
surface of Zn metal permits the anode to be kinetically stable.

Over the years, the primary focus of research on aqueous ZIBs has been on finding cathode
materials that exhibit attractive electrochemical performance. Inspired by the use of MnO, cathode
in alkaline batteries, several polymorphs of the MnO> family have been explored, including those
with tunnel structures such as hollandite-(a), nsutite-(y), and todorokite-types, and others such as
the layered birnessite-(§) and spinel-(1) types.””'*> Another area of interest has been vanadium-
based oxides and bronzes and their hydrated phases. It has been shown that monovalent or divalent
cations in the vanadium oxide bronzes can act as pillars to stabilize the parent structure from
irreversible phase transformations during cycling. Also, the presence of water molecules in the

vanadium oxides increases the layer spacing, allowing for reversible insertion of hydrated Zn**,



thus improving solid-state Zn-ion diffusion.'*!” Prussian blue analogues have also been
investigated as their open-framework structure may improve Zn-ion diffusion.'®!"

On a similar note, polyanionic host materials with a three-dimensional open-framework
structure have been studied more recently. Reversible cycling of NASICON-structured
Na3V2(POs); wrapped in graphene-like carbon in aqueous ZIBs was presented.?’ The cathode
exhibited a discharge plateau at 1.05 V with an initial discharge capacity of 97 mA h g~!, 74 % of
which was retained after 100 cycles at a rate of 0.5C. In addition, 60 % (58 mA h g™!) of the initial
capacity was attainable even during discharge at 10C rate, demonstrating excellent rate capability.
Another work investigated carbon-coated Na3;V2(PO4)2F3 as the cathode which also presented
outstanding cycling and rate capabilitiy.?! By modifying the Zn-metal anode, 95 % of the initial
discharge capacity (48 mA h g!) was retained after 4,000 cycles at a remarkable specific current
density of 1 A g~! (16C). Due to the inductive effect of fluorine in vanadium fluorophosphates, an
even higher discharge voltage (1.62 V) was obtained compared to that of NASICON-structured
Na3zV2(PO4)s3 (1.05 V). Both reports claimed that their exceptional electrochemical performance
was achievable due to facile Zn** insertion and diffusion into the cathode hosts.

In our previous investigation of the NASICON-related V2(PO4);—also with a three-
dimensional polyanionic open-framework structure—as a host for Zn>* insertion in a non-aqueous
Zn-ion electrolyte, however, it was discovered that Zn** diffusion was severely hindered within
the host, and required an elevated temperature of 80 °C for appreciable insertion to occur.?? The
arduous nature of multivalent-ion (Mg?** and Zn**) diffusion has also been emphasized in recent
studies exploring close-packed structures like the spinel phase.?*2° In addition, due to the strong
interaction between the Zn ions and the host framework, the structural integrity of the host was not

maintained, leading to poor cycle life. This apparent discrepancy of Zn-ion insertion and de-



insertion in a polyanionic cathode host between the non-aqueous and aqueous ZIB systems seems
puzzling and suggests that fundamental differences may be present.

Furthermore, in contrast to LIBs, for which the mechanism of energy storage is established
as the reversible intercalation of Li-ions in the cathode during cycling, different energy storage
mechanisms have been proposed for aqueous ZIBs.?” While many studies on cathode materials in
aqueous ZIBs report reversible Zn** insertion into the cathode host as the reaction mechanism for

electrochemical energy storage,!420-21:28

an increasing number of reports on oxide hosts claim that
the reaction at the cathode involves either co-insertion of both Zn** and H*,'*'%% or a conversion
reaction involving H* insertion.”** Recently, H* insertion has been shown to be the dominant
charge storage mechanism for layered and tunneled oxide hosts in aqueous ZIBs.*!** This charge
storage mechanism may also hold true for three-dimensional open-framework structures like
polyanionic cathode hosts that have shown excellent electrochemical performances in aqueous
ZIBs. Elucidating the reaction mechanism of each cathode material is imperative for developing
suitable cathode materials for multivalent-ion insertion. If reversible Zn-ion insertion into a given
cathode material is achievable then it can be applied to not only ZIBs, but also to other multivalent-
ion batteries utilizing metal anodes of more negative reduction potential (e.g., Mg?* and AI**),
leading to development of higher energy density multivalent-ion batteries.

Hence, to determine the underlying cause of the noticeable difference in the
electrochemical behavior of the open-framework polyanionic hosts between the non-aqueous and
aqueous ZIB systems, Na3V2(PO4)2F3 which was reported as a cathode for facile Zn-ion insertion,
is investigated, and its electrochemical energy storage mechanisms in non-aqueous (no H* can be

present) and aqueous (both Zn®* and H* can be present) ZIB systems are presented.

Electrochemical cycling of Na3V2(PO4)2F; cathode performed in both non-aqueous and aqueous



Z1Bs show that its electrochemical behavior is completely different in each system. Ex-situ X-ray
diffraction (XRD) and elemental analyses on the Na3V»(PO4)2F3 cathode after cycling in the non-
aqueous cell reveal that Zn>* acts as the guest ion. However, the same analyses as well as Fourier
transform-infrared (FT-IR) analyses performed on the cathode after cycling in the aqueous
electrolyte show that H* is the guest ion rather than Zn?**. This difference in the energy storage

mechanism results in a marked difference in the electrochemical performance of the

NazV2(PO4)2F3 cathode.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Na3zV2(PQ4):F3/C (NVPF/C). The synthesis was performed in two steps.
First, VPO4/C was synthesized through a sol-gel method. In a beaker filled with deionized water
(DIW), 10 mmols of V20s (1.82 g, Sigma Aldrich, 99.6+ %) and 30 mmols of C:H204.2H,0 (3.78
g, Fisher Scientific, 99.5 %) were added. The mixture was heated and stirred at 80 °C to dissolve
all of the V,0s, forming a clear blue solution. Then 10 mmols of NH4H2PO4 (2.30 g, Fisher
Scientific, > 98.0 %) was added to the solution. The solution was heated and stirred until most of
the DIW was removed. The remaining DIW was completely removed by placing the beaker in an
oven at 100 °C overnight. The dried precursor was then collected, ground with a mortar and pestle,
and heated in a tube furnace at 350 °C for 6 h under Ar flow. After heating, the intermediate
powder was collected and mixed with Super P (20 wt. %) with a planetary ball mill (Pulverisette
6, Fritsch) at 400 rpm for 6 h to obtain a homogeneous mixture. The mixture was then pressed into
a pellet and heated at 800 °C for 10 h under Ar flow to form the crystalline VPO4/C powder. The
obtained VPO4/C was then mixed with NaF (Alfa Aesar, 99 %) in a molar ratio of 2 : 3.05 with

the planetary ball mill at 400 rpm for 6 h. A slight excess of NaF was added to ensure the synthesis



of stoichiometric NVPF. The mixture was then pressed into a pellet and heated in a tube furnace
at 600 °C for 8 h under Ar flow, resulting in the formation of NVPF/C.

2.2. Electrochemical Measurements. The NVPF/C cathode was prepared by drop-casting
a slurry onto a 5 x 8 mm (0.4 cm?) Ti foil current collector and drying in a vacuum oven at 120 °C
overnight. The slurry consisted of 70 wt. % active material, 15 wt. % Super P, and 15 wt. %
polyvinylidenefluoride (PVdF) dispersed in N-Methyl-2-pyrrolidone (NMP). For electrochemical
measurements with a non-aqueous Zn-ion electrolyte, custom-made two-electrode flooded cells
were constructed. The slurry-coated cathode was attached to a graphite rod with a conductive paste
made of Super P and PVdF (1 : 1 by wt.) dispersed in NMP. 5 x 30 mm (1.5 cm?) Zn foil prepared
from a rolled Zn-metal shot (Fisher Scientific, 99.99%) was used as the anode. The graphite rod
and Zn-metal foil were electrically connected using Inconel wires. In an Ar-filled glovebox, the
two electrodes were immersed in 1 mL of 0.3 M Zn(CF3SO3): in acetonitrile (AN) electrolyte in a
sealed glass tube. For electrochemical measurements with an aqueous Zn-ion electrolyte, CR2032
type coin cells were assembled in ambient conditions. For the Zn anode, the Zn shots were melted
and casted in a graphite mold to make an ingot. Then, a piece of that ingot was rolled and punched
to prepare 18 mm diameter Zn discs. The Zn disc, slurry-coated Ti foil, and glass fiber filter (Merck
Millipore, APFA04700) were used, respectively, as the anode, cathode, and separator. A 3.0 M
Zn(CF3S03)2 aqueous solution was used as the electrolyte. Cyclic voltammetry (CV) and
galvanostatic cycling measurements, respectively, were conducted with a Bio-Logic VMP3
potentiostat and an Arbin BT-2000 battery cycler. All electrochemical measurements were carried
out at room temperature.

2.3. Materials Characterization. X-ray diffraction patterns were acquired with a Rigaku

Miniflex 600 X-ray diffractometer with a Cu Ko (A = 1.5404 A) radiation source for structural



characterization. On the powder diffraction pattern of the synthesized NVPF/C, Rietveld
refinement was conducted using GSAS-II software.>* A FEI Quanta 650 field-emission scanning
electron microscope (SEM) equipped with a Bruker detector for energy dispersive X-ray
spectroscopy (EDX) was utilized for both morphological and elemental analysis.
Thermogravimetric analysis (TGA) was conducted with a Netsch STA 449 F3 instrument under
air flow. FT-IR spectra of samples in KBr pellets were acquired with a Thermo Scientific Nicolet
1S5 FT-IR spectrometer under N> flow. All samples and KBr powder were dried in a vacuum oven
at 80 °C prior to conducing the measurements, and OMNIC software atmospheric correction was

applied.

3. RESULTS AND DISCUSSION

3.1 Synthesis of NVPF/C. This involved two steps, similar to previously reported
methods® 37 in which the synthesis of the VPO, precursor was followed by a solid-state synthesis
of NVPF. Additional carbon (Super P, 20 wt. %) was introduced in the VPO4 synthesis to ensure
that vanadium is completely reduced to the +3 oxidation state during both the VPO4 precursor and
NVPF synthesis, resulting in the formation of NVPF/C. XRD was performed on the synthesized
NVPF/C to verify the phase. The acquired and calculated diffraction patterns are presented in
Figure la. Refinement performed on the powder diffraction pattern indicates that the product is
mostly pure with ~ 3 wt. % of the NASICON NazV2(POs4)3 impurity, which is suggested to form
possibly due to the volatilization of VF3.%7 All of the diffraction peaks arising due to NVPF/C show
a good fit to the calculated pattern from the recently reported Na3;V2(POs)2F; structure with a subtle

orthorhombic distortion. NVPF has three different sites for sodium ions: Nai, which is fully

occupied and Naz and Nas, which are partially occupied. Those form a triangular distribution above



the terminal fluorine of the V2OsF3 bioctahedra, which causes an orthorhombic distortion (Figure
1b,c).’® SEM images of the powder show that particles of a few hundred nm in size are
agglomerated into clusters of a few um in size (Fig. 1d and e). Super P carbon and all other
constituent elements are homogeneously distributed, as observed in the elemental mapping images

in Fig. 1d. Based on the TGA of NVPF/C, the amount of carbon in the sample was determined to

be ~ 15 wt. % (Figure S1).
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Figure 1. (a) Acquired and refined XRD pattern of NVPF/C, crystal structure of NVPF from (b)
a-c plane, (c) b-c plane, (d, €) SEM images of NVPF/C, and (f) EDX mapping of NVPF/C.

3.2. NVPF/C as a Cathode for Aqueous/Non-aqueous Zn-ion Battery. It is understood
that if the electrochemical charge and discharge rely on the reversible Zn-ion insertion and de-
insertion in the cathode in both the non-aqueous and aqueous Zn-ion cells, a similar but better
electrochemical behavior would be observed in the aqueous Zn-ion cell compared to that of the

non-aqueous counterpart, with a noticeable difference in the rate capability. This was demonstrated



in a recent report in which the diffusion of Zn** into the V307.H>O cathode from the surface was
determined to be more facile in the aqueous electrolyte due to the shielding of the divalent charge
of Zn** by the solvent water molecules, whereas in the non-aqueous electrolyte, a Zn>* ion forms
an ion pair with the AN solvent molecule resulting in a higher de-solvation energy at the surface,
while exhibiting similar overall electrochemical behavior in both of the systems.!” Thus, both

aqueous and non-aqueous cells were assembled with NVPF/C cathode to compare their

electrochemical behaviors.
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Figure 2. (a) CV, (b) charge and discharge profiles acquired at 1C, and (¢) 1C cycling performance
of NVPF/C in an aqueous Zn-ion cell. (d) CV, (e) charge and discharge profiles acquired at 0.3C,
and (f) 0.3C cycling performance of NVPF/C in a non-aqueous Zn-ion cell.

As presented in the CV plots in Figure 2a,d, NVPF/C is shown to be redox active in both
the aqueous and non-aqueous Zn-ion cell with clear anodic and cathodic responses. For both

systems, the anodic peak of the first cycle arises as a result of pure Na* removal from the NVPF/C.
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By charging up to 1.8 V, one Na per formula unit would be extracted to result in the formation of
NaxV2(PO4),F3. In a typical sodium-ion cell, NVPF/C would exhibit three biphasic reactions along
with the formation of two intermediate phases before forming the final Na,V2(PO4)2F; phase.
However, electrochemically only two plateaus—two biphasic reactions—with a difference of 20
mV would be observed as elucidated in the recent report.’® The scan rate of the CV for both
systems may have been too high to observe the scant difference in the potential of the intermediate
phases as only one anodic peak was observed. Other than this, the two systems exhibit marked
differences in the electrochemical behavior.

In the CV of'the aqueous Zn-ion cell (Figure 2a), a small shoulder at 1.29 V and two closely
spaced overlapping peaks are observed between 1.61 and 1.63 V from the first cathodic scan. Also,
corresponding anodic current response for the small shoulder occurs at 1.40 V while those for the
two closely spaced overlapping cathodic peaks occur at 1.69 V and 1.71 V. These features align
with the two plateaus as evident on the galvanostatic charge and discharge profiles (Figure 2b),
indicating that even with insertion and de-insertion of other guest ions, NVPF/C undergoes
biphasic reactions. In the non-aqueous Zn-ion cell, on the other hand, a very dissimilar faradaic
behavior is observed, especially during the cathodic scans in the CV (Figure 2d). Unlike the peak-
like reduction current response in the CV of the aqueous Zn-ion cell, a broad reduction current
response can be observed. This is believed to be due to the sluggish insertion and diffusion of the
guest ions into NVPF/C during the cathodic scan, as determined in our previous study with Zn-ion
insertion in the polyanionic NASICON-related V2(PO4)s host.”> Because of the hindered diffusion
of guest ions in the cathode and the resultant overpotential, sloping discharge curves without any
plateaus are observed in Figure 2e despite NVPF/C undergoing biphasic reactions during charge

and discharge.
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Another difference is also evident from the cycling of NVPF/C. Galvanostatic charge and
discharge profiles of NVPF/C at a rate of 1C in the aqueous Zn-ion cell (Figure 2b) illustrate that
the initial discharge capacity is 61 mA h g~!, which is close to the theoretical capacity for one
electron transfer (64 mA h g!) in NVPF/C. This is well maintained as evidenced by the stable
electrochemical cycling observed for the first 10 cycles (Figure 2¢). As shown in Figure S2,
however, some decay in capacity is evident when cycled up to 30 cycles. In the non-aqueous Zn-
ion cell, however, NVPF/C cathode exhibits poor reversibility (Figure 2e¢). The results of
galvanostatic cycling, which was performed at an even lower rate of 0.3C, shows that the initial
discharge capacity of the cell is only 49 mA h g~!. Also, it decreases dramatically over the first
three cycles and gradually stabilizes at 11 mA h g~! by the end of 10 cycles (Figure 2f). The cycle
life of the non-aqueous Zn-ion cell with NVPF/C (10 cycles) is much shorter than that of the
aqueous cell (30 cycles). Further optimization of the system like placing a carbon film on the
surface of the Zn anode would significantly improve the cycle life of NVPF/C in the aqueous Zn-
ion cell, as demonstrated in a recent report.! The carbon film promotes the homogeneous growth
of Zn plates parallel to the anode surface, rather than Zn dendrites that grow perpendicular to the
anode surface. Hence, the carbon film not only prevents short-circuiting of the cell from Zn
dendrites, but it also improves the coulombic efficiency of the cell by reducing the fresh surface
of Zn available for side reactions with the electrolyte. Such optimization for long-term cycling was
not pursued, however, as the focus of this study is in elucidating the charge storage mechanism.

Considering the fact that the potential of the Na-ion extraction in the first anodic scan only
differs by ~ 160 mV between the aqueous and the non-aqueous systems, and the stark discrepancy
in the electrochemical behavior of NVPF/C in the aqueous and non-aqueous Zn-ion cells, it seems

that the difference in the guest-ion species in NVPF/C cathode is the underlying cause of the
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observed difference between the two systems, rather than the difference in the de-solvation energy
of the guest ion at the interface between NVPF/C cathode and the electrolyte due to the difference
in the solvents.

3.3. Ex-situ analyses on NVPF/C cathode. To elucidate the guest-ion species
participating in the electrochemical reaction of NVPF/C cathode in the aqueous and non-aqueous
cells, XRD patterns and EDX spectra were acquired for, respectively, structural and elemental
analyses of the electrodes after the 1st and 10th cycles in aqueous and non-aqueous Zn-ion cells.
Since the cycling of the cells started with charging of the cell, analyses were performed after
complete cycling of the cells (i.e., in the discharged state) to observe both the changes in structure

after the guest-ion insertion and the nature of those guest ions in the cathode.
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Figure 3. (a) XRD patterns and (b) EDX spectra of NVPF/C electrode after 1st and 10th cycles in
non-aqueous Zn-ion cells. (¢) XRD patterns and (d) EDX spectra of NVPF/C electrode after 1st

and 10th cycles in aqueous Zn-ion cells.
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The XRD patterns of the NVPF/C cathodes after the 1st and 10th cycles in the non-aqueous
Zn-ion cells are displayed in Figure 3a. Since no reported structural data are available for
NaxZnxV2(POa4)oF3 (i.e., after Zn-insertion into NaxV2(POs)2F3), the reference peak markers of the
NVPF phase are also presented for a comparison, as are those of Ti due to the use of Ti foil as the
cathode current collector. After the 1st cycle (black), the acquired XRD pattern consists only of
reflections that match well with the peak markers of the NVPF and Ti reference patterns presented
below. This indicates that after the removal of one Na per formula unit of NVPF during the charge
step, guest-ion insertion into the host transforms it into a phase similar to that of NVPF during the
discharge step. In the corresponding elemental analysis via EDX scan in Figure 3b (black), Zn
signal is present in the spectrum (green bar, Figure 3b) as anticipated along with those of other
constituent elements of NVPF/C, confirming that Zn** is indeed inserted into the structure during
the discharge step. The amount of Zn per formula unit of NVPF/C from the EDX spectrum is found
to be 0.1. This explains the broad cathodic reduction current response in Figure 2d. Even at a slow

scan rate of 50 puV s

, when Zn ions are the guest ions to NVPF/C host, their insertion and
diffusion into the bulk would be kinetically limited due to the strong host-guest interaction.

From the same EDX spectrum, however, it is also evident that reinsertion of some of the
extracted Na* occurs during the discharge step. The amount of Na per formula unit of NVPF/C
calculated from the acquired EDX spectrum is 2.5, which is 25% higher than the expected value
of 2 after Na* extraction during the charge step. This illustrates that co-insertion of Zn?* and Na*
into NVPF/C host occurs in the non-aqueous system. This kind of co-insertion of alkali ions
extracted from a host with multivalent ions during the discharge step has also been observed with

Mg?* insertion into Nage9Fe2(CN)s and Zn** insertion into Na3V2(PO4)3.>>** The Na* reinsertion

in NVPF/C host explains the relatively sharp anodic peaks and the plateau in the charge profiles
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in Figure 2d,e. The more facile Na* extraction occurs during the anodic scan, as evident by the
decrease in the amount of Na per formula unit of the cathode from 2.5 to 1.8 (28% decrease),
calculated from the EDX scan of the cathode after 2nd charge, while the amount of Zn per formula
unit of the cathode remains similar at 0.15.

The fact that Zn ions are the guest ions also explains the poor reversibility of NVPF/C
cathode in the non-aqueous system. Because the electrolyte originally was prepared to contain only
Zn>* as the cations, as cycling progresses, the extracted Na* will diffuse away from the cathode
and fewer and fewer Na ions would be reinserted into the structure with each cycle. As a result,
the guest ions inserted and extracted for the faradaic reaction of NVPF/C will gradually shift from
Na*/Zn?* to pure Zn**. This change would require more overpotential for the faradaic reactions to
occur due to the sluggish diffusion of Zn** in the NVPF/C caused by the strong host-guest
interaction. This is observed from the continuous broadening and shifting of the anodic peak in the
CV to higher potentials with cycle number (Figure S3). It can thus be deduced that the rapid
capacity fade during the galvanostatic cycling at 0.3 C in the non-aqueous system (Figure 2f) is
because of the kinetic trapping of the inserted Zn ions in the host, which is due to the overpotential
required to overcome the strong host-guest interaction. This claim is further supported by the fact
that there is a significant increase in the intensity of the Zn signal in the EDX scan after 10 cycles
(red, Figure 3b), and that the XRD patterns of NVPF/C after 1 and 10 charge/discharge cycles (red,
Figure 3a) are similar despite the capacity fade. Moreover, the broadened diffraction peaks
between 27 and 29 ° and at 32.5 © after 10 cycles compared to those after 1 cycle aligns with the
observed accumulation of Zn as it leads to a higher degree of lattice distortion due to the strong

ionic interactions between Zn and O as discovered in our previous study.??
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In Figure 3¢, the XRD patterns of NVPF/C cathodes after cycling in the aqueous Zn-ion
cells are presented along with the reference peak markers for NVPF and Ti. For both the 1st (black)
and 10th (red) cycles, the acquired XRD patterns match well with the peak markers of NVPF like
those of NVPF/C cathodes after cycling in the non-aqueous Zn-ion cell. This indicates that even
in the aqueous Zn-ion cell, NVPF/C undergoes a similar phase transformation during the discharge
step, as expected. Corresponding EDX analyses on the electrodes after the 1st and 10th cycles in
the aqueous Zn-ion cells, however, reveal a different story (Figure 3d).

The EDX spectrum of NVPF/C cathode after one cycle in the aqueous Zn-ion cell (black,
Figure 3d) showed the presence of Zn in the electrode. But also, there was a noticeable S signal,
illustrating that there is a sulfur-containing byproduct on the electrode, which only could have
come from the anionic species of the zinc electrolyte, CF3SOs™. In order to remove this byproduct,
the electrode was washed with HCI (pH 2). After washing with HCI, the S signal on the EDX
spectrum (red, Figure 3d) disappeared demonstrating that the sulfur-containing byproduct was
eliminated. Interestingly after the acid wash, the Zn signal also disappeared as evident on the EDX
spectrum. It was determined previously that the 1% cycle discharge capacity of NVPF/C in the
aqueous Zn-ion cell is 61 mA h g~!, which is close to its theoretical capacity for one electron
transfer. This means that the guest ions must have diffused into the bulk to compensate for the
stored electrons. Since the bulk of the material remained intact after acid washing as evident by
the strong signals of the constituent elements of NVPF/C, if the guest ions in the cathode were
Zn?*, then Zn should have been detected. As no Zn signal is observable in the EDX spectrum after
the acid wash, it can be inferred that in the aqueous Zn-ion cell, Zn** does not act as the charge
balancing cation in the cathode. Instead, that Zn must be a part of the byproduct that was washed

away with the acid. Also, the atomic ratio of Na per formula unit of the cathode is determined to
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be 1.98 from the EDX scan of the cathode after the 1st cycle, which is close to the expected value
of 2 after the removal of Na* from the first charging step. From this, it can be inferred that Na* is
also not the charge balancing cation. Since no other free cations are present, it can be deduced that
H* ions act as the charge balancing cations rather than Zn>*. This not only explains the peak-like
current response during the cathodic scan of the CV (Figure 2a), but also the excellent rate
capabilities (16C) exhibited by the NVPF/C cathode in a recent report,?!' because of facile diffusion
of H* into the host structure. The Zn signal on the EDX spectrum of the acid washed electrode
after 10 cycles (red, Figure 3d) indicates that some Zn?** does get inserted into the host as cycling
progresses. Having observed that Zn>* insertion in NVPF/C is possible even at room temperature
in the non-aqueous Zn-ion cell, it is sensible that over time some Zn** would have inserted along
with H* into the structure. However, as in the case of Zn-insertion in the non-aqueous Zn-ion cell,
the Zn in the structure would remain kinetically trapped, contributing to the observed capacity fade
during cycling of the aqueous Zn-ion cell. In this respect, for a better cycling performance of the
aqueous Zn-ion cell, a higher cycling rate would be favored to minimize the possibility of Zn**

insertion over H*.
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Figure 4. FT-IR spectra of (a) NVPF/C cathodes before and after one cycle in aqueous Zn-ion
cells and (b) NazV2(POa4):2F3 powder before and after chemical Zn-insertion.

In addition, results from FT-IR analyses presented in Figure 4 provide further evidence for
the conclusions deduced from the ex-situ structural and elemental analyses. Figure 4a shows the
FT-IR spectra between 500 and 4,000 cm™! of NVPF/C cathode in its pristine state (black), after
one cycle in aqueous Zn-ion cell before washing with acid (red), and after one cycle in aqueous
Zn-ion cell after washing with acid (green). Absorbance bands characteristic of NVPF can be
observed at low wavenumbers. Bending (dp-0) and stretching (vp.o) vibration bands of the P-O
bond in NVPF arise, respectively, at 556 cm~' and 681 cm™!. Also, a broad band due to asymmetric
stretching vibration of the PO4>~ tetrahedra (veos3-) can be found at 1,063 cm™'. A weak band at
936 cm™! signifies absorbance due to stretching vibration of the V-F bond (vv-r) in the structure.’’

Moreover, the signatures of O-H bond bending (80-n) and stretching (vo-n) vibrations can be seen,
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respectively, at 1,633 cm~! and 3,440 cm™'. Figure 4b shows the absorbance spectra between 800
and 1,400 cm™!' of NVPF powder in its pristine state (black) and after chemical Zn-insertion into
the de-sodiated NVPF obtained by chemical oxidation (red). Chemical Zn-insertion was achieved
via microwave-assisted iodide reduction method as demonstrated in our previous study.??> XRD
and EDX analyses on the powder in Figure S4 clearly show that 0.35 Zn per formula unit is in the
NVPF structure.

As evident in Figure 4b, vposs- band shifts from 1,063 cm™! to 1,074 cm™! and vv.r band
shifts from 936 cm™' to 950 cm™' after chemical Zn-insertion into the de-sodiated structure of
NVPF. This is suspected to occur due to the insertion and coordination of much smaller but more
charge dense Zn?* cations that would affect the bonds in the host framework differently compared
to the Na* cations. Similar changes in the vpo43- band wavenumber observed with LizV2(POs)s—
another polyanionic host—with variations in the Li* coordination in the structure supports this
finding.*! Hence, if Zn ions are inserted into the structure of NVPF as guest ions during the
electrochemical discharge step, similar shifts in the absorbance bands should be observed in the
FT-IR spectrum. However, this shift in the absorbance bands is absent in the FT-IR spectra of
electrodes after charge and discharge (one cycle) in aqueous Zn-ion cells (Figure 4a). This is
another evidence to support that Zn** is not the guest ions for the faradaic reactions at NVPF/C
cathode in the aqueous ZIBs.

Another feature of interest in Figure 4a is the significant difference in the absorbance of
vo-u band between the samples. The ratio of absorbance of the vo.u band (Avo.n) to that of the
vpo43- band (Avposs-) for the electrode before acid wash is 0.32, which is almost three times as
high as that of the pristine electrode (0.12). The decrease in this ratio back to 0.12 after acid

washing illustrates that the byproduct that forms on the electrode in the aqueous Zn-ion cell
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contains an OH- group. Noticeable spikes are present at 1,500 cm™', 1,650 cm™!, and 3,750 cm™!
in the spectrum for the electrode before acid wash. This is believed to be due to the absorption by
minor amounts of water vapor in the sample chamber introduced during sample insertion. However,
this does not affect the absorbance of the vo.n band. Also, the asymmetric stretching band of SO3*-
group in the CF3S03~ (vso32-) at 1,326 cm™! can be observed after cycling in an aqueous Zn-ion
cell (red, Figure 4a).*> Combined with the result of the elemental analysis (presence of significant
Zn and S signal) of the electrode after one cycle before acid wash, it can be deduced that this
byproduct takes some form of a zinc salt incorporating the OH~ group as well as the CF3SO3~
anionic group. This is in line with the findings in reports on oxide cathodes in aqueous ZIBs with
both ZnSO4 and Zn(CF3S0s), electrolytes.”?*3! Reports show that H* insertion into the oxide
hosts during discharge triggers concurrent byproduct formation. With ZnSO4 electrolyte, the
byproduct that forms on the electrode is hydrated zinc hydroxy sulfate salt (Zns(OH)s(SO4).xH>O,
x=0,0.5,1, 3, 4, and 5), which is a layered double hydroxide (LDH) phase. With Zn(CF3SO3)>
electrolyte, a similar LDH phase that also contains the CF3SO3™ anionic group is found to form,
although further studies are required to determine its exact chemical formula. The observed
presence of the zinc salt byproduct on NVPF/C cathode after discharge further supports that H,
rather than Zn?*, inserts into the host structure in the aqueous Zn-ion cell, as seen with other oxide
hosts. Hence, the overall electrochemical equation for NVPF/C in the aqueous ZIB is proposed as
follows:

Na,V,(P0,);F3 +>Zn + (x + n)H,0 + > Zn(CF3503), 2 HyNa,V,(PO,),F; +

ZN(ety) (CF3S03), (OH),.nH,0 (0 < x < 1) (1)
2

Moreover, preferential formation of Zn-only phases next to the cathode was discovered even in
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aqueous Zn(NOs)2 electrolyte.*’ This suggests that the zinc salt byproduct formation may be a

general issue that occurs in aqueous ZIB systems.

4. CONCLUSION

Here, a three-dimensional polyanionic NVPF/C with an open-framework structure, which
has been claimed to be a host for reversible Zn?* insertion is selected and investigated to clarify
the apparent difference in its electrochemical behavior as a cathode in the non-aqueous and
aqueous ZIB systems. Electrochemical cycling and ex-sifu analyses of the cathode reveal a
completely contrasting electrochemical behavior between the two systems, which stems from the
difference in the guest ion for the faradaic reactions during cycling. In the non-aqueous ZIB system,
the guest ions are determined to be Zn®* with some Na* that comes from NVPF/C host, but
progressively shifts to be just Zn** with cycling. Even in the three-dimensional open-framework
structure of NVPF/C, which is considered to be beneficial, Zn** diffusion in the host is determined
to be sluggish due to the strong host-guest interaction. Hence, Zn** becomes kinetically trapped in
the host during galvanostatic cycling at a rate of 0.3C, resulting in a rapid capacity fade. In the
aqueous ZIB system, however, the guest ion for the faradaic reactions at the cathode is found to
be H* rather than Zn?**. This explains the observed stable galvanostatic cycling at a higher rate of
1C, and the reported excellent electrochemical performance of NVPF/C in aqueous ZIB.?! In
addition, the formation of a zinc salt byproduct on the cathode with the Zn(CF3S0Os), electrolyte
in the aqueous ZIB system is observed. As H* is inserted into NVPF/C during discharge, the zinc
salt byproduct containing Zn**, CF3SO;-, and OH~ concurrently forms. A similar phenomenon is

known to occur also with ZnSOy4 electrolyte, another commonly used electrolyte for aqueous ZIBs.
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The formation of zinc salt byproduct on a cathode in an aqueous ZIB system could easily
mislead researchers to think that Zn ions are the guest ions for faradaic reactions at a given cathode.
In this specific case, acid washing was used to eliminate any contribution of the zinc salt byproduct
for the ex-situ analyses because NVPF is a polyanionic host material that can withstand acid for
some time due to its chemical stability. However, this may not be the case for various other cathode
materials that have been investigated to date. Elucidating the charge-storage mechanism of each
cathode material is essential for future development of ZIBs as well as other multivalent-ion
batteries for higher energy density. Hence, careful analyses with suitable methods are warranted
when exploring cathodes for aqueous “Zn-ion” batteries to unambiguously show that Zn ions are

indeed the guest ions for the faradaic reactions at the cathode.
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