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ABSTRACT: Vanadium hexacyanoferrate (VHCF) with an open-framework crystal

structure is a promising cathode material for rechargeable aqueous metal-ion batteries
owing to its high electrochemical performance and easy synthesis. In this paper, vanadium

hexacyanoferrate cathodes were first used for constructing rechargeable aqueous sodium-ion ~VHCF wene whne WOs
batteries (VHCF/WO;) and tested in the new-type electrolyte (NaP-4.6) consisting of a A Q)"::’
polyethylene glycol (PEG)/H,0/NaClO, electrolyte with a low H* concentration (molar G > . w

ratio of [H,0]/[Na*] is 4.6), which has high stability at a high current density as high as ) &Y Electrochromism
1000 mA g~ with a capacity retention of 90.3% after 2000 cycles at high coulombic t S wer
efficiency (above 97.8%). To understand their outstanding performance, the proton-assisted e

sodium-ion storage mechanism and interphase chemistry of VHCEF are investigated by solid- PreNa R

state. NMR (ssNMR) technology. It is suggested that the H* storage reaction is
accompanied by the redox of vanadium atoms and Na® intercalation is accompanied by
the redox of iron atoms. It is also observed that the complex of polyethylene glycol (PEG)
with Na* (PEG—Na") exists on the VHCF surface, which facilitates the stability of VHCF

Improving rate capability
Improving stability

and promotes the alkali-ion transfer at a high current density. The results of the ssNMR study offer new insights into the
intercalation chemistry of Prussian blue analogues with open-framework-structured compounds, which can greatly broaden our

horizons for battery research.

KEYWORDS: Vanadium hexacyanoferrate, Solid electrolyte interphase, Solid-state NMR, Aqueous rechargeable sodium-ion battery

1. INTRODUCTION

Rechargeable batteries have been recognized to be the most
reliable, highly efficient, and practical device for storage of
renewable electrical energy generated from sustainable sources
such as solar, wind, sea wave/tide, and water reserves.' "
Current nonaqueous lithium-based batteries have been widely
employed in portable electronics, electric vehicles, and
electrical grids but suffer from flammable, volatile, and toxic
electrolytes." Thus, high-performance rechargeable aqueous
ion batteries (RAIB), which can substitute the commercial
lead-acid, Ni-MH, or Ni-Cd aqueous battery, are considered to
be a type of optimal energy storage device because of their
expected better safety, lower cost, and being more environ-
mentally friendly.* To date, RAIBs with Li* shuttles have been
extensively explored,” but Na* ions as shuttle ions are of
greater interest due to the higher abundance and lower cost of
the sodium resource.” However, only a few types of RAIBs
based on sodium ions have been reported due to the fact that
cathode and anode materials allowing the reversible reaction of

-4 ACS Publications  © 2019 American Chemical Society

Na" in aqueous electrolytes are very limited. Recently, Prussian
blue analogues (PBAs) with the general formula of
AM[M'(CN)4]-mH,O (A = alkali cation ion, M and M’ =
transition-metal ions) have been explored as promising
intercalation compounds for cathode materials in rechargeable
batteries,”'® and their large open frameworks are readily
accessible for unitary electroactive ions (e.g., H' (or H;0%),
Li*, Na*, K*, or Zn**, and dual cations). For example, RAIBs of
M[Fe(CN)4]/NaTi,(PO,); (M = Cu, Ni, Co, In, Zn) systems
based on Na* or K* shuttles”'”'>'”'® have been reported for
their high operation voltage (>1.2 V), but the low specific
capacity (less than 60 mA h g') and poor cyclic performance,
which is due to the defects in the PBA crystal structure, have
limited their application in aqueous energy storage devices.
Thus, high-performance electrode materials that are compat-
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ible with aqueous systems are required for potential
application.

Considering that the electrochemical process of PBA highly
depends on the redox process of the metal ions upon
insertion/extraction of ions, it is crucial to improve the
solid/electrolyte interface of the electrode'”™>" or optimize the
combination of transition-metal ions for enhancing the
electrochemical performance. Vanadium hexacyanoferrate
(VHCF)-based PBA materials have been reported to be used
for Na* battery electrodes,””* but their structural defects and
abnormal arrangement of cations in the VHCF lattice could
result in a rapid capacity attenuation during the three-electrode
cycling test.

In this work, vanadium hexacyanoferrate (VHCF) is
prepared with a perfect cubic structure by a simple
coprecipitation method and first used as the cathode electrodes
for a rechargeable sodium-ion battery (VHFC/NaP-4.6/WO,).
A new-type electrolyte containing HCIO,, NaClO,, and an
appropriate amount of polyethylene glycol (PEG) is used for
the battery. The molar ratio of [Na*]/[H,0] in the electrolyte
is maintained at 1:4.6.” The added PEG can assist the
formation of the solid electrolyte interphase (SEI) on the
VHCEF electrode, improving its rate capability and cycle life.
The proton-assisted Na'-intercalation mechanism involving
the open framework of the VHCE electrode is directly unveiled
by the solid-state MAS NMR spectra.

2. EXPERIMENTAL SECTION

2.1. Vanadium Hexacyanoferrate (VHCF) Synthesis. VHCF
was synthesized by the coprecipitation method. Typically, 100 mL of
0.05 M K;Fe(CN),4 (Aladdin) and 100 mL of 0.1 M VOSO, (Sigma)
were simultaneously added into 100 mL of water solution under
stirring. The dropping rates of VOSO, and K;Fe(CN); solutions were
precisely controlled by a peristaltic pump (0.3 mL min™"). After the
reaction was completed, the light green VHCF slurry was obtained.
Finally, the precipitate was washed with deionized water several times
and then dried at 80 °C overnight; thus, 1.41 g of VHCF was
obtained. The prepared VHCF electrodes at different cutoff voltages
(States a to g) during charging/discharging processes were obtained
for solid-state NMR measurements. The test samples were addressed
as follows: (i) for the electrode samples without washing, the samples
were just cleaned with mirror paper and vacuum-oven-dried at 100
°C; (ii) for the electrode samples with washing, the samples were
washed with ethanol many times and vacuum-oven-dried 100 °C for
10 h.

2.2. Tungsten Trioxide (WOj3) Synthesis. WO, was synthesized
by the electrodeposition method. Typically, 1.03 g of Na,WO,-2H,0
was dissolved in 250 mL of deionized water, and 2 mL of perchloric
acid and 0.65 mL of H,O, were added to the solution under stirring.
The WO; film was prepared by continuous electrodeposition for 10
min on an indium tin oxide (ITO)-coated glass substrate, which was
performed with a Solartron 1470E electrochemical workstation
(Farnborough, U.K.) at room temperature using a conventional
three-electrode system, and ITO-glass, a 2 X 2 cm? platinum foil, and
an Ag/AgCl electrode were used as the working electrode, the counter
electrode, and the reference electrode, respectively. After deposition,
the film was thoroughly washed with ethanol and water and dried in
air. Then 0.25% Nafion solution dissolved in ethanol was dipped
evenly over the surface of the WO; film and dried in air.

2.3. Electrolyte Preparation. NaClO, electrolytes were prepared
by dissolving 6.84 g of NaClO,-H,O (Aladdin) in 7 g of polyethylene
glycol (PEG, Aladdin, M,, = 400) and 2.86, 491, and 7.58 g H,0;
then 1 g of HCIO, (Sinopharm Chemical Reagent, 70 wt %) was
added to the above three solutions to obtain solutions with three
different molar ratios of [H,0]/[Na*] (4.6, 7, and 9, respectively),
which are abbreviated as NaP-4.6, NaP-7, and NaP-9. The acid
concentrations of such solutions are all about 0.5 M. For comparison,

0.5 M HCIO, in the saturated NaClO, electrolyte without adding
PEG was also prepared, named Sat-Na, with a [H,0]/[Na*] molar
ratio of about 7.

2.4. Characterization. Powder X-ray diffraction patterns were
collected using an AXS D8 Advance diffractometer (Cu Ka radiation;
receiving slit, 0.2 mm; scintillation counter, 40 mA; 40 kV) from
Bruker Inc. The morphology and structure of samples were analyzed
by a Hitachi S-4800 field emission scanning electron microscope at an
accelerating voltage of 200 kV. The contents of V, Fe, and K atoms in
VHCF were detected by inductively coupled plasma emission
spectrometry (ICP-OES) using a PE Optima 2100DV. Raman
spectra were collected with a Renishaw in Via Reflex confocal
microscopy Raman spectrometer using 532 nm at laser wavenumbers
from 4000 to 500 cm™ for all the samples. The chemical bonding of
VHCEF was obtained by using infrared spectra FT-IR (Nicolet 6700)
with KBr powder-pressed pellets. Ex situ multinuclear ssNMR spectra
were obtained on 9.4 T Bruker Avance 500 MHz spectrometers.
Magic-angle spinning (MAS) frequencies ranged from 10 to 60 kHz,
spinning under N,. Several electrode samples (of 65 to 90 mg) were
filled to the 4 mm rotors and enhanced the signal in the experiments.
'H chemical shifts were externally referenced to adamantane ("H 1.9
ppm) and »Na to 1 M NaCl (0 ppm). 'H and **Na solid-state
nuclear magnetic resonance (NMR) spectra were acquired. All NMR
measurements were conducted at room temperature.

2.5. Electrochemical Measurements. Electrochemical measure-
ments were carried out on Solartron 1470E multichannel potentio-
stats using a three-electrode cell setup. A VHCF-material-coated Ti
grid substrate, a Ag/AgCl electrode (0.2 V vs SHE), and a Pt gauze
were employed as the working electrode, reference electrode, and
counter electrodes, respectively. The working electrodes were
prepared by mixing the corresponding VHCF slurries (75 wt %),
Super P (15 wt %), and polyvinylidene fluoride (10 wt %) in n-
methyl-2-pyrrolidinone on the Ti grid disc with a diameter of 13 mm
and air-dried at 80 °C. The VHCF mass loadings on the electrodes
were about 6 mg. To validate the VHFC cathodes and the aqueous
electrolyte, a battery consisting of the VHFC cathode, NaP-4.6
electrolyte, and WO; anode was constructed for the battery
performance tests. The mass ratio of VHFC/WO; was about 1:1.

3. RESULTS AND DISCUSSION

3.1. Structure and Chemical Properties of Vanadium
Hexacyanoferrate. Vanadium hexacyanoferrate (VHCF) was
synthesized by a coprecipitation method through controlling
the molar ratio of the precursor solution. VHCF showed better
crystallinity when the molar ratio of V/Fe = 2:1 (see Figure
S1). The powder X-ray diffraction patterns (XRD) of the
obtained VHCEF in Figure la and Figure S1 show that VHCF
exhibits a similar cubic structure analogous to that of Prussian
blue,''>!>!1 7182425 The ab initio structure predictions in
Figure 1 and Figure S2 for VHCF were calculated using the
particle swarm optimization technique, which is implemented
in the CALYPSO code.”*™* Figure 1b shows the octahedral
structure model of VO(NC); and Fe(CN),, which are linked
by sharing CN ligands in the VHCEF crystallographic structure,
about 33% sites of the Fe(CN)4 complex are vacant, and the
vanadium ijons are coordinated by five bridging C=N groups
and one oxygen atoms. The formed 3D framework structure
with void spaces and vacancy sites is occupied by the alkaline
ion and zeolitic water.””** The predicted Fm-3m VHCF
structure model, in which the O atom replaces the C=N group
and the angle of O=V—N is 180° is optimally selected for
powder X-ray diffraction Rietveld refinement for analysis
structure parameters of VHCF, and the VHCF lattice
parameter is found to be 10.10 A (see Table S1). The large
open framework enables rapid diffusion of a variety of ions.
The Fourier transform infrared (FT-IR) and Raman spectros-
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Figure 1. (a) Rietveld refinement of powder X-ray diffraction pattern
for VHCEF with cubic structure; the inset is a photo of VHCF powder
(grass green). (b) Unit cell structure of cubic VHCF with a formula
VOFe(CN)j, which is predicted by ab initio calculations implemented
in the CALYPSO code. (c) IR (top) and Raman spectra (bottom) of
VHCEF powder. (d) SEM image of VHCF powder. Scale bar: 200 nm.

copies of VHCF powder are shown in Figure 1c, which shows
three distinctive peaks at 530—600, 900—980, and 2090—2700
cm™!, corresponding to Fe—C stretching,’® V=0,”" and C=N
stretching, respectively. In addition, the molar ratio of K/V/Fe
was determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES), indicating that the
chemical formula of VHCF was K,3V;;0,Fe(CN)s (x >
1.8). This formula suggests that the mean amount of vacancy,
which is formed by the disappearance of Fe(CN)4 groups, can
be occupied by the coordinated zeolite water molecules. As
reported in previous work, VHCF could dissolve in Na,SO,/
3.6 M H,SO, solution during the electrochemical process. The
molar ratio of V/Fe in the electrolyte remained at 3.5 after 250
cycles,” illustrating that some V atoms could be easily
extracted from VHCEF to electrolyte, and those V atoms might
not participate in the cubic structural framework. The
morphology of VHCF was also characterized by scanning
electron microscopy (SEM), showing that the nanoparticle
sizes were dispersed from 50 to 150 nm.

3.2. Electrochemical Behaviors of VHCF. The electro-
chemical behaviors of VHCF in various Na*/HCIO, solutions
were investigated. 0.5 M HCIO, that is much lower than 3.6 M
H,SO, solution,””** together with adding an appropriate
amount of polyethylene glycol (PEG),” can ensure VHCF with
optimal performances (see Figure 2 and Figures S3—S6). The
electrochemical window of the Ti current collector in NaP-4.6
is about 1.9 V (Figure S7). VHCF in the neutral electrolyte
decays rapidly during the first 50 cycles, whereas in acid
solutions, VHCF exhibits ideal stability performance (Figure
S8). So, the existence of H' can limit VHCF dissolution,
resulting in a H'-assisted storage Na'-ion reaction. As shown
in Figure 2a,b, the reaction with H and Na* is complex. There
are three sequentially enhanced broad oxidation peaks between
0.4 and 1.45 V and two reduction peaks in the H' storage
reaction. Two broad oxidation peaks at 1.25 and 1.02 V,
together with a weak shoulder peak near 0.70 V, can be seen
during the H*-assisted Na* storage reaction (see Figure 2a).
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Figure 2. Electrochemical properties of VHCF. (a) Cyclic voltammo-
grams of VHCEF in various electrolytes at a scan rate of 2 mV s™'. The
black line corresponds to the NaClO, electrolyte + 0.5 M HCIO,.
The molar ratio of [Na*]/[H,0] is 1:7, and the NaClO, electrolyte
was prepared by mixing 7 g PEG + 3.96 g NaClO, + 6.08 g H,O. The
red line corresponds to the NaClO, electrolyte + 0.1 M HCIO,, and
the molar ratio of [Na*]/[H,0] is 1:7. The green line corresponds to
the NaClO, electrolyte. The blue line corresponds to 0.5 M HCIO,.
(b) Cyclic voltammograms of VHCF in Na* electrolyte + 0.5 M
HCIO, with various molar ratios of [Na*]/[H,O]. The scan rate is 2
mV s~ The black line corresponds to NaP-4.6. The red line
corresponds to NaP-7. The green line corresponds to NaP-9. The
blue line corresponds to Sat-Na without adding PEG. (c,d)
Galvanostatic profiles measured at a current density of 100 mA g™*
after 20 cycles of CV at a scan rate of 2 mV s~ for VHCEF in various
electrolytes corresponding to panels (a) and (b), respectively. (e)
Rate capabilities of VHCF operated in NaP-4.6, NaP-7, NaP-9, and
Sat-Na; the current densities are 100, 200, 400, 500, 1000, 2000,
4000, and 6000 mA g~ '.

These peaks may correspond to Fe(III)/Fe(1l) and V(III)/
V(IV)/V(V) redox processes, according to the previous result
that the valence states of V and Fe ions in the VHCEF electrode
change by V** & V* < V' and Fe’* < Fe’" during the
charging/discharging process.”””” In addition, Figure 2c shows
that the specific capacity of VHCE in the pure 0.5 M HCIO,
electrolyte is about 52.1 mA h g, while in the NaClO,/0.5 M
HCIO, electrolyte (the molar ratio of [Na*]/[H,0] is 1:7,
named NaP-7), it is 85.6 mA h g™'. That means that only
about 33.5 mA h ¢! capacity of VHCEF is obtained from the
Na' insertion/extraction reaction in the NaP-7 electrolyte.
This indicates that VHCF has higher storage ability with H*
than with Na* and about 60.9% capacity is harvested from H*
storage. More importantly, the synergistic action of H" and
Na* can strongly inhibit the dissolution process of VHCEF (see
Figure S8). Moreover, the specific capacity of VHCF in the
Na"/0.5 M HCIO, electrolyte is nearly not affected by the
molar ratio of [Na*]/[H,0] when adding a certain amount of
PEG in the electrolyte despite the polarization of VHCF in
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NaP-4.6 being the largest among all the experimented
electrolytes (see Figure 2b,d). However, the VHCF electrode
in the saturated NaClO, electrolyte ([Na*]/[H,0] = 1:7)
without PEG exhibits the highest capacity (90.4 mA h g™') at
100 mA g~', which may be induced by the high conductivity of
the Sat-Na electrolyte. From Figure 2b, we find that the
overpotential increases slightly after adding PEG in electrolytes
with a [Na*]/[H,0] molar ratio of 1:7 (also see Figure S9a).
This can be ascribed to the reduced Na*-ion concentration and
PEG—Na" coordination after adding PEG, both of which lead
to a lower ion conduction in the bulk electrolyte with PEG
(see Figure S9b) and thus to a higher overpotential. In Figure
2b, we also find that the overpotential of the VHCF electrode
in the PEG-containing electrolyte has a downward trend with
increasing molar ratio of [H,O]/[Na*] from 4.6 to 9 (also see
Figure S9a). As seen from Figure S9b, the NaClO, electrolyte
with PEG of low water content exhibits relatively low ion
conductivity, although it has a higher Na" concentration and
thus has a higher overpotential. Since Na* ions can coordinate
with PEG, more Na* ions coordinate with PEG as the molar
ratio of [H,0]/[Na*] decreases, which leads to the overall
reduced conductivity.

Interestingly, the VHCF electrode in NaP-4.6 exhibits the
best rate capability retentions despite NaP-4.6 being the lowest
conductivity when the electrolyte contains PEG, as indicated in
Figure 2e. Although the capacity performance of the VHCF
electrode in Sat-Na is the best, due to the high conductivity of
the Sat-Na electrolyte, the capacity retentions of the VHCF
electrode in SaP-4.6 are 79.2 and 46.0% at 1000and 6000 mA
g_l, respectively, which are higher than the corresponding
values in Sat-Na (73.3 and 41.9% at the same current densities,
respectively). It is obvious that the introduced PEG is
beneficial to the high-rate and long-term capability of the
VHCEF electrode when the molar ratio of [H,0]/[Na*]
reaches about 4.6 (also see Figure 3). This is because the
donor with a lone pair of oxygen atoms in PEG can form Na*
coordination to increase the solubility of metal salts,** and this
Na*—PEG coordination can be formed when the solution has a
low water component,”**> but a higher water component
([H,0]/[Na*] = 7, 9) results in a weakened Na'—PEG
coordination caused by H,O competition. Moreover, accord-
ing to the galvanostatic profiles of the VHCF electrode in
Figure 3, about 93.1% of the initial discharge capacity can be
obtained after 1000 cycles at a current density of 1000 mA g~
in NaP-4.6, which is 13.1% higher than that in Sat-Na (about
80.2% discharge capacity retention). In NaP-7, the capacity
retention is about 90.6%, indicating that the lower water
content and PEG addition can improve the stability of the
VHCF electrode. Thus, it is clear that the formed Na*-
coordinated PEG can adsorb on the surface of the VHCF
electrode, which can not only provide a Na* transport channel
between the solid electrode and liquid electrolyte but also
prohibit the direct contact of the liquid electrolyte with the
solid electrode. The latter might stabilize the solid VHCF
electrode. The galvanostatic charge/discharge of the VHCE/
NaP-4.6/WO; battery operated ranges from 0.1 to 1.0 V at a
current density of 800 mA g~' (see Figure 3d), and the
working voltage of the battery was found to be 0.62 V. The
WO, anode that has a capacity of about 95 mA h g™' at a
current density of 100 mA g~' in the NaP-4.6 electrolyte is
where the cointercalation and electrochromic reactions of Na*
and H* occur (see Figures $10—S12) as the VHCF cathode
releases and stores H' and Na' during the charging/
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Figure 3. Stability performances of VHCF electrodes in various
electrolytes at a current density of 1000 mA g~'. (a) VHCF operated
in NaP-4.6, NaP-7, and Sat-Na in a three-electrode cell. (b)
Galvanostatic profiles of VHCEF in a three-electrode cell operated in
Sat-Na; the molar ratio of [Na*]/[H,0] is 1:7. (c) Galvanostatic
profiles of VHCEF in a three-electrode cell operated in NaP-4.6, which
is nearly saturated NaClO, + 0.5 M HCIO,,. (d) Galvanostatic profiles
of VHCF/NaP-4.6/WOj; battery along with the voltage profiles of
their individual anode and cathode electrodes vs SHE at a current
density of 1000 mA g~'. (e) Stability performance of VHCF/NaP-
4.6/WOj battery at a current density of 1000 mA g~'; the inset is a
photo of the battery in an H-type cell. The charging and discharging
process is shown in Video SI.

. . . . 23,32,36
discharging process. According to the previous works,

in the VHCF cathode electrode, V(III) + H,0 — [V(IV)O]*
+ 2H" + e7, Fe(Il) — Fe(Ill) + e7, and [V(IV)O,H]" —
[V(V)O,]* + e + H' reactions occur; the reactions that
occurred in the WO, anode include W(VI) + xH* + xe™ —
H,WO; and W(VI) + xNa* + xe~ — Na,WO,. The stability of
VHCEF during cycling at a current density of 1000 mA g~ is
shown in Figure 3e, and about 90.3% of the initial discharge
capacity was obtained after 2000 cycles, which is the second
highest on record among the RAIBs based on Na' shuttles
with ideal energy density (17 Wh kg™") (see Table S2). The
side reaction of water electrolysis was limited at such high
current density; this is propitious to increase the coulombic
efficiency, which decreased from 98.9 to 97.8% during the
cycling process. Furthermore, the interfacial chemistry was also
investigated by the solid-state NMR technology as discussed in
the following section.

3.3. Interphase of VHCF Electrodes. The 'H and **Na
NMR spectra of VHCF samples both with washing and
without washing by ethanol were obtained in NaP-4.6 solution
as shown in Figure 4. The 'H NMR signals of VHCF in Na
acid solution show resonances that can be assigned to PEG
(3.5 ppm). Two sharp **Na signals at —19.5 and —20.7 ppm
observed in NMR spectra of VHCEF samples correspond to the
central transition of *Na in NaClO, crystals,’’ while a
relatively broad **Na signal at —10.8 ppm is obviously different
from both the lattice Na* (—42.2 ppm, see below) of VHCF
and Na* of NaClO, and can be assigned to the PEG—Na"
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Figure 4. '"H and **Na solid-state NMR spectra at 14 KHz of
individual VHCFs, obtained after 20 cyclic voltammetry cycles at a
scan rate of 2 mV s~ in NaP-4.6. (a,c) "H ssNMR spectra of VHCF
electrode. (b,d) *Na ssNMR spectra of VHCF electrode. (a)b) The
VHCF sample was obtained without ethanol washing. (c,d) The
VHCF sample was obtained by fully washing with ethanol several
times.

complex deposited on the surface of the VHCEF electrode. The
appearance of complex PEG—Na" on the surface of the VHCF
electrode not only provides a passageway for Na* ions entering
the VHCF electrode the from electrolyte but also can
effectively prevent VHCF from contacting water in the
electrolyte and thus limit the solubility of VHCEF.

3.4. Intercalation Reaction of VHCF Electrode. The
mechanisms of the Na" reaction was further investigated by
solid-state NMR and kinetic analysis (see Figure Sb—d). The
ex situ XRD patterns (Ti (101) peak as the internal standard)
were also detected to get the structure characteristics of VHCF
during the galvanostatic process. As shown in Figure Sa and
Figure S10, the VHCEF electrode can maintain its initial cubic
structure during charge/discharge, indicating that the crystal
structure of VHCF does not change during the extraction and
embedding processes. However, during the charging process,
the XRD peaks of (200) and (220) as well as (422) shift to low
angles from oxidation States a to ¢ and then slightly shift
toward the high angle from oxidation State ¢ to State d.
Reverse variations occur during the discharging process (see
Figure Sc and Figures S13—S14, Table S3). The above result
illustrates that, during the charging process, the lattice first
expands and then contracts slightly. The lattice expansions and
contractions along the three directions are small, for example,
about 0.8% from States a to ¢ and 0.1% from States ¢ to d,
which are close to zero strain. We tentatively interpret above
lattice expansion or contraction as follows. During the charging
process, the energy of the Fe(II)/Fe(Ill) couple is controlled
by the z-bonding Fe—C interaction, and the V(III)/V(IV) or
V(IV)/V(V) couple is controlled by the O=V—N interaction.
The Fe--V distance is affected by the cooperative rotation
from the linear Fe—C=N-V=0 axis. From States a to c, the
rotation of the linear (—C=N-) leads to the slight
elongations in both Fe—C and V-N bonds,*® giving rise to
the lattice expansion. This may be caused by the oxidation of
Fe(II) to Fe(IlI) and V(III) to V(IV). However, the slight
lattice contraction from States ¢ to d may be due to the
reaction of V(IV)/V(V) couples accompanied by the H*
storage reaction.

The ex situ *Na solid NMR spectra at different oxidation
states of VHCF upon the galvanostatic process (States a to g)

a 20 b

(101) — :Na Na-a
(220) —— “Na Na-b
J\j‘ “Na Na-c

2
—— “Na Na-d

A\

A /M BNa Na-e
[ ——Na Na-f

Intensity (a.u.)

N N - d .
(e ()
@ B 1.1 b=1,
. . . . E]
2 oo
2 081 _ oxidation”

0.5/ = Reduction

buibreyosip

Scan rate:1 mV §*

L]
-
L
)
—B —
K
g
e
IS

-
[
']
L]
[
-
tﬁgﬁj’
I7A
)
-

0.6/ Capacitance:67%

16.0 - 10'.1”-5‘0 ' -431 - é'ols ) 1;2 0.5 0.8 11 1.4
alhk  &(ppm) ratio E/V E / Vvs. SHE
Figure S. (a) Ex situ XRD patterns of VHCF electrode at different
charging/discharging states in which the Ti (101) peak is used as the
internal standard for XRD patterns. (b) Ex situ *Na solid-state NMR
spectra of Na-ion content in VHCF with cycling obtained by
quantitative analysis of >*Na NMR. (c) Changes of lattice parameter
(1), chemical shift *Na solid-state NMR (II), area of *Na NMR
quantitative analysis spectra ratio (area of Na-a-g/area of Na-d) (III),
and VHCEF electrochemical cycling (IV). Seven states, namely, a
(0.433 V), b (1.070 V), ¢ (1.197 V), d (1.300 V), e (1.169 V), f
(1.033 V), and g (0.399 V), are selected for comparison. (d) b values
at different oxidation/reduction states (top) and cyclic voltammo-
gram with the capacitive contribution (the red region) to the total
current for VHCF (bottom).

were further used to monitor the extraction/embedding of Na*
ions during the charging/discharging processes. Figure Sb
shows the quantitative **Na ssNMR spectra of different
VHCFs at various cutoff voltages (the spectra of different
VHCFs were divided by their own weights). The mathematical
areas of ex situ *Na NMR spectra are related to the content
changes of Na' in VHCF during charging/discharging
processes, which can be used to approximately characterize
the quantitative variation of Na* content during the charging
and discharging. As revealed in Figure Sb, the 2Na signal of
VHCEF is upfield shifted about 10.51 ppm (from —42.35 to
—52.86 ppm) in the charging process (States a to d), but only
a shift of 0.46 ppm occurs from States ¢ to d. During the
discharging process (States d—g), the **Na chemical shift
moves back to the initial State a, suggesting that the reversible
redox reactions occur during charge and discharge processes
with H and Na* storage reactions. The area ratio of Na-n/Na-
d (n = a—g) has the same trend with the **Na chemical shift.
The Na* content drops dramatically from State a to State ¢
during charging, which is characterized by area ratio variation
of Na-n/Na-d from 8.6 to 1.3. During the subsequent charging
process from States ¢ to d, however, the Na content decreases
little (the area ratio changes from 1.3 to 1). That is to say,
about 96% of Na* jons are extracted from VHCF during the
charging process from State a to State ¢, and only 4% of Na*
ions are extracted during the subsequent charge process from
State ¢ to State d. Reverse variations of Na® content are
observed during the discharging process. The above results
imply that the Na* storage reaction mainly occurs during the
State a to ¢ (or State e to g) process while the H* storage
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reaction mainly occurs during States ¢ to d and d to e
processes (see Figure Sc). From Figure 2, it is calculated that
only about 39.1% capacity was from the Na* storage reaction,
indicating that, during the States a to ¢ charge processes, about
2/3 capacity storage in VHCF was accompanied by Na" and
H' reactions, and the 1/3 capacity storage during States c to d
was mainly from the H' reaction that is supposed to be
accompanied by the oxidation of V(IV)/V(V) couples.

Kinetic analysis of VHCF for the H" and Na® storage
reactions is shown in Figure Sd, indicating that about 67%
capacitive current contributes to the total current of VHCF at
1 mV s™". A high capacitive percentage is generally contributed
by the fast diffusion rates and short diffusion distances,*”
resulting from the low reaction activation energy. The b values
are the slopes of log(peak current) versus log(sweep rate) as
shown in Figure S15 and Table S4. When b = 1.0, the current
belongs to capacitive behavior that is not diffusion-limited, and
when b = 0.5, the current is limited by the semi-infinite linear
diffusion.”®*" However, the average b value during the
charging process is observed to be about 0.85 between 0.65
and 1.10 V (vs SHE) and drops to 0.67 at 1.2 V (State ¢, V =
1.197 V) and then increases to 1.0 when the voltage is higher
than 1.3 V. In addition, the average b value is about 0.7
between 1.1S and 1.25 V (State e, V = 1.169 V) during the
reduction process, which is lower than those at other voltages.
These observations indicate that the H' storage reaction
accompanied by the reaction of V(IV)/V(V) couples near
States ¢ and e may be a two-step reaction. The first step may
be the adsorption of the zeolite water,”> which has a slightly
higher activation energy than the second reaction.

Overall, the results discussed above suggest that the H*
storage reaction should be accounted for the redox of V(III)/
V(IV) and V(IV)/V(V) couples and Na* intercalation should
be accounted for the redox of the Fe(Il)/Fe(III) couple.

4. CONCLUSIONS

In summary, the VHCF/WOj aqueous sodium battery exhibits
an ultrahigh stability at a high current density of 1000 mA g™
and about 90.1% capacity retention after 2000 cycles in NaP-
4.6 electrolyte. The slight structural deformations induced by
the cation intercalation and PEG—Na" interphase are the main
contributors to both the excellent electrochemical stability and
the improved capacity capability. The Na*-intercalation
chemistry in the VHCF electrode is revealed by **Na
ssNMR spectra and XRD. Our ssNMR result reveals that
most Na* ions (~96%) are extracted from VHCF during the
first 2/3 charging process and only a very small amount of Na*
ions is extracted during the subsequent 1/3 charging process. It
is suggested that both iron and vanadium atoms in VHCF are
the centers involved in the redox reaction accompanying the
reversible storage reactions of Na* and H*. The H* storage
reaction is likely accompanied by the redox of vanadium atoms,
and Na' intercalation is accompanied by the redox of iron
atoms. The results of the ssNMR study offer new insights into
the intercalation chemistry of Prussian blue analogues (PBAs)
with open-framework-structured compounds, which can
greatly broaden our horizons for battery research.
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