Open Access Article. Published on 29 2024. Downloaded on 04.12.25 13:21:37.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
Horizons

W) Check for updates ‘

Cite this: Nanoscale Horiz., 2024,

9.742 Stefano Tagliaferri,

Received 20th December 2023,
Accepted 26th February 2024

DOI: 10.1039/d3nh00576¢

rsc.li/nanoscale-horizons

Miniaturized aqueous zinc ion batteries are attractive energy sto-
rage devices for wearable electronics, owing to their safety and low
cost. Layered vanadium disulfide (VS,) has demonstrated competi-
tive charge storage capability for aqueous zinc ion batteries,
as a result of its multivalent states and large interlayer spacing.
However, VS, electrodes are affected by quick oxide conversion,
and they present predefined geometries and aspect ratios, which
hinders their integration in wearables devices. Here, we demon-
strate the formulation of a suitable ink for extrusion-based 3D
printing (direct ink writing) based on micro flowers of layered VS,
obtained using a scalable hydrothermal process. 3D printed archi-
tectures of arbitrary design present electrochemically active, por-
ous and micron-sized struts with tuneable mass loading. These
were used as cathodes for aqueous zinc-ion battery electrodes.
The 3D printed VS, cathodes were assembled with carbon/zinc foil
anodes to form full cells of zinc-ion, demonstrating a capacity of
~1.98 mA h cm~2 with an operating voltage of 1.5 V. Upon cycling a
capacity retention of around 65% was achieved after ~100 cycles.
The choice of the electrolyte (a water-in-salt electrolyte) and the
design of the pre-processing of the 3D printed cathode ensured
improved stability against dissolution and swift oxidation, notorious
challenges for VS, in an aqueous environment. This works paves the
way towards programmable manufacturing of miniaturized aqu-
eous batteries and the materials processing approach can be
applied to different materials and battery systems to improve
stability.

1. Introduction

The market of wearable devices is rapidly growing, demanding
advanced energy storage systems that are safe, light and
customizable." The leading energy sources today are lithium-
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New concepts

The electrochemical stability of VS, cathode for Zn-ion batteries via pre-
treatment in the electrolyte has been demonstrated. The use of 3D
printing (direct-ink-writing) has been demonstrated to manufacture VS,
cathodes which offers sustainability, miniaturization and programmable
design. So far VS, cathodes for Zn-ion batteries have been affected by
quick oxidation and decomposition in the electrolyte and cathodes have
been fabricated via drop casting or slurry coating only. This work brings

new general understanding of the physico-chemical mechanism

occurring at the materials/electrolyte interfaces and new approaches to
ink formulation to achieve complex fluids which are 3D printable. Both
these concepts can be generalized to different materials systems.

ion batteries (LIBs), and amongst those, lithium polymer
batteries are utilized in wearable devices. LIBs of this type
can operate at >3V and reach an energy density of 100-
250 W h kg™', making them the preferred choice for energy-
demanding devices, such as mobile phones and portable
electronic devices.>® Although these batteries show several
advantages, such as high energy density and lightweight
design, they also come with flammability concerns and high
cost.” Additionally, the customizability of such batteries, in
terms of size and geometry, is limited by the manufacturing
methods which are based on slot-die coating under an inert
atmosphere.*™® Thus there is a growing demand for alternative
solutions to power the next generation of healthcare wearable
devices.”® Wearable sensors typically present a power con-
sumption in the range of ~0.01-1 mW, and necessitate a
nominal voltage of >1.5 V to operate.'® Temperature sensors
based on thermistors require just ~10 W peak power, while
heart rate sensors may require a power consumption of
~100 pW."""* In an Internet-of-things device, the power con-
sumption of the data transmission module could also be taken
into account. For example, bluetooth low energy (BLE) trans-
mission usually requires ~50 mW."! The low power consump-
tion of wearable sensing devices opens up the possibility
of using alternative chemicals to lithium. Zinc ion batteries
(ZIBs) are based on aqueous electrolytes and present a lower
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cradle-to-gate environmental impact than LIBs in terms of CO,
emissions per kW h of energy stored.”® Importantly, zinc is an
earth abundant element presenting a high theoretical capacity
(~820 mA h g 1), with a possibly high energy density and a
conveniently low redox potential (—0.76 V vs. SHE) when used
as an anode."® Thus ZIBs can be regarded as a possible
alternative to LIBs for wearable electronic sensors and blue-
tooth devices.® On the other hand, the divalent nature of zinc
and high charge density of zinc ions can be detrimental for the
intercalation kinetic and the structural stability of cathode
materials.”> As a consequence, there is a general demand
to identify suitable cathodes for zinc-ion batteries. Several
polymorphs of MnO, (e.g. a-MnO,, y-MnO, and 3-MnO,) have
been investigated as high-performance ZIB cathodes for pri-
mary and secondary batteries, owing to their low cost and high
theoretical capacity.'® However, MnO, cathodes are often
affected by low-rate capability and cycling stability, associated
with irreversible phase transitions, dissolution in the electro-
lyte and a large volume change during cycling.'®'”

Vanadium disulfide (VS,) is a layered compound belonging
to the family of transition metal dichalcogenides which has
been proposed as a high-performing cathode for ZIBs, owing to
its layered structure with wide spacing between the layers
(~5.76 A), which can easily accommodate multivalent
cations.'® The high-valence vanadium centres in VS, promote
redox reactions with fast kinetics. In contrast to other layered
cathode materials (e.g. 3-MnO,, with a conductivity lower than
107> S em ™ ),'® the thermodynamically stable phase of VS, has
metallic character, thus the reported electronic conductivity of
vanadium sulfide can be as high as ~3 x 10° S ecm ™!, which is
beneficial for electron transfer and rate performance.” In
comparison to vanadium oxides, which have also been widely
explored for ZIBs, sulfides present larger diffusion channels
and weaker interactions with multivalent cations, achieving
lower migration barriers.>® These favourable properties are
reflected in the high capacity (205.3 mA h g ') and rate
capability (135.4 mA h g~ at 10 A g~ ) achieved when VS, is
used as the cathode for zinc-ion batteries.>” Additionally, it has
been recently demonstrated® that it is possible to induce the
growth of a stable oxide layer on VS, cathodes by controlling the
working potential of the zinc battery. The resulting VS,/VO,
cathodes display higher capacity (301 mA h g~') and greater
stability (75% capacity retention after 3000 at 1 A g~ ') than VS,
itself. However, VS,-based cathodes still present structural
dissolution and possible oxidation in aqueous ZnSO, electro-
lytes, which could affect the energy storage capability and long-
term cycling.”* Several approaches have been proposed to
mitigate the dissolution of vanadium-based electrodes in ZIBs,
such as surface coatings, geometry engineering, heterostruc-
ture formation and electrolyte chemistry formulation.'”®
Adjusting the electrolyte concentration is an effective approach
to mitigate the dissolution and the oxidation of VS, cathodes,
and thus enabling longer cyclability of ZIBs. In this context,
ZnCl, water-in-salt electrolytes (WISE) have been recently devel-
oped with a much higher concentration (up to 31 mol per kg
of solvent) than that of conventional ZnSO, electrolytes
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(around 2 mol per litre of solution) which improves the
performance and stability of the electroactive materials in the
electrodes.?®?” Meanwhile, VS, cathodes for ZIBs have been
mainly investigated as coin and Swagelok cells, which are not
directly compatible with wearable devices. Advanced manufac-
turing methods, able to meet the demand for batteries with
customized shape, are yet to be used for batteries. Direct ink
writing is a versatile manufacturing technique that has drawn
interest for the fabrication of electrodes for energy storage
devices.”® 3 It enables the customization of the battery shape,
which is a viable route to meet the requirements of wearable
electronics. Additionally, it can lead to improved electrochemi-
cal performance, owing to the higher areal loading of active
materials on electrodes and because the open geometry can
facilitate charge transport. On the other hand, often 3D Printed
electrodes rely on NMP as the dispersing solvent of the active
materials to obtain printable inks for ZIBs.**"*> However, NMP
presents toxicity concerns, and its use aggravates the environ-
mental impact of ZIBs, reducing the advantages over Li-ion
batteries.*®

In this work, we demonstrate the use of extrusion-based 3D
printing (direct ink writing) as a manufacturing technique to
fabricate VS, cathodes for aqueous zinc-ion batteries. The
scalable hydrothermal synthesis employed for VS, ensures
control over the morphology of the material, which can there-
fore be tailored for the 3D printing process. We formulated a
novel electrically conductive ink based on layered VS, micro
flowers for direct ink writing which prevents oxidation, and its
printability was validated through rheological analysis. VS, inks
were printed in woodpile structures over small footprint areas
and utilized as the cathode in a ZIB against Zn foil anodes
coated with a protective carbon layer. The notorious oxidation
and dissolution of VS, in an aqueous electrolyte were mitigated
by using a highly concentrated electrolyte (ZnCl, as water-in-
salt electrolyte). The printed batteries can provide 1.5 V and
demonstrate a capacity of ~1.98 mAhem > (~72mAh g ') in
30 M ZnCl,, which can be attributed to a combination of
diffusion-limited and pseudocapacitive charge storage processes.
The battery shows a coulombic efficiency of ~85% up to
100 cycles. These results demonstrate the viability of 3D printing
to produce miniaturized and customizable energy storage devices,
demonstrating the formulation of functional inks which can be
produced at scale and printed in air.

2. Results and discussion

VS, microflowers were synthesized via a hydrothermal method,
using a small fraction of ethylene glycol as a co-solvent. A
dimethyl sulfoxide (DMSO)-based ink was subsequently formu-
lated from the hydrothermal VS,, and employed to fabricate 3D
printed cathodes, as illustrated in Scheme 1. The presence of
ethylene glycol in the reaction system, with lower dielectric
constant and higher viscosity than water, limits the crystal growth
and leads to the formation of small VS, microflowers, ~5 pm in
diameter, as presented in the SEM images of Fig. 1a and b.*’
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Scheme 1 Schematic showing the synthesis of the hydrothermal VS, microflowers (a), the formulation of VS, inks (b) and the 3D printing of VS, inks to
fabricate battery and supercapacitor electrodes (c).

P3m1

Intensity (a.u.)

VS, 00-036-1139

’ |ll Il

10 20 30 40 50 60

—— 200 nm 2nm — 2nm-!
h i
= 8t S% 2p,, = 151 \g
g7t S* 2pyp = iy o ,'; %
2 gL1S7 2pa, _ (‘I‘: ) g ;" i
E 5 322- 2py, 8 f\ E 107 ’“.. = ;;' \\\ -
2. AV 2 S NE S s
5l -y | sk =
£ a //,/' /\ \\ E \VAN 2p3/2 \:] V3+ 253/2— ‘\7 .
L, i ) S V& 2p, V¥ 2py,
168 166 164 162 160 158 525 520 515 510
Binding Energy (eV) Binding Energy (eV)

Fig. 1 (a) and (b) High- and low-magnification SEM images of VS, microflowers; (c) powder XRD pattern of the hydrothermal VS, microflowers; (d) EDS
spatial mapping of V (Ka) and S (Ka) distribution across the VS, microflowers; (e) TEM and (f) HRTEM of a VS, petal; (g) SAED pattern of hydrothermal VS,
along the (101) plane, (h) and (i) XPS analysis of the VS, microflowers, high-resolution spectra corresponding to S 2p (h) and V 2p (i).
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Additionally, ethylene glycol can act as a reducing agent, help-
ing to prevent the re-oxidation of V** to V" during the synth-
esis. In contrast, large VS, crystals and by-products are formed
if ethylene glycol is not added (Fig. S2, ESIt). The microflower
morphology is well suited for the extrusion-based 3D printing
process, since microflowers can be easily ejected through small
nozzles (<500 um) without causing obstructions resulting in
flow instabilities; additionally, their porosity owing to the
layered structure allows penetration of the electrolyte. The
phase purity of hydrothermal VS, was demonstrated by EDS,
XRD and Raman spectroscopy (Fig. 1c and d and Fig. S1a, ESI+).
All the XRD reflections can be assigned to the 1T phase
of VS, (trigonal space group P3ml). Similarly, the Raman modes
are comparable with previous reports of hydrothermally
grown VS, with the modes at ~270 cm™ ' attributed to the
in-plane vibrations and the ~410 cm ' to the out-of-plane
vibrations.'®*® Bright field TEM imaging displays the atom-
ically thin nature of the microflower petals (Fig. 1e), while

View Article Online
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HRTEM and SAED patterns (Fig. 1f and g) confirm that indivi-
dual petals are made of highly crystalline areas. The SAED
pattern shows a plane distance compatible with the (101) plane
of 1T VS,. This is consistent with previous studies on hydro-
thermal VS, displaying an unusually intense (101) reflection at
35.8° in the XRD pattern (Fig. 1c). The two doublets in the high-
resolution XPS spectrum of V 2p (Fig. 1i) indicate the coex-
istence of two different oxidation states for vanadium on the
surface of the microflowers. The predominant doublet (largest
area underneath the curve) is at binding energies of 516.8 eV
and 524.2 eV which can be attributed to the 2p;,, and 2p,, core
level electrons of V**, suggesting the predominant presence of
VS,.2?*% The doublet at 513.7 eV and 521.4 €V attributed to the
2ps;, and 2py, core level electrons corresponds to a lower
oxidation state of vanadium which is likely to be V**, originat-
ing from either the reduction of the V° precursor during the
synthesis or the possible presence of intercalated V atoms.*"
The S 2p spectrum (Fig. 1g) also presents two doublets,
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Fig. 2
black dispersions in DMSO; (c) amplitude sweep for the carbon black-PVDF

(a) Oscillatory rheology (frequency sweep) of carbon black dispersions in DMSO at different concentrations; (b) stress yield for different carbon

slurry and for the final VS, ink; (d) flow ramp for the carbon black-PVDF slurry

and for the final VS, ink; (e) three interval thixotropy tests on the VS, ink (step 1 and 3 at a shear stress of 10 Pa, step 2 at a shear stress of 450 Pa). (f) Digital
photographs showing the prepared carbon and VS, ink (top left panel) and 3-layer woodpile structure in the top right panel; hollow ring and triangle

shapes of printed VS, electrodes on bottom panel. (g)(i—iii) Low- and high
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-magnification SEM images of the VS, ink and of a printed VS, electrode.
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indicating a small presence of polysulfides (S,>”), which prob-
ably originate from the excess free sulfides in the reaction
system.*?

The VS, inks were formulated starting from a suspension of
carbon black in DMSO. Carbon black particles are known to
form loosely interacting aggregates in suspension, that turn
into a space-filling network of connected particles above a
critical concentration.**** Concentrated suspensions behave
as elastic solids at rest, while being able to flow under the
action of a sufficiently high stress (yield stress), which disrupts
the connectivity of carbon black particles. The existence of a
finite yield stress is a key property for extrusion-based printing,
since each ink layer must retain its initial shape and support
the weight of the layers printed on top.*> The critical concen-
tration for carbon black suspensions in DMSO falls between
2.7 wt% and 5.3 wt%, as evidenced by oscillatory rheology
(Fig. 2a and b). All the suspensions with concentrations higher
than 5.3 wt% present constant viscoelastic moduli in the range
of frequency investigated (0.1 to 100 Hz), with a storage
modulus significantly higher than the loss modulus, indicating
a gel-like behaviour and a predominantly elastic response.
On the contrary, the 2.7 wt% suspension exhibits a crossover
point for the viscoelastic moduli at ~2 Hz, indicating a liquid
(viscous) response in the limit of small frequencies (Fig. S1b,
ESI).*> The values of storage modulus and yield stress pro-
gressively increase with concentration, reaching ~30 kPa and
~235 Pa at 10 wt%, respectively. At higher concentrations the
suspension becomes inhomogeneous and unsuitable for extru-
sion. A small amount of polyvinylidene fluoride (PVDF) (9 wt%),
was added to the carbon black suspension as a binder, to aid
the retention of the mechanical integrity of the printed struc-
tures after solvent evaporation. The as-obtained carbon black-
PVDF paste can act as a conductive ink (¢ ~ 800 S m™*,
Fig. Sic, ESIf) for the printing of different energy storage
materials. Specifically, the addition of PVDF further increases
the yield stress to ~400 Pa, as a result of the thickening effect
of the polymer (Fig. 2d). The final VS, ink was formulated by
dispersing the hydrothermal microflowers into the carbon
black-PVDF paste, achieving a yield stress of ~450 Pa and a
storage modulus of ~27 kPa (Fig. S1d, ESI and Fig. 2d). The
VS, ink shows a shear thinning response during flow (Fig. 2e),
which facilitates extrusion through fine printing nozzles. The
shear thinning response can be attributed to the progressive
disruption of the secondary interaction between carbon black
and VS, particles under shear, resulting in suspended aggre-
gates with smaller hydrodynamic volumes.** The reversibility of
this process is necessary to obtain self-standing structures that
do not present buckling and lateral spreading on the substrate.
In order to study the restructuring kinetics of the ink after
shear, three interval thixotropy tests (3ITT) were performed on
the final VS, ink (Fig. 2f). The ink was at first subjected to an
oscillatory stress of 10 Pa (step 1 in Fig. 2f), which falls within
the linear viscoelastic region of the ink and has no destructur-
ing effect. After 120 s of equilibration, a high oscillatory stress
of 450 Pa, approximately equal to the yield stress, was applied
to the ink for 10 s to break the network structure (step 2 in
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Fig. 2f). Finally, an oscillatory stress of 10 Pa was applied again
to the ink to study the microstructure rebuild (step 3 in Fig. 2f).
After the high-stress step, the storage modulus instantly
recovers to the equilibrium value, indicating the fast and
reversible character of the destructuring process. Considering
the favourable rheological properties, the VS, ink could be used
to 3D print electrodes with different geometries, including
woodpile, hollow ring and triangle shapes showing excellent
shape retention after printing (Fig. 2g). The printed structures
were characterized using SEM under different magnifications
(Fig. 2h), confirming the shape retention of the struts and
showing how the VS, microflowers were well intermixed with
the carbon particles.

The electrochemical properties of hydrothermal VS, cath-
odes were studied in a water-in-salt electrolyte (WISE) using
zinc foil as the anode coated with a layer of carbon black. The
role of the carbon coating is to inhibit the formation of
dendrites, homogenizing the electric field and ion flux in the
proximity of the anode, and delay the corrosion of zinc, which
would cause capacity loss and decrease the cycling stability.*¢™*®
The highly concentrated electrolyte (30 M ZnCl,) was chosen to
prevent the dissolution of VS, observed in conventional aqueous
electrolytes. In contrast to previous studies,'®*® the dissolution
of VS, in 3 M ZnSO, was detected by a change in the colour of the
solution, which turned bright yellow (Fig. 3a). The strong UV-vis
absorption below ~ 550 nm can be attributed to the presence of
VO," ions in the sample, resulting from the oxidation of VS,
(Fig. 2b).* The dissolution of VS, in the ZnSO, electrolyte could
also be attributed to the formation of vanadium-based complex
species or due to an ionic effect where either sulfate ions (SO,>")
or zinc ions (Zn”") interact with the VS,, leading to the dissolu-
tion of VS,.°>*! In contrast, the WISE electrolyte remained clear
with no evidence of absorption peaks in the visible range, which
suggests a good stability of VS, in the WISE ZnCl, electrolyte
resulting from the low coordination of water molecule.’® In
particular, owing to the high concentration of chloride (Cl™)
ions, not all the Zn>" ions can form octahedrally coordinated
complexes with water molecules, leading instead to the for-
mation of a molten hydrate structure. As a consequence, the
WISE electrolyte presents a behaviour closer to an ionic liquid
one than to a conventional aqueous solution.>*”* The WISE
electrolyte can also aid the cycling stability of VS,. The highly
concentrated Cl~ ions hinder the dissolution processes that
occur in a typical aqueous ZnSO, electrolyte, limiting the inter-
actions of water molecules with VS,. The electrochemical
stability of the VS, electrodes was further examined using cyclic
voltammetry in a conventional 3 M ZnSO, and in a WISE
electrolyte. While the cyclic voltammograms in the conventional
3 M ZnSO, electrolyte are characterized by a progressive
reduction of the redox current caused by the dissolution of the
active material (Fig. S4a, ESIf), the current progressively
increases in the WISE electrolyte, reaching a stable value after
5 cycles (Fig. S4b, ESIt). The WISE electrolyte also enables access
to a larger potential window (1.5 V for 30 M ZnCl, vs. 1.2 V for
3 M ZnSO,) with no significant water decomposition. Plating-
stripping tests on symmetric Zn foil cells indicate that the WISE

This journal is © The Royal Society of Chemistry 2024
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Fig. 3

(a) Digital photograph of 3 M ZnSO, and WISE electrolytes after ~100 h soaking of VS;; (b) UV-vis spectra of the 3 M ZnSO, and WISE electrolytes after

~100 h soaking of VS;; (c) cyclic voltammetry (CV) curves of ZIB using the tape-casted VS, for kinetic analysis (measured under the scan rates of 0.1, 0.2, 0.3, 0.4, 0.5,
0.7 mV s7%; (d) ex situ XRD on the VS, cathodes at different state of charge; and (e) and (f) power law fitting of the redox peak currents extracted from the CV curves.

electrolyte hampers the formation of dendrites and inert
byproducts, stabilizing the zinc anode for > 200 h at a high
current density of 10 mA cm™ > (Fig. S4c, ESIf). The cycling
stability of symmetric cells were further extended with C@Zn
electrodes, as presented in Fig. S4d (ESIT). To better understand
the nature of the redox processes in the cyclic voltammetry of
VS,, we conducted kinetic analysis by fitting the redox current

with a power law:>*>°

I=a/

where i is the redox peak current and v the scan rate. When the
value of b is ~0.5 the charge storage process is diffusion
limited, while when b ~ 1 the charge storage has a capacitive
nature. The first two oxidation peaks and the two corres-
ponding reduction peaks (peaks 1,2,4 and 5 in Fig. 3c) have b
values close to 0.5 (Table S1, ESIT and Fig. 3e and f), and they
can be associated with the intercalation of Zn>" ions into the
layered structure of VS,, similar to a previous report.'® Differ-
ently, the redox peaks at higher potentials (peaks 3 and 6 in
Fig. 3c) have broader shape and the b values are closer to 1
(0.89 and 0.79 respectively). The latter suggests the presence of
capacitive processes, likely to be associated with the surface
oxidation of the VS, cathode.?® The current contributions of
VS,-based ZIBs were quantified using the modified Power-law,
as shown Fig. S5d and e (ESIf). As evidenced by ex situ XRD
(Fig. 3d), there is no significant variation in the VS, reflections

This journal is © The Royal Society of Chemistry 2024

when the material is charged to different potentials, which
support the evidence of the cathode stability during the first
charging cycle. The shift in the (001) XRD reflection (Fig. 3d)
associated with zinc intercalation and reported in previous
literature'® cannot be resolved using ex situ techniques, prob-
ably owing to the relaxation of the layered material during
sample preparation.®® Interestingly, a reflection at ~23° which
appears at higher charge states, could be attributed to the (222)
reflection of elemental sulfur, which can plausibly originate
from the formation of sulfur aggregates and the concomitant
formation of sulfur vacancies in the material.”’ From XPS
analysis during charge (Fig. S8, ESIt), the predominant oxida-
tion state of V remains 4+, although a V>* component also
appears possibly as a result of the surface oxidation processes.
During discharge, a doublet associated with V> appears, which
can be related to the creation of sulfur vacancies.

Using the 3D printed VS, cathode, C@Zn anode, and glassy
fiber membrane as a separator, we assembled a Zn-ion battery
with 30 M ZnCl, (WISE) to evaluate the energy storage perfor-
mance (Fig. 4a(i)). The battery consisted of an LDPE pouch cell
flooded with the WISE electrolyte. The performance of 3D
printed VS, was analysed and compared to that of tape-casted
VS, electrodes (Fig. S5a, ESIT). The 3D printed VS, electrodes
show significantly higher areal capacity (~4.98 mA h cm™> vs.
~0.48 mA h cm™? after 10 cycles) as a consequence of the
higher loading of VS, (Fig. S5a and b, ESIY). Interestingly, the
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Fig. 4 (a)(i) Schematic showing the zinc-ion battery with the 3D printed 3L VS, cathode; (a)(ii) encapsulated zinc ion battery powering a LCD display; (b)

charge—discharge curves at 1 mA cm™2 of the ZIB with a 3L VS, cathode and (c) capacity during the first 15 cycles; (d) post-cycling TOF-SIMS mapping
images of 3D VS, electrode; (e)(i) charge—discharge profiles and (i) areal capacity and volumetric capacity under different areal/volumetric current densities;
(f) capacity retention over prolonged cycling of the 3D printed VS, cathode. (g) Photographic images of 3D printed VS; electrodes (1L, 2L and 3L VS,) and (h)
charge—discharge plots of ZIBs using 1L-3L VS, electrodes and C@Zn anode in 30 M ZnCl,.

capacity of the printed cathode rapidly increases during
the first ~10 cycles, before reaching a stable performance.
The increase of capacity during this activation process could be
attributed to the slow penetration of electrolyte into the thick
3D electrodes and gradual transformation of VS, into electro-
chemically oxidised VS,, as reported by Yang et al.’” When the
electrodes started wetting with WISE, a rapid increment in the
capacity was obtained. In order to initiate the stable electro-
chemical performance and prevent electrochemical conversion
of the material during measurements, VS, electrodes were
preliminary soaked in the WISE electrolyte for 14 days to
promote the wetting process of electrolyte into the interiors
of 3D electrodes and enable the controlled growth of an
electrochemically active surface layer of oxide. At a discharge
current density of 1 mA cm™2, the 3D printed VS, electrodes
achieved an areal capacity of ~1.6 mA h cm > after soaking
(vs. ~0.57 mA h em™? for bare 3D printed VS, electrodes in the
first cycle, Fig. S5, ESIt), with a slightly increased response after
reaching its stable value (~1.98 mA h cm™?), as presented in
Fig. 4b and c. In terms of gravimetric performance, 3D printed

748 | Nanoscale Horiz., 2024, 9, 742-751

VS, electrodes achieved a stable gravimetric capacity of
~72 mA h g~ " at a current density of 36 mA g~ (Fig. S7, ESI{).
SEM imaging demonstrates that the morphology of the micro-
flowers is not altered during the soaking and conversion
process (Fig. S6a, ESIt). After soaking in WISE, EDS and XRD
spectra still show the presence of vanadium disulfide, suggest-
ing that most likely only the surface layer of the microflowers is
converted to amorphous oxide (Fig. S6b and ¢, ESIT). Time-of-
flight secondary ion mass spectroscopy (ToF-SIMS) was used to
analyse the composition of 3D VS, electrode after repetitive
charge-discharge processes (~ 80 cycles). The mapping images
in Fig. 4d further confirm that the surface of 3D VS, electrode
was covered with oxygen- and sulfur- species. The rate-
performance of printed ZIB was further evaluated using CD
test under various current densities (2-7 mA ecm™?). The ZIB
retained a capacity of ~0.88 mA h cm™? when discharged at a
high specific current of 7 mA cm™? (Fig. 4e(i) and (ii)), owing to
the lower charge-transfer resistance of the printed VS, struc-
tures (~8.1 Q, Fig. S7(e), ESIf). We also measured the volu-
metric capacity of the fabricated cell, as presented in Fig. 4e(ii)

This journal is © The Royal Society of Chemistry 2024
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(the plot below). The device showed a maximum volumetric
capacity of 13.8 mA h ecm ™ with a capacity retention of 51.8%
at a high discharge current density of 56.9 cm™>. Moreover, the
soaking treatment ensured a high cycling stability, with a capacity
retention of ~55% after 150 cycles (Fig. 4f). A 3L VS,-based device
with a 1 em? footprint area provided a maximum discharge power
density of ~8.61 mW cm > (70 mW cm ™ ?) and a discharge energy
of 1.28 mW h em > (Fig. S9a, ESIf). These characteristics would
be sufficient to power a wide range of sensors (e.g. temperature,
heart-rate and fingerprint sensors) along with their microcontroller
and power management unit (with a total power consumption
~ 0.6 mW)."! The use of the 3D printed ZIB, incapsulated in a
3D printed PLA case, to power an LED display is shown in Fig. 4a(ii)
and Fig. S7c, ESL.t The effect of the number of layers forming the
cathode on electrochemical performance of ZIBs was investigated.
Woodpile electrodes formed by 1 layer (1L), 2L and 3L VS, struts
were manufactured (Fig. 4g and h and Fig. S7f, ESI{). The
added layers have led to an increased cathode mass loading from
12 mg cm ™2 to 45 mg em™ 2 and consequently the areal capacity has
increased from 0.46 mA h cm 2 to 1.68 mA h cm™? (Fig. 4h and
Fig. S9c—f, ESIt), as calculated from the increased redox peak
current densities (Fig. S7f, ESIt). The programmable design, which
allows the control of the mass loading of the electrodes and their
open accessible surface, of 3D direct ink writing manufacturing is
promising for driving innovations in miniatured energy storage
technology.

3. Conclusions

In conclusion, we have here demonstrated the use of extrusion-
based 3D printing (direct ink writing) to fabricate VS, electrodes
for aqueous zinc ion batteries which are stable and cycle-life
competitive with the current state-of-the-art VS, ZIBs. The VS, ink
was optimized to achieve high storage modulus at rest (~ 27 kPa),
high yield stress (~450 Pa) and fast structural recovery after
shear, demonstrating good printability. The VS, ink could thus
be employed to fabricate 3D electrodes for aqueous ZIBs with a
water-in-salt electrolyte (WISE). The WISE electrolyte in the zinc-
ion battery effectively stabilized VS, against dissolution and
enabled improved longevity. Specifically, the 3D printed battery
electrodes supplied a capacity of ~1.98 mA h cm 2 with an
operating voltage of 1.4 V and displays good reversibility up to
150 cycles with relatively stable charge and discharge curves.
Benefiting from such stability, the ZIB could stably power an LCD
display for several hours before discharge. These results demon-
strate the feasibility of extrusion-based 3D printing as an
advanced manufacturing method for stable and miniaturized
free-form zinc-ion aqueous batteries based on arbitrary inorganic
nanomaterials for portable and wearable electronic devices.

4. Methods

4.1. Hydrothermal synthesis of VS,

VS, was synthesized by dissolving 11.2 mmol of Na;VO, (Sigma-
Aldrich) and 55.9 mmol of thioacetamide (Sigma-Aldrich) in
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100 mL of deionized water and 40 mL of ethylene glycol. The
solution was then transferred to a 200 mL PTFE-lined stainless-steel
reactor and heated to 160 °C for 24 h. The reactor was naturally
cooled to room temperature and the precipitate was washed three
times with ethanol and dried in a vacuum oven for 2 h at 70 °C.

4.2. Physical characterization

Scanning electron microscopy (SEM) images and EDS maps of
VS, microflowers were collected on a Zeiss Auriga SEM operated
at an accelerating voltage of 5 kv (working distance ~ 5 mm).
Powder X-ray diffraction was performed on the hydrothermal
VS, using a Bruker D2 Phaser diffractometer equipped with a
copper source in the range 2-60° for 20 and with an angular
step size of 0.034°. Raman spectra were acquired using a
Renishaw inVia Qontor confocal Raman microscope at a wave-
length of 532 nm. X-Ray photoelectron spectroscopy (XPS) was
performed using a Thermo Scientific K-Alpha+ with a mono-
chromated Al X-ray source (hv = 1486.6 eV). The spectra were
collected using pass energies of 200 eV for the survey and 20 eV
for the core levels under a 200 pm spot size. HR TEM images
and ADF STEM images were acquired on a JEOL JEM-2100F
microscope with a field-emission gun operated at 200 kV accel-
erating voltage. Ex situ ion mapping images of VS, electrode
were measured using time-of-flight secondary ion mass spectro-
metry (ToF-SIMS V system, ION-TOF GmbH) with a 25 keV Bi+
primary ion beam.

4.3. Ink formulation and 3D printing

VS, inks were formulated by dispersing carbon black (acetylene,
100% compressed, Alfa Aesar) in dimethyl sulfoxide (DMSO) at
10 wt% using a planetary mixer (Thinky ARE-250) at 1800 rpm for
2 min. Polyvinylidene fluoride (PVAF) was subsequently added to
the mixture (PVdF: carbon black 1: 1 weight ratio) and the resulting
slurry was homogenized for further 2 min at 1800 rpm. Finally
hydrothermal VS, was ground in an agate mortar and the slurry was
added, which was again homogenized for 2 min at 1800 rpm. The
final composition of the ink was 6:2:2 (VS,: PVdF: carbon black)
by mass. The conductivity of the carbon black slurries was measured
with 4-probe tests using a Gamry interface 1000 galvanostat. The
rheological properties of the VS, ink were measured on a rotational
rheometer (discovery hybrid rheometer HR1; TA instruments)
equipped with stainless-steel parallel plates (40 mm in diameter).
Oscillatory stress sweeps were performed at a fixed frequency of
1 Hz, while oscillatory recovery tests were performed at 10 Hz to
maximize the acquisition of points over time. Oscillatory frequency
sweeps were conducted at a fixed strain amplitude of 0.1%, within
the linear viscoelastic region of the VS, inks, as determined from the
oscillatory stress sweeps. The inks were printed using an extrusion
3D printer with displacement-controlled plungers, at a feed rate of
6 mm s ' and through 410 pm nozzles. After printing (1-3 layers),
the VS, electrodes were dried overnight at room temperature
followed by oven drying at 70 °C/3 h.

4.4. Cell assembly and electrochemical testing

For electrochemical testing the VS, ink was printed on graphite
foil substrates to fabricate woodpile electrode with a thickness
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between 1 and 3 layers and a footprint area of 1 cm®. Pouch-type
cells were assembled using 30 M ZnCl, electrolyte with glass
fiber separators (Whatman GF/A with a thickness of 260 um,
Sigma-Aldrich). For zinc-ion batteries, zinc foils coated with a
carbon black layer were used as the anode (Fig. S3, ESIT). The
carbon black layer was prepared by printing 10% PVdF-90%
carbon black ink on Zn foil and was used as the anode, while
the 3D printed VS, electrode was used as the cathode during
device fabrication. The electrodes were contacted with metal
clips and the plastic pouch cell was sealed using parafilm.?"
The final volume of the packaged cell is ~0.12 cm? (Fig. S7d,
ESIt). For kinetic analysis, a tape-casted electrode was used
instead of a 3D printed VS, (slurry composition 7:2:1 VS,:
carbon black:PVdF). Cyclic voltammetry (CV) and galvano-
static charge-discharge (GCD) and EIS curves were acquired
using a multichannel VMP-3 workstation (bio-logic science
instruments). A 3D printed PLA case for the ZIB was fabricated
via fused deposition modelling (FDM), using a commercial
Ultimaker 2+ printer. The 3D printed VS, cathodes and zinc
foil anodes (coated with a PVDF-carbon black protective layer)
were inserted into the lower part of the PLA casing, which was
subsequently filled with the electrolyte. The upper lid of the
casing was inserted and sealed using silicone sealant. The PLA
cell was connected to an LED display with stainless steel clips.
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