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ABSTRACT

Pre-intercalating metallic cations into the interlayer spacing of vanadium oxides is considered as a promising
strategy to promote the de-/intercalation kinetics in Zn?*-based aqueous electrolytes for high-performance
aqueous zinc metal batteries. However, the respective role of H and Zn?* de-/intercalation in the promoted
electrochemical performance is not well understood due to the lack of suitable characterization methods. Herein,
Zn?* pre-intercalated and neat bilayered V,0s5 prepared via a highly efficient microwave-assisted hydrothermal
method were selected as model compounds to study the effect of the pre-intercalated ions through combining
operando electrolyte pH measurement with conventional structural and electrochemical characterization. The
Zn%* pre-intercalated V,Os exhibits higher specific capacity than the neat V,Os in a wide current rate, increasing
from 281 to 355 mAh g~! at 50 mA g™}, and capacity retention of 84 % after 500 cycles at 2000 mA g~ *. The
mechanism study demonstrates that the de-/intercalation of H" and Zn?* mainly occurs in the high voltage and
low voltage regions, respectively. Although the intercalation kinetics of both H* and Zn?* is promoted due to the
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enlarged interlayer distance from 11.6 to 13.4 A, the Zn?* intercalation as the step limiting the specific capacity
contributes more to the capacity enhancement.

1. Introduction

Lithium-ion batteries, as the state-of-the-art battery technology,
dominate the market of portable electronics and is now promoting the
deployment of electric vehicles and stationary energy storage [1,2]. At
the same time, their safety risk originating from the use of highly
flammable organic liquid electrolytes stimulates the investigation of
complementary batteries employing safer aqueous electrolytes. How-
ever, the inferior electrochemical stability window of aqueous electro-
lytes with respect to the nonaqueous electrolytes lowers the energy
density of aqueous batteries [3]. In this context, zinc metal with a high
specific capacity of 820 mAh g_1 and 5855 mAh ecm ™3 is an appealing
anode material to improve the battery energy density. Particularly, high
reversibility of zinc stripping/plating with Coulombic efficiency higher
than 99.7 % has been reported [4,5], thanks to the rapid development of
novel anode and electrolytes [6-8], promising the feasible development
of long-lifespan aqueous zinc metal batteries (AZMBs).

Cathode materials are also an important component determining the
energy density, rate capability, and cycling stability of AZMBs. Up to
now, there has been several types of cathode materials for AZMBs, e.g.,
vanadium oxides [9], manganese oxides [10], Prussian blue analogues
[111, polyanionic compounds [12], iodine [13], and chalcogens [14].
Among them, vanadium oxides exhibiting high specific capacity, rate
capability, and cyclability receive numerous attentions. Their chemical
and structural tunability leads to the emergence of different vanadium
oxide-based cathode materials [15], and it has been generally realized
that pre-intercalating metallic ions into the interlayer spacing of vana-
dium oxides can promote their de-/intercalation kinetics in Zn?*-based
aqueous electrolytes due to the enlarged interlayer distance [16-19].
Nonetheless, it should be noticed that both H* and Zn?" existing in the
electrolytes can be intercalated into vanadium oxides [20,21]. The
respective role of H* and Zn?* de-/intercalation in the promoted elec-
trochemical performance is not well understood, resulting from that the
conventional structural and elemental characterization methods not
being adequate to separate the roles of H™ and Zn?* intercalations in
Zn%"_based aqueous electrolytes [22]. First, both Ht and Zn?t are
intercalated into layered vanadium oxides via solid solution processes
[22], which eliminates the support of structural characterization
methods supplying interlayer distances, e.g., X-ray and electron
diffraction, as well as high-resolution transmission electron microscopy.
Second, the intercalation of H' into vanadium oxides is usually
accompanied with the formation of basic zinc salts [20], e.g.,
Zn4S04(OH)e, in aqueous ZnSOy4 electrolytes [21]. These by-products
contain zinc, but are not related to the intercalation of Zn>". There-
fore, the elemental characterization methods are not feasible to identify
Zn?" intercalation, e.g., X-ray photoelectron spectroscopy and energy
dispersive spectrometry (EDS). In our previous work, an operando elec-
trolyte pH measurement was developed, sensitively monitoring the pH
variation of the electrolyte in close proximity to the working electrode in
a designed cell with a low amount electrolyte (only 100 pL per cell) [22].
This operando technique revealed the combined H*/Zn?* intercalation
chemistry of vanadium oxide in AZMBs, which is promising to promote
the understanding of the enhanced electrochemical performance of
pre-intercalated vanadium oxides.

Herein, Zn?" pre-intercalated bilayered V05 (ZVO) and neat bilay-
ered V505 (VO) prepared via a highly efficient microwave-assisted hy-
drothermal method are selected as model compounds to study the effect
of Zn-ion pre-intercalation in the cathode material on the electro-
chemical performance of AZMBs with operando pH measurements, XRD,
and electrochemical tests. The pre-intercalated Zn?* increases the spe-
cific capacity of V,0s, e.g., from 281 to 355 mAh g~ ' at 50 mA g~ *. The

pre-intercalation increases the interlayer distance from 11.6 to 13.4 A,
facilitating the electrochemical de-/intercalation of both H' and Zn*",
but the enhanced specific capacity mainly originates from the de-/
intercalation of Zn*.

2. Results and discussion
2.1. Physical characterization

ZVO and VO were prepared via a microwave-assisted hydrothermal
method. Making use of the dielectric heating mode, these materials were
obtained in 30 min at 180 °C, which is much faster than traditional sol-
gel methods requiring tens of hours for the reactions [23,24].

Fig. 1a shows the powder XRD patterns of the obtained materials. For
VO, the position and relative intensity of the diffraction reflections
match well with the standard Bragg positions of bilalyered V,05-H0
(ICSD: 94905). Its crystal structure model projected along [010] direc-
tion is shown in Fig. 1b. The polyhedrons with V>* and 0%~ as the
central and ligand atoms, respectively, link to form V-O layers. The
oxygens in the interlayers represent the oxygen atoms of water. The XRD
reflection located at 7.59° results from the (001) crystal plane, of which
the corresponding interplanar spacing (d(o1), 11.6 A) reflects the space
between the adjacent V-O slabs, as illustrated in Fig. 1b. With Zn%*
intercalated, the diffraction reflections of (001), (003), (004), and (005)
shift to lower angles, indicating the increased interlayer spacing. This
behavior is identical to the previous literatures [16,19,25]. Based on
their angles, the interplanar spacing of (001) was calculated to be 13.4
A. The position of the pre-intercalated Zn?* in the structure has been
previously investigated via X-ray adsorption spectroscopy technique. It
is demonstrated that Zn?* are 4-fold coordinated by almost coplanar
oxygens in V,0s-Hy0 [26-28]. Since the guest ions, e.g., H and Zn?",
are intercalated into the space between the V-O slabs during the
discharge, the increased d(oo1) value due to the pre-intercalated Zn%* is
expected to promote the electrochemical performance.

Thermogravimetric analysis (TGA) of the samples was carried out
under N, atmosphere with a heating rate of 5 °C min~!. As shown in
Fig. 1c, the weight loss corresponds to the elimination of water from the
materials, which can be divided into three processes at different tem-
perature ranges. For VO, the weight loss before 100 °C originates from
the desorption of free water on the particle surface [29]. The weight loss
at higher temperatures is associated with the water molecules in the
interlayers. Among them, the water molecules relatively weakly boun-
ded escape between 100 and 230 °C, while the more stably bounded
water molecules are removed at higher temperatures, e.g., 230-300 °C
[29]. The TGA curve of ZVO can also be divided to these three processes,
but all of them occurs at higher temperatures, which implies a better
thermal stability of the pre-intercalated sample. Compared with VO, the
pre-intercalated sample exhibits generally fewer water contents but
more absorbed water. Therefore, the water molecules in the interlayer of
ZVO is lower than that in VO, which also demonstrates that the high
d(oo1) value of ZVO is caused by the pre-intercalated Zn?* rather than the
water molecules in the interlayer.

In Fig. 1d, the N3 adsorption-desorption isotherm curves of the
powder samples show typical feature of the H3 hysteresis, indicating the
slit-shaped pores associated with the aggregates of plate-like particles
[30]. The specific surface area of VO and ZVO was calculated to be 3.5
and 4 m? g’l, respectively, via Brunauer-Emmett-Teller (BET) model.

The morphology of the samples was observed via scanning electron
microscope (SEM). A bulky VO particle with a size larger than 100 pm is
observed in Fig. 2a. The top of the particle is quite dense and flat, while
the SEM image of its edge (Fig. 2b) reveals that this is a secondary
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particle consisting of primary V,0s layers. This fits well with the H3
hysteresis of its Np adsorption-desorption isotherm curve (Fig. 1d).
Fig. 2c and d display the SEM images of ZVO. Compared with VO, the
pre-intercalated sample shows smaller and more porous primary parti-
cles consisting of thin flakes. Despite the different morphologies of VO
and ZVO, it should be noted that the specific surface area of the two
materials is very similar. Since specific surface area determines the sites
for electrochemical reaction, the promotion of the electrochemical
performance associated with the morphology is expected to be very
limited. Fig. 2e shows the EDS elemental mapping of the ZVO particles.
The distribution of oxygen, vanadium, and zinc was found to be uniform
and in good agreement with the secondary electron image. The Zn and V
content in ZVO measured by Inductively Coupled Plasma - Optical
Emission Spectroscopy (ICP-OES) were 4.73 wt% and 45.6 wt%,
respectively, yielding a Zn/V molar ratio of 0.162:2.

2.2. Electrochemical performance

The electrochemical properties of the prepared materials were
evaluated with coin cells employing a 3 m aqueous solution of zinc
triflate (Zn(OTF),) as the electrolyte and zinc metal foil as the anode.
The mass loading of the active material in the cathode was about 3 mg
em 2,

Fig. 3a displays the cyclic voltammetry (CV) profile obtained at a
scanning rate of 0.1 mV s~1. Both the profiles show two pairs of broad
redox peaks, of which the trough between the peaks in the anodic and
cathodic scans is located around 0.75 V and around 0.9 V, respectively.
This indicates the presence of multistep intercalation chemistry in the
electrode materials. Compared with that for VO, the profile for ZVO
generally exhibits larger area, demonstrating its higher electrochemical
activity. Moreover, this phenomenon is more pronounced for the redox
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peaks at the lower voltage region, which implies that the low-voltage
redox reaction receives stronger promotion effect from the Znt pre-
intercalated into the interlayer than the high-voltage one.

The specific capacity was further evaluated via galvanostatic dis-/
charge. Fig. 3b displays the typical dis-/charge profiles obtained at 50
mA g}, and the specific discharge capacity at various current rates are
summarized in Fig. 3c. The specific discharge capacity of VO at 50, 500,
and 2000 mA g~ was 281, 202, and 146 mAh g}, respectively. For ZVO
at the same specific current rates, the specific discharge capacity was
355, 283, and 208 mAh g7, respectively. These results demonstrate the
promotion effect of the Zn?* pre-intercalation on the specific capacity.
The cycling stability was evaluated at 500 mA g~ '. As displayed in
Fig. 3d, both two materials exhibited stable cycling without significant
capacity degradation in 100 cycles. The cell employing ZVO as the
cathode material was further evaluated at 2000 mA g~!. After 500 cy-
cles, 84 % of the initial discharge capacity was retained, demonstrating
its good cyclability as the cathode for AZMBs. The evolution of areal
capacity upon cycling is supplied in Fig. S2. These electrochemical re-
sults reveal that pre-intercalating Zn?>* into the bilayered V,0s can
promote the specific capacity without obviously affecting its cyclability,
which is identical to the previously reported pre-intercalated V,Os.

2.3. Mechanism study

Ex-situ XRD of VO and ZVO in the initial discharge and charge cycle
was conducted and the collected XRD patterns are shown in Fig. 4a and
b, respectively. In general, three features are observed from the
diffraction patterns upon the first cycle. The first one is the reversible
shift of V505 (001) reflection, which indicates the reversible change of
the interlayer distance and the de-/intercalation of guest ions in the
electrolyte upon the electrochemical reaction. For VO, the (001)

(b)

% WY 8 ¢ L& d
(001)
o L& 88 Vg %
® Oxygen
¢ Vanadium
(d) T—-—2zvo
’.'m 20 ——VO
£ -
£ I;tn 5
2 5] E 4.0
o g4 35
= s
e 3
® 104{ ¢
q, ]
£ g
3 g
S 51 &
0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure /P P,

Fig. 1. Physical characterization of VO and ZVO. (a) XRD patterns. (b) The crystal structure model projected along [010]. (c) TGA curves obtained under N, at-
mosphere at a heating rate of 5 °C min~'. (d) N, adsorption-desorption isotherm curves. The inset is the calculated BET specific surface area.
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reflection gradually shifts to higher 20 during the discharge, which in-
dicates a decreasing interlayer distance when H' and/or Zn?" are
intercalated. This behavior can be attributed to the electrostatic force
effect, i.e., the attracting force between the intercalated positively
charged ions and the adjacent negatively charged V-O slabs, decreasing
the interlayer distance [31]. The (001) reflection of ZVO shifts to lower
26 during charge indicating for an increased interlayer spacing. This can
be attributed to the volume effect of the intercalated guest ions. The
opposite behavior observed from the two materials can be attributed to
the different amount of the ions intercalated into the interlayer. The
higher amount of the guest ions intercalated into ZVO makes the volume
effect more pronounced than the electrostatic force. In fact, it has been
reported that the interlayer distance of bilayered V5Os is initially
decreasing due to the electrostatic force effect and then increasing owing
to more pronounced volume effect upon cation intercalation [32]. This
effect correlates well with the highest specific capacity of ZVO. Since
both H* and Zn?** can be reversibly intercalated into the V,Os inter-
layer, the observed shift of (001) reflection, unfortunately, cannot
discriminate the intercalated ion.

The second feature occurs in the low voltage range (<0.8 V), where a
few reflections located at 6.55°, 13.10°, and 19.70° appear upon
discharge and disappear upon charge, corresponding to the formation of
a layered compound with an interlayer distance of 13.5 A. Previous
literatures have proved that this new phase is a vanadium-free basic zinc

Journal of Power Sources 623 (2024) 235401

salt (Zny(OTF)y(OH),) generated from the intercalation of H" into V405
as described with the following chemical reactions [20,22]:

H,0 <+ H" + OH"
V305 + 2H" + ze” —H;V,05

xZn** +yOTF~ + z0H —Zn,(OTF),(OH),

The reversible formation of Zn,(OTF)y(OH), indicates the occurrence
of H" de-/intercalation. However, this compound contains zinc, but is
not relevant to Zn?' intercalation, making unfeasible the use of
elemental analysis to discriminate the intercalation of H' or Zn?*.

The third feature is the presence of Zng(OH),V207-2H20 at high
voltage range (>1.2V), which is associated with the electrochemical
anodic deposition of vanadium species previously dissolved in the
electrolyte [33].

Overall, the analysis of the ex-situ XRD results evidences H™ and/or
Zn®" intercalation into the cathode material, but does not allow to
discriminate the role of H" and Zn?" in the enhanced electrochemical
performance. The previously designed operando pH measurement was
then conducted on AZMBs employing VO and ZVO cathodes [22]. The
configuration of the cell is displayed in Fig. S3. The pH value of the
electrolyte in close proximity to the working electrode during the initial
discharge and charge at 50 mA g~! is displayed in Fig. 4c and d,

Fig. 2. SEM images of (a,b) VO and (c,d) ZVO powders. (e;) SEM image of ZVO powder and the corresponding EDS elemental images of (e5) O, (e3) V, and (e4) Zn.
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Fig. 3. Electrochemical performance of AZMBs employing VO or ZVO as the cathode material, respectively. (a) CV curves obtained as a scan rate of 0.1 mV s7L (b)
Dis-/charge profiles at 50 mA g~'. (c) Discharge specific capacity and Coulombic efficiency upon the dis-/charge tests at various current rates. Dis-/charge cyclability

tested at (d) 500 mA g’1 and (e) 2000 mA g’l.

respectively.

During discharge, the pH evolution can be divided in two regions
based on the different trends. Above 0.7 V, i.e., region 1, the discharge
leads to sharp increase of pH, which proves the occurrence of H'
intercalation. In contrast, the pH value becomes stable, even slight
decreasing, upon further discharge below 0.7 V, i.e., region 2 in Fig. 4c.
The cell still delivers a considerable specific capacity in region 2
(Fig. 3b), implying the intercalation of Zn?*. In addition, a short pH
plateau is observed for ZVO (region 3) only, indicating for an additional
Zn?" intercalation step.

The overall pH evolution profiles during charge can be divided to
three regions, i.e., regions 4-6, as marked in Fig. 4d. In region 4, the pH
value is rather flat, resulting from a sudden cell polarization from 0.2 V
to around 0.47 V, as displayed in Fig. 3b. Thus, the plateau in region 4
does not indicate Zn>" de-intercalation. In the following two regions, a
decreasing trend of pH is observed, which indicates H' de-intercalation.
However, the pH decrease is much faster in region 6 than region 5. It
should be noted that the pH value is a logarithmic function of the H"
concentration, so H' de-intercalation mainly occurs in region 6.

Correlating the relatively flat pH evolution in the low voltage region 2
during discharge and the relatively slower pH decrease in the voltage
region 5 during charge, one can infer that Zn?* de-intercalation mainly
occurs in region 5. In addition to these, a pH plateau is observed from
the profile of ZVO in region 7, which indicates de-intercalation of Zn?*
and is correlated to region 3 marked in Fig. 5c. Nonetheless, the ca-
pacity of this region is rather limited.

In general, these results show that the de-/intercalation of H* and
Zn?" mainly occurs in the high voltage and low voltage regions,
respectively. Specifically, H" and Zn®" intercalation upon discharge
mainly occurs in the voltage regions above and below 0.7 V upon,
respectively. H" and Zn?* de-intercalation upon charge mainly occurs in
the voltage region above and below 0.95 V, respectively. These results
match well with the two pairs of broad redox peaks in the CV curve
(Fig. 3a). Since the specific capacity enhancement through the pre-
intercalation strategy mainly comes from the low voltage region as
observed from Fig. 3a, one can further infer that such an enhancement is
mainly contributed by Zn?* intercalation. Moreover, the results of the
operando pH tests promote the understanding of the phenomenon
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Fig. 4. Ex-situ XRD of (a) VO and (b) ZVO electrodes in the initial discharge and charge cycle. Operando pH measurement of electrolytes in close proximity to VO and
ZVO electrodes in the initial (c) discharge and (d) charge of the AZMBs at 50 mA g™ .

observed in the ex-situ XRD patterns. The appearance of reflections for
vanadium-free basic zinc salt (e.g., Zny(OTF)y(OH),), which is consid-
ered to be an indicator of H' intercalation [20,21], is observed in the
low voltage region (<0.5 V). However, the operando pH measurement
indicates that H" intercalation already occurs in the beginning of
discharge, mainly in region 1, i.e., above 0.7 V. This demonstrates that
the operando pH measurement is more sensitive than XRD detection of
Zny(OTF)y(OH), as indicator of H' intercalation.

In a further step, galvanostatic intermittent titration technique
(GITT) was performed on three-electrode AZMBs employing an addi-
tional zinc foil as the reference electrode. The potential evolution upon
the test is summarized in Fig. 5a. For each titration step, the cell was
initially subjected to a constant current (50 mA g’l) pulse for 3 h (1)
followed by an open-circuit stand for 8 h to allow the electrode potential
to reach its quasi-steady-state value (Es). Fig. 5b displays a typical po-
tential evolution for a single titration step. On the basis of this test, the
chemical diffusion coefficient (D) of the guest ions can be calculated by
the following equation [34]:

4 (mpV\® (AEg\?

T mr\ MsS AE,
where V) is the molar volume of the active material, Mg and mg are the
molecular weight and the mass of the active material, S is the active
surface area of electrode, 7 is the duration of the current flux in one

titration. AEs and AE, are the potential change schematically labeled in
Fig. 5b. Therefore, for the test of an electrode, the diffusion coefficient of

2
. . . AE. . . .
the guest ion is proportional to the (Tﬁ) as described in the following

equation:

AEg\ 2
D
°‘ (AE,)

2
The calculated (i—ﬁf) of each titration upon discharge and charge is

shown in Fig. 5c and d, respectively. For the discharge process, ZVO
exhibits higher values than VO, indicating the promoted intercalation
kinetics, which can be attributed to the increased interlayer spacing as
evidenced via XRD (Fig. la). The additional contribution from the
smaller particle size of ZVO with respect to VO (Fig. 2a—d) is expected to
be limited due to their very similar specific surface area (Fig. 1d). It is

2
also observed that the (i—gf) value is higher at higher voltages than at

lower voltages, demonstrating that H™ has faster intercalation kinetics
than Zn?" for both the materials in the electrolyte. This means that the
intercalation of Zn?" is the step limiting the capacity delivered by the
materials, which explains why Zn?* intercalation contributes more to

the enhanced specific capacity than that of H'. For the charge process,
2

ZVO exhibits higher value of (i—’gf) in the low voltage region but

comparable value in the high voltage region with respect to VO. This
generally fits with the promoted de-intercalation of Zn** and conse-
quently higher specific capacity in the low voltage region.

3. Conclusions

Zn?* pre-intercalated and neat bilayered V,0s materials were syn-
thesized via a simple and fast microwave-assisted hydrothermal method.
The pre-intercalation of Zn?" into bilayered V405 effectively increased
the interlayer distance and the specific capacity in a wide current rate
range. The de-/intercalation of H" and Zn?* mainly occurs in the high
voltage and low voltage regions, respectively. Benefiting from the
enlarged interlayer spacing, the intercalation kinetics of both H' and
Zn?* is promoted. Nonetheless, Zn?* intercalation, being the limiting
step for the specific capacity, contributes more than H' intercalation to
the capacity enhancement of ZVO. Overall, the results presented in this
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work demonstrate that ZVO is a promising cathode material for high-
performance AZMBs and operando pH measurements is an effective
characterization method allowing, in combination with more conven-
tional techniques, to reveal the complex intercalation chemistry in
AZMBs.

4. Experimental section
4.1. Materials

Crystaline V505 (Pechiney), Zn(NOg3)2-6H20 (Alfa Aesar), N-methyl-
2-pyrrolidone (NMP, anhydrous, Sigma Aldrich), HyO5 solution (Sigma
Aldrich, 30 wt%), polyvinylidene fluoride (PVdF, Solef 6020), carbon
black (Super C65, IMERYS), stainless steel foil (thickness: 50 pm,
Goodfellow), zinc foil (thickness: 25 pm, Goodfellow), carbon paper (TP-
030T, Quintech), glass fiber sheet (Whatman GF/F), and Zn(OTF)y
(99.5 %, 50 ppm water, Solvionic) were used as received.

4.2. Preparation of VO and ZVO via microwave-assisted hydrothermal
method

For the preparation of ZVO, 1 mmol Zn(NO3),-6H20 (297 mg) was
dissolved in a mixture of 1.75 mL H04 aqueous solution (30 wt%) and
19 mL water, which was cooled with ice-water bath. 2.75 mmol crys-
talline V505 (500 mg) was then added to the mixture under magnetic
stirring. After 1 h, the ice-water bath was removed and the mixture was
magnetic stirred at room temperature for another 1 h. Subsequently, the
obtained transparent, orange solution was transferred into a glass
reactor (30 mL, Anton Paar). The reactor was heated in a microwave
oven (Monowave 300, Anton Paar) up to 180 °C in 5 min, and held at

AE;

this temperature for 30 min with a stirring rate of 300 rpm. The obtained
product was thoroughly washed with water and acetone alternatively.
After being dried in an oven at 80 °C overnight, ZVO was obtained. VO
was prepared following the same procedure without the addition of Zn
(NO3)2-6H20.

4.3. Physical characterization

XRD was conducted using a Bruker D8 Advance diffractometer
(Bruker, Germany) with Cu-Ka radiation in the 26 range from 5° to 50°
while the step length and time for every step were 0.0205° and 6 s,
respectively. For ex-situ XRD, the 20 range and step time were changed
to 6-25° and 1 s, respectively. The electrodes for the ex-situ XRD were
taken from the coin cells, which were disassembled in ambient atmo-
sphere. The obtained electrodes were immersed in 5 mL ultrapure water
and further flushed with 1 mL ultrapure water. After drying at 80 °C, the
electrodes were ready for ex-situ XRD test. The nitrogen adsorption
isotherm was measured at 77.3 K using the Autosorb-iQ from Quan-
tachrome. Prior to the measurement, the sample was degassed at 120 °C
for 24 h under vacuum. SEM of as-prepared sample was performed on a
Zeiss LEO 1550 microscope, equipped with an EDS (Oxford Instruments
X-MaxN, 50 mm?, 15 kV). ICP-OES analysis was carried out on a Spectro
Arcos spectrometer (Spectro Analytical Instruments).

4.4. Electrochemical measurements

The cathode electrodes were prepared by doctor-blade casting slur-
ries with 70 wt% active materials (VO or ZVO), 20 wt% C65, and 10 wt%
PVdF on stainless steel or carbon paper substrate (carbon paper was used
only when the electrodes were prepared for the operando pH tests). NMP
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was used as the solvent to prepare the slurry. After being dried at 60 °C,
electrodes with a diameter of 14 mm or 12 mm were punched and
further dried at 120 °C under high vacuum to fully remove the NMP. The
average mass loading of the active material was around 3 mg cm ™2,

For coin cell type AZMBs, zinc foil disc with a diameter of 16 mm,
GF/F glass fiber disc with a diameter of 16 mm, and 100 pL 3 m Zn
(OTF), aqueous solutions were used as the counter electrode, separator,
electrolyte, respectively. For three-electrode Swagelok type AZMBs, zinc
foil discs with a diameter of 12 mm and around 2 mm were used as the
counter and reference electrodes, respectively. GF/F membrane discs
and 100 pL 3 m Zn(OTF), aqueous solutions were used as separators and
electrolytes, respectively. The cells were kept in open circuit for 3 h
before electrochemical tests. The OCV of the “just-assembled” AZMBs
employing VO and ZVO as cathodes was around 1.50 and 1.35 V,
respectively. After 3 h, the OCV decreased to around 1.49 and 1.24 V,
respectively. The operando pH measurement was conducted with a
designed three-electrode Swagelok type cell employing a pH electrode
with a flat membrane detector (Blue line 27 pH, WTW-pH surface
measurement with SenTix® Sur). The configuration of the cell and the
validation of this operando pH measurement were reported in a previ-
ously published manuscript by our group [22]. The special design of this
cell allows the use of a low amount of electrolyte (only 100 pL per cell)
and to measure the pH variation of the electrolyte in close proximity to
the working electrode.

A Maccor 4000 Battery system was used for the galvanostatic
charge/discharge tests. CV tests were carried out with a galvanostat/
potentiostat (VMP3 Bio-Logic, France). GITT was performed with the
Maccor 4000 Battery system on three electrodes Swagelok type AZMBs
(50 mA g~ for 3 h followed by an 8 h rest). The temperature of the cells
for the above tests was controlled to be 20 °C with Binder ovens. For
operando pH measurements at room temperature (20 + 2 °C), the
charge/discharge of the cells was controlled via a galvanostat/poten-
tiostat VMP (Bio-Logic, France) while the pH values were recorded every
5 min via a pH meter (Lab 860, SI Analytics).
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