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Rechargeable Zn-ion hybrid capacitors (ZHCs) have gained considerable attention towards future energy
storage applications owing to their non-flammable nature, high abundance of raw materials and
remarkable energy storage performance. However, the uncontrolled growth of dendrites, interfacial
corrosion of Zn anodes and limited mass loading of cathode materials, hinders their practical
applicability. Herein, we demonstrate ZHCs with enhanced capacity and durability using a synergistic
combination of a hybrid-ion electrolyte and a high-mass loading three-dimensionally (3D) printed
graphene—carbon nanotube (Gr-C) cathode. The hybrid electrolyte composed of NaCl and ZnSOy,,
features higher ionic conductivity and lower pH compared with pristine ZnSO,4, which enable uniform
plating/stripping of Zn?* ions on Zn anode, as demonstrated by in situ electrochemical and ex situ ToF-
SIMs characterizations. Additionally, the multi-layered 3D Gr—C composite electrodes in ZHCs enable
higher energy storage performance due to their porous architectures, high ion accessibility and dual-ion
charge storage contributions. As a result, the 3D Gr-C//Zn cell unveiled a maximum capacity of
0.84 mA h cm™2 at 3 mA cm™2 with a high life cycle (78.7% at 20 mA cm™2) compared to the pristine
electrolyte-based ZHCs (0.72 mA h cm~2 and 14.8%). The rapid rate measurements that we propose
along with benchmarked energy density (0.87 mW h cm™2) and power density (31.7 mW cm™2) of hybrid
electrolyte-based 3D Gr—C//Zn, pave the way for the development of dendrite-free and highly durable
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1. Introduction

The expanding market of self-powered portable devices requires
new energy storage systems that are inherently safe, small, and
efficient. Due to their high energy density and large operating
potential, lithium-ion batteries (LIBs) are currently used in
portable electronics."* However, LIBs normally rely on flam-
mable materials and hazardous organic electrolytes which pose
safety concerns.” As for wearable and portable devices, the
energy requirements are generally limited to ~1-1000 mW h,
thus metal-ion hybrid capacitors based on aqueous electrolytes
could achieve energy densities adequate to power these
devices.®®* With a combination of capacitive- and battery-like
materials, aqueous metal-ion capacitors represent a cheaper
and safer alternative to LIBs. Specifically, zinc-ion hybrid
capacitors (ZHCs) have attracted promising interest owing to
the intrinsic safety, low cost, and natural abundance of the raw
materials.>*® In ZHCs, zinc (Zn) metal can be directly employed
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as the battery-type anode, since it has a low reduction potential
of —0.76 V vs. SHE and a high overpotential for hydrogen
evolution, which allow the stripping and the plating of Zn*" ions
in water electrolytes.''*> Despite presenting a high gravimetric
capacity of 820 mA h ¢, Zn metal anodes suffer from poor rate
capability and short life cycling due to dendrite growth, corro-
sion processes and irreversible side reactions which lead to the
formation of inert by-products.”***

Recently, different approaches have been proposed to alle-
viate such issues, including the structural redesign of the elec-
trode geometry and the modification of both the electrode
surface and electrolyte composition to promote reversible
charge storage reactions.'*™ Notably, Zeng et al'’ have
proposed the construction of Zn anodes on CNT-covered carbon
cloth, which led to a reduced local current density inside the
electrode. This approach resulted in a more uniform electric
field in the proximity of the electrode surface, a reduced voltage
hysteresis for Zn plating and diminished dendrite growth,
respectively. In contrast, Guo et al.>* have modified the surface
of Zn anodes via the deposition of a tin (Sn) layer. The Sn
coating was found to suppress the corrosion of Zn and to
prevent the formation of dendrites in ZnSO, electrolyte. A
similar effect was obtained by sputtering gold nanoparticles on
Zn foils, which has improved the cycling stability and ultimately
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the lifetime of the device.”* Although these efforts have allowed
to increase of the life cycling and reversibility of the Zn anodes,
surface modifications often rely on toxic and expensive chem-
icals, and increasing surface area of the Zn anodes worsens the
spontaneous corrosion of Zn in aqueous electrolytes. Addi-
tionally, both approaches propose a multistep preparation
procedure for the Zn anode, which is time consuming, and
increases the costs of ZHCs. Another approach to extend the
lifetime of Zn anodes is focused on the electrolyte. By altering
the electrolyte composition, it is been possible to prevent irre-
versible side reactions, including hydrogen evolution reaction
(HER) and passivation.'>?*** Additives such as LiCl and Na,SO,
can inhibit the growth of nonconductive by-products like zinc
hydrosulphates® while enhancing the ionic conductivity of the
electrolyte. It has been demonstrated that the addition of LiCl
can promote the formation of a protective oxide layer on the Zn
anode and also reduce the pH of ZnSO, electrolytes, ultimately
hindering the growth of nonconductive hydroxysulfates.>* This
technique can be easily implemented in the manufacturing
process of ZHCs and does not require costly and hazardous
reagents, representing a promising strategy to enhance the
stability of aqueous energy storage devices.

The choice of a stable, high-energy density cathode material
is key for the development of durable and efficient ZHCs. Zn
metal anodes are often coupled with carbon-based cathodes,
which act as capacitive electrodes, storing charges through
electric double layer or pseudocapacitive processes.**?>*
Common carbon cathodes include activated carbon and
reduced graphene oxide, which can achieve excellent power
densities, higher than 10 mW ¢m™?, and stable cycling perfor-
mance for thousands of consecutive -charge-discharge
cycles.***” MXenes have also been widely investigated as ZHC
cathodes for their ability to store electrical charge via faradaic
pseudocapacitive mechanisms, leading to energy densities of
~0.1 mW h cm 2.2 The energy density of ZHCs cathode can be
further improved through three-dimensional (3D) electrodes,
which provides ultra-high areal loading of active material over
small footprint areas and minimize the weight fraction of
inactive components, ie. current collector, separator and
packaging. However, the 3D design of the cathode structure
must be precisely controlled to simultaneously ensure good
electrolyte penetration, fast charge transport and high mass
loading. Increasing the thickness of the cathode without
tailoring the electrode geometry may be detrimental to the rate
performance and power density, since the pathways for charge
transport would be significantly lengthened.**"

In this work, we demonstrate a ZHC with maximum areal
capacity of 0.84 mA h em™? at 3 mA em > and with a life cycle
retention of 78.7% at a high current density of 20 mA cm ™2 via
a dual approach consisting in fabricating electrodes with high
mass loading and employing a new hybrid electrolyte. We have
used 3D printing robocasting to fabricate graphene-carbon
nanotubes (Gr-C) cathodes for ZHCs, which uniquely allowed to
fine tune the Gr-C electrode architectures to promote the
penetration of the aqueous electrolyte and to shorten the ionic
transport distances. Additionally, 3D printing allowed us to
achieve high mass loading cathodes within small footprint

15666 | J Mater. Chem. A, 2022, 10, 15665-15676

View Article Online

Paper

areas. Furthermore, we demonstrated here dendrite-free Zn**
ion plating/stripping, increased energy density and enhanced
cycling life of the Zn metal anode, using a hybrid-electrolyte
based on ZnSO, with the inclusion of NaCl. NaCl served as
a new, cost-effective pH modifier preventing the formation of
dendrites and corrosion by-products. The rate performance of
the high-mass loading cathodes in 3D Gr-C//Zn cells were
further assessed using a simple chronoamperometric (CA)
technique, which allows the collection of many rate data points
within a short time. Rate performance data are usually obtained
through galvanostatic charge and discharge (GCD) tests at
different current densities, depending on the mass loading of
the active material. Although the charge-discharge process in
thin-film devices is typically fast, the larger charge-storage
capability of hybrid ZHCs with 3D electrodes leads to long
charge-discharge times, resulting in time consuming GCD
tests. Accordingly, we propose the use of a fast CA test as
a reliable and fast alternative to conventional GCD analysis to
characterize the rate performance of high-mass loading 3D Gr-
C//Zn-based ZHCs.

2. Results and discussion

The aqueous Gr-C composite inks were formulated by adding
pristine Gr platelets and sodium carboxymethyl cellulose (CMC)
to an aqueous dispersion of single walled carbon nanotubes
(CNTs). The materials were then mixed at high shear, until
a homogenous slurry was obtained. CMC acts as an effective
thickening agent for the aqueous ink, increasing the viscosity of
the suspension and promoting the dispersion of Gr and carbon
nanotubes. While carbon nanotubes are known to enhance the
connectivity of the network of Gr platelets,** endowing the ink
with rheological features suitable for printing and improving
the mechanical strength and electrical properties of the final
electrodes. The ink formulation process did not alter the
properties of Gr platelets and CNTs, as demonstrated by XRD,
XPS and Raman spectroscopy (Fig. S1t), which show the char-
acteristic features of pristine Gr platelets and single walled
carbon nanotubes (as detailed in the ESIt). The ink should
satisfy specific rheological properties to be printable and to
enable mechanically stable 3D architecture of arbitrary geom-
etry. Firstly, the ink should flow continuously with a shear-
thinning behaviour during printing. Secondly, a printed fila-
ment should be able to support the weight of the subsequently
printed layers on top, to form a self-standing architecture (solid
behaviour at rest). The yield stress of the ink, i.e., the threshold
value of stress that marks the transition between the solid- and
fluid-like regime, was measured via oscillatory tests, recording
the viscoelastic response of the sample at increasing oscillatory
stress (Fig. 1a). At an oscillation stress of ~50 Pa, the ink tran-
sitions from a linear viscoelastic response to a non-linear
response, with the onset of irreversible modification in the
ink microstructure. When the yield stress (~435 Pa) is reached,
the inner structure of the ink is destroyed by the oscillatory
shear and the ink exhibit liquid-like flow properties, with the
loss modulus prevailing over the storage modulus. The visco-
elastic response in the linear region (below ~50 Pa) was further

This journal is © The Royal Society of Chemistry 2022
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characterized via frequency sweep tests (Fig. 1b), indicating
a solid-like, elastic behaviour in the interval of frequencies
investigated, which allows the structure to retain its shape at
rest. The high rest storage modulus ~1.5 x 10°> Pa minimizes
the bending of overhanging filaments after extrusion, ensuring
shape preservation during the drying process. Additionally,
during shear flow the ink exhibits a marked shear-thinning
behaviour (Fig. 1c), with a flow index ~0.24 and a notable
reduction of viscosity (from ~10° to ~10 Pa s) in the range of
shear rates investigated. In the absence of CNTs, the storage
modulus of the ink decreases to ~5 x 10 Pa (Fig. S21), result-
ing in more compliant ink filaments that can bend and buckle
after deposition. This highlights the importance of CNTs in
enhancing the connectivity of the network and improving the
printability of the composite ink. The high shear-thinning flow
during extrusion, combined with the large rest storage modulus
and yield stress, allowed the fabrication of 3D printed woodpile
electrodes with exceptional thickness (up to ~3.1 mm, Fig. S4a
and bf), which presented no mechanical instabilities after
drying in air (Fig. 1d and f). The volume and areal loading of
active material could be finely controlled via the layer-by-layer
deposition process (Fig. 1g), reaching a loading ~20 times
higher than thin film electrodes for the 12-layer structures.
Despite the large mass loading, the electrodes still possess
a large electroactive area in contact with the electrolyte, owing to
their tailored architecture of periodic channels and large pores
between the printed filaments, which promote the infiltration
of the electrolyte. As elucidated by SEM and TEM imaging
(Fig. 1e and S1d-ff), CNTs cover the surface of the Gr platelets,
bridging neighbouring platelets and thus enhancing electron
transport in the 3D structure. As a result, the electrical
conductivity of the Gr-C structure is superior to the bare Gr
electrodes by a factor of two (~8.64 S cm™'). The electrical
conductivity of the printed electrodes can be increased up to
~36.97 S cm™ " and the stability of the electrodes in aqueous
electrolytes can be enhanced through a thermal annealing at
350 °C in inert atmosphere (Fig. 1i and S4df). At this temper-
ature, the inert cellulose binder pyrolyzes, as indicated by the
TGA/DTA analysis in Fig. 1h, leaving a robust 3D structure made
of Gr platelets interconnected by conductive CNTs. On the
contrary, the network-like Gr-C architecture was not observed
when the CNTs powder was directly mixed with Gr platelets ink,
which resulted in aggregated CNTs chunks between the Gr
platelets (Fig. S31). Therefore, the aqueous dispersion of CNTSs
is desirable to obtain highly conductive and interconnected 3D
electrodes.

To extend the cycling life of ZHC, we developed a cost-
effective hybrid NaCl + ZnSO, electrolyte and compared its
feasibility with a conventional 2 M ZnSO, electrolyte. The
addition of NaCl to the ZnSO, electrolyte effectively increases
the ionic conductivity (Fig. S5at) and significantly reduces the
pH of the solution from 6.4 to 3.7 (as measured for the uncycled
electrolyte, Fig. 2c). This could be ascribed to the increased
polarization of the O-H bonds in zinc-coordinated water
molecules and to the improved stabilization of zinc hydroxide
[Zn(OH,),OH]" with respect to Zn-water complexes.?**? In fact,
Zn** ions can form octahedral complexes with water molecules

This journal is © The Royal Society of Chemistry 2022
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that act as Lewis-acid assisted Brgnsted acids, releasing
hydrogen cations from the solvation shell of Zn>*.3*3* The lower
pH is less favourable to the formation of zinc hydroxysulphate
corrosion by-products, which are commonly observed in pris-
tine ZnSO, electrolytes, forming an insulating deposit on the
anode surface. Additionally, the chloride (Cl™) anions of the
hybrid electrolyte are known to have an aggressive and de-
passivating effect on Zn, inhibiting the formation of insu-
lating corrosion layers and thus contributing to the preservation
of a bare Zn anode surface.***® The benefit of the NaCl additive
in extending the cycling stability of Zn anodes were demon-
strated through chronopotentiometry (CP) charge-discharge
tests (Fig. 2a and b). Pristine ZnSO, and hybrid electrolyte
symmetric pouch cells consisting of two identical Zn metal
electrodes (1 x 1 cm®) and a glass-fibre separator were charged
and discharged to a capacity of 0.25 mA h ecm > with a current
density of 0.5 mA cm™? (Fig. 2a). Both devices display electro-
chemical stability, with minimal variations in the plating and
stripping potential up to 450 h. However, the hybrid electrolyte
leads to a much lower deposition overpotential (initial poten-
tials of ~21 mV vs. ~48 mV and final potentials of ~20 mV vs.
~52 mV, respectively) owing to its higher ionic conductivity
(Fig. S5at). The difference between the two electrolytes was
further investigated by increasing the deposition capacity to
5 mA h cm ™2 (at a current density of 10 mA cm ™2, Fig. 2b). The
deposition overpotential for the bare ZnSO, cell starts to rapidly
increase after ~80 h, spiking to over 500 mV after 85 h. This is
due to the formation of passivation products on the surface of
the Zn electrodes, as indicated by the visual inspection of the
electrodes after cycling. Indeed, the change in colour of the
cycled Zn suggests that the hybrid-electrolyte anodes have
a similar surface morphology to the blank Zn foil (Fig. S5bf),
while the ones cycled in the pristine ZnSO, electrolyte present
an extra coating layer (Fig. 2f). Thus, the hybrid electrolyte
retains a small deposition overpotential (~27 mV final deposi-
tion potential vs. ~37 mV initial deposition potential) for more
than 450 h, by the virtue of a higher interfacial conductivity. The
observed minor variations can be ascribed to temperature
changes during the prolonged cycling test. The exchange
current measured via linear sweep voltammetry for the hybrid
electrolyte and the pristine electrolyte are similar, suggesting
that no major onset of hydrogen evolution has occurred despite
the more acidic pH (Fig. 2d and Table S11). The different cycling
behaviour of Zn metal (after plating-stripping tests) in the two
electrolytic systems was further investigated via ex situ SEM and
optical microscope analysis, as presented in Fig. 2i and j and
S5c.T The Zn electrodes cycled in the pristine electrolyte exhibit
a thick layer of insulating by-products/dead Zn in the form of
lumps and large vertical hexagonal platelets. On the contrary,
the Zn electrodes cycled in the hybrid electrolyte exhibit a flat
foil like appearance with small and isolated particles on the top
of the Zn foil surface. The ToF-SIMS mapping in Fig. 2k and S67
indicates that the surface of the electrodes cycled in pristine
ZnS0, is completely coated by oxygen- and sulphur-containing
species. These were identified as zinc oxide (ZnO) and zinc
hydrosulphate tetrahydrate (Zn,SO,(OH)s-4H,0, JCPDS #044-
0673) via ex situ XRD analysis (Fig. 2e). On the electrodes cycled
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Fig.1 Rheological properties and characterisation of the Gr—C composite/3D structures. (a) Storage modulus and loss modulus of the Gr—C ink
with respect to oscillation stress, (b) frequency sweep measurement of Gr—C ink, analysed in the linear viscoelastic region and (c) apparent
viscosity as a function of shear rate for the Gr—C ink. (d) Digital photographs of Gr platelets powder, aqueous dispersion of SWCNTs, Gr-C ink and
the schematic illustration of the 3D printing process of network-like GrC composite structures. (e) Low- and high-magnification SEM images
(scale bars: (i) 100 pum, (ii) 5 pm, (iii) 1 um, respectively) of 3D printed woodpile Gr—C structure, showing the Gr platelets were interconnected with
bundles of SWCNTSs. The inset of (e) (ii) shows the cross-sectional SEM image of a printed Gr—C strut (scale bar: 100 um). (f) Areal mass loading
(mg cm~2) and volume (cm?) of thin-film/3D printed Gr—C electrodes, showing the linear increment of corresponding values upon increasing the
number of printed layers (3—12L). (g) Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of Gr—C composite as a function of

the heating temperature. (h) Conductivity values of thin-film Gr- and Gr—C electrodes before and after heat treatment.

in the hybrid electrolyte, sulphur and oxygen are instead
predominantly concentrated in the small hexagonal platelets
observed in the SEM images (Fig. 2j), which also contain chlo-
rine. In this case, XRD analysis revealed that the dispersed
platelets consist of sodium gordaite crystals (NaZn,(SO,)
Cl(OH)¢-6H,0, JCPDS #050-1579), made of stacked hydroxide
layers separated by intermediate water molecules and ions (Na*
and CI™).*” The effects of these different corrosion by-products
on the charge transfer kinetic were investigated using in situ
electrochemical impedance spectroscopy (EIS) measurements
recorded after consecutive stripping/plating cycles of Zn//Zn
cells (Fig. 2g and h and S5dt). The real intercept of imped-
ance for the hybrid electrolyte cell is significantly lower than the
pristine ZnSO, electrolyte (~1.61 Q vs. ~7.86 Q), as expected

15668 | J. Mater. Chem. A, 2022, 10, 15665-15676

from ionic conductivity characterisation. Two depressed semi-
circles, resulting from the interfacial impedance at the Zn/
electrolyte and Zn/passivated layer boundary, are clearly
visible in the Nyquist plot of the hybrid electrolyte. The decrease
in diameter over cycling because of the reduced transport
resistance and surface roughening of the electrodes in the more
acidic electrolyte.*®** On the contrary, the depressed semicircles
in the pristine electrolyte remain constant in size, and present
a very high value of overall impedance of ~103 Q (vs. 33 Q for
the hybrid electrolyte after 25 cycles at 1 Hz). Coulombic effi-
ciency (CE) of Zn//Cu cells using pristine and hybrid electrolytes
was also measured at different charges, ranging from 1 to 10 mA
cm 2, as presented in Fig. S7.}

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Electrochemical performance and characterisation of symmetric cells based on Zn metal with pristine 2 M ZnSO,4 and hybrid electrolyte
(2 M ZnSO, + NaCl). (a) Plating/stripping voltage vs. time profiles of Zn//Zn symmetric cells measured at low capacity of 0.25 mA h cm~2 and (b)
high capacities of 5 mA h cm~2 using pristine ZnSQ,4 and hybrid electrolytes. (c) pH values and (d) exchange current densities of pristine ZnSO,
and hybrid electrolyte measured with Tafel plots (collected at the scanning rate of 1 mV s™2). (e) Ex situ XRD plots and (f) digital photographs of Zn
anodes after cycling in pristine ZnSOy4 (top) and hybrid electrolyte (bottom) after 450 h. In situ Nyquist plots of Zn//Zn symmetric cells measured
using (g) pristine ZnSO4 and (h) hybrid electrolyte, respectively. These plots were obtained after each stripping/plating cycle of Zn//Zn symmetric
cell in the corresponding electrolytes. (i and j) Ex situ SEM images (scale bar: 2 um) with schematic illustrations and (k and |) ex situ ToF-SIMs
mapping images of cycled Zn metal using pristine ZnSO,4 and hybrid electrolyte.

The feasibility of the hybrid electrolyte and 3D printed Gr-C
electrodes was evaluated by assembling a full cell (3D Gr-C//Zn)
Zn-ion hybrid capacitor (ZHC). The ZHC cell was fabricated
using 3D Gr-C (6 layers) as cathode, Zn metal as anode and
a glass-fibre filter paper as separator with few mL of the hybrid
electrolyte (2 M ZnSO, + NaCl), as presented in the photographs
and schematic illustration in Fig. 3a(i-iii). The addition of NaCl
into the ZnSO, electrolyte enables versatile features in terms of
energy storage and durability. The hybrid electrolyte prevents
the deposition of side-products on the Zn anodic side during
the electrochemical processes, owing to two factors. The former

This journal is © The Royal Society of Chemistry 2022

is the polarizing behaviour of CI™ ions, which enable to main-
tain a slightly acidic environment in the cell, while the Na*
cations provide an electrostatic shield effect on the Zn anode,
which allows the uniform plating/stripping of Zn and prevents
the mass growth of Zn dendrites.?>*>* The Na" cations present
a reduction potential significantly lower than Zn>*, therefore
they can be adsorbed on the anode surface, providing an elec-
trostatic shield to the formation of zinc dendrites.*! In-terms of
energy storage, the dual cations and anions of the hybrid elec-
trolyte further initiate reversible adsorption-desorption and
intercalation processes on the Gr-C cathode side, resulting in
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Fig. 3 Electrochemical properties of ZHCs full cells using 3D printed Gr—C composite as cathode, polished Zn metal as anode and glassy fiber
paper as separator with the two-different electrolytes. (a) Photographs of (i) cell components, (i) Gr—C//Zn pouch cell and (iii) schematic
illustration of 3D printed Gr—C//Zn filled with hybrid electrolyte. Comparative (b) CV and (c) charge—discharge curves of 6L Gr-C//Zn cells
measured at a constant scan rate of 20 mV st and //A of 6 mA cm™~2 using pristine ZnSO,4 and hybrid electrolyte respectively. Comparative (d)
charge—discharge rate performance of Gr—C//Zn cells under forward and reverse switching //A's of 3-40 mA cm ™2 and (e) Nyquist plots of 6L
Gr-C//Zn cells, demonstrating improved energy storage properties with hybrid electrolyte-based ZHC. (f) CV curves of hybrid electrolyte-based
6L Gr—C//Zn cell analysed at various scan rates of 1050 mV s~* and (g) b-values obtained using the peak //A's collected from the corresponding
CV curves. (h) CV curves of 6L Gr—C//Zn cell obtained at 20 mV s~%, illustrating mixed capacitive current from the fast-kinetic processes (aroused
by the adsorption/desorption of Na* and Zn?* cations) and diffusion-controlled current from the slow-kinetic processes (surface oxidation/
reduction of Gr—C with anions). (i) Histograms of capacitive- and diffusion-controlled contributions measured at different scan rates.

high-capacity and rate capability.*>** Moreover, the use of the
hybrid electrolyte accompanied the disappearance of undesir-
able side products on the surface of 3D Gr-C cathode, main-
taining its high conductivity throughout the energy storage
process, as confirmed by the ex situ characterisation of 3D Gr-C
(Fig. S97). As detailed in Fig. 3b and c, the hybrid electrolyte-
based ZHC demonstrates better capacitive/redox behaviour,
improved capacity, and high-rate capability compared with the
pristine ZnSO, electrolyte-based ZHC. Using the hybrid elec-
trolyte in comparison with pristine ZnSO,, the electrochemical
properties of 3D Gr-C//Zn cell were examined. When the ZHC
cells were cycled within the voltage range of 0-1.8 V, the hybrid-
electrolyte ZHC showed a pair of redox humps at ~1.25 V and
~0.75 V, as shown in the comparative CV plot of Fig. 3b. The
faradaic behaviour of the ZHC could be attributed to the
reversible ion oxidation and reduction on the surface of the
carbon cathode and to the zinc faradaic reactions on the anode
of the 3D Gr-C; while the capacitive-behaviour of 3D Gr-C is

15670 | J Mater. Chem. A, 2022, 10, 15665-15676

ascribed to the adsorption/desorption of Na* and Zn”" cations
on the cathode.* The estimated ratio of diffusion- and
capacitive-behaviour of ZHC is shown in the following discus-
sion. From the comparative CV plot, it is also evident that the
current response and CV integral area of the hybrid electrolyte
are higher than that of the pristine electrolyte cell, suggesting
high electrochemical energy storage. The capacity of 3D elec-
trodes was evaluated using galvanostatic charge-discharge
(GCD) analysis. The comparison of GCD curves in Fig. 3¢ also
reveals that the hybrid electrolyte ZHC has a high areal capacity
(C/A) of 0.64 mA h cm ™ at a current density (I/4) of 6 mA cm ™2,
superior to the 0.54 mA h cm™> capacity for the pristine elec-
trolyte cell. To gain insight about the effect of Na* ions on the
energy storage performance, a ZHC device was also fabricated
using a 2 M NacCl electrolyte (without any ZnSO,). The CV and
GCD curves of the device showed that Na" cations are actively
involved in the energy storage process, especially in the voltage
region of 3D Gr-C cathode (Fig. S15t1). However, the areal

This journal is © The Royal Society of Chemistry 2022
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capacity (C/A: 0.16 mA h em™? at 6 mA cm™?) of the pristine
NacCl electrolyte cell is poor compared with the pristine ZnSO,
and the hybrid electrolyte that we proposed. The relatively lower
performance of pristine NaCl cell could be due to the deficiency
of the Zn** ions plating/stripping process on the Zn anode side.
These results indicate that the inclusion of NaCl in ZnSO, not
only suppresses the dendrites on the Zn anode side, but it also
demonstrates improved energy storage performance. The
difference in electrochemical performance between the pristine
and hybrid electrolytes was further investigated using GCD rate
measurements at different current densities. As it can be seen in
Fig. 3d, the hybrid electrolyte leads to an increased capacity (C/
A: 0.84 mA h ecm ™2 at 3 mA cm™?) and rate capability (37.2% at
high 7/A of 40 mA cm >) as compared to the use of pristine
ZnSO, (C/A: 0.72 mA h em ™2 at 3 mA cm™” with rate capability of
30.3% at 40 mA cm >). The Nyquist plots in Fig. 3e further
corroborates the higher ionic conductivity and lower resistance
of the hybrid electrolyte ZHC, as well as reduced charge transfer
resistance when compared to the pristine ZnSO, electrolyte
(Fig. S87). The electrochemical kinetics and reversibility of 3D
Gr-C//Zn hybrid electrolyte cells were also analysed via cyclic
voltammetry at various scanning speeds, ranging from 10 to
50 mV s ' (Fig. 3f). As shown in Fig. 3f, the CV integral area
gradually increases upon increasing the scan rate. In addition,
the anodic and cathodic current peaks only present a small shift
towards forward and reverse potentials with increasing scan
rate, which suggests a quasi-reversible electrochemical
processes between hybrid ions and 3D Gr-C. The electro-
chemical kinetic of Gr-C//Zn cell can be further quantified
using the power law i = av’, where i is the peak current (I/A), » is
scan rate (V s™') and a and b are adjustable parameters.® The
charge-storage mechanism is diffusion-controlled (slow kinetic)
when the b value is close to 0.5, whereas it is controlled by
capacitive processes (fast kinetic) when the b value is close to 1.
The corresponding b values for the anodic and cathodic peaks
of 6L Gr-C//Zn cell were calculated with a linear fitting of log i,
and ieq vs. log v, resulting in b values of 0.77 and 0.8 (Fig. 3g) for
the anodic and cathodic peaks respectively. This reveals the
simultaneous contribution of capacitive and diffusion-
controlled behaviours to the charge storage in the hybrid elec-
trolyte Gr—C//Zn cell. Evidently, the kinetic results also corrob-
orate that both anions and cations of the hybrid electrolyte are
responsible for the mixed charge storage process in the device.
The modified power law (i = S;v + S,»*'?) is then applied to
obtain the ratio of capacitive (S,») vs. diffusion-controlled (S,»*
%) contributions in the total capacity of the Gr-C//Zn hybrid
electrolytic cell.***” At a scanning rate of 20 mV s, capacitive-
and diffusion-controlled contributions were calculated to be
31.8% and 68.2% of the total capacity in Gr-C//Zn cell (Fig. 3h).
The corresponding contributions at different scan rates were
also quantified and included in the histogram of Fig. 4i.

The effect of the mass loading/number of printed layers of
the Gr-C cathode on the electrochemical performance was also
analysed in hybrid electrolyte devices (Fig. 4a). As presented in
Fig. 4a(i), the charge-discharge areal capacities (C/A) increased
upon increasing the number of printed layers from 3 to 12 and
the areal mass loading (M/A) from 12.5 to 52 mg cm™ 2. The low

This journal is © The Royal Society of Chemistry 2022
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capacity of the 3L electrode can be attributed to the lower mass
loading and mechanical stability of thinner electrodes, that can
easily result in lower accessibility of electrolyte ions and
restricted electron transport inside the electrode structure. The
initial-cycle coulombic efficiency (CE) of the corresponding cells
in Fig. S14at reveals that the 8-layer Gr-C//Zn device has the
highest CE of 95% compared with the other cells. Although the
C/A increases with mass loading up to the 8L Gr-C//Zn cell
(Fig. 4a(ii)), the rise in C/A between the 8-12L cell is modest
(1.08 mAh em > vs. 1.12 mA h em ™ at I/A of 3 mA cm™?). When
the gravimetric capacities (C/M) at different I/A are compared,
the 6L Gr—C//Zn cell demonstrates higher capacity than the 8L
cell, while the 12L Gr-C//Zn cell shows much lower C/M
(Fig. 4a(iv)). This behaviour could be ascribed to the hindrance
of increased charge transport along with the sluggish diffusion
of the electrolyte ions into the thick multi-layered 3D Gr-C
cathodes. Increased internal voltage (iR) (Fig. S14b¥) could also
be the reason for the lower charge storage capability of the 12L
Gr-C//Zn at increasing current densities, compared with the
other layers. The interconnected composite architecture of the
8L-cathodes along with its optimized porosity and high
conductivity, provides rapid paths for quick penetration of the
electrolyte ions and shorten the ion diffusion paths to store
high C/A. Therefore, the 8L electrode shows the highest areal
performance, which is crucial for application in portable
devices where the available footprint area is limited. It is also
worth mentioning that the 8L Gr-C//Zn cell showed much
higher C/A than the previously reported 3D printed Zn-ion
capacitors, as presented in Fig. S16d.t The higher energy
storage of 3D printed Gr-C structures in comparison with thin-
film Gr-C-based ZHC cells were also included in Fig. S10.}
Further comparisons on electrochemical performance (effect of
printing layers) and volumetric capacity (mA h cm?) of the 3D
Gr-C//Zn cells using pristine ZnSO, versus hybrid electrolyte are
reported in Fig. S11-S16.T7 The energy and power densities are
important parameters to determine the practical applicability of
energy storage devices. The calculated areal energy density (Eq/
A) and power density (Pg/A) of 3-12L Gr-C//Zn cells were
included in the Ragone plot in Fig. 4b. Considering the C/A and
rate capability, the 8L Gr-C//Zn cell showed a maximum E4/A of
0.87 mW h cm ™2 at a Pg/A of 2.67 mW cm 2, and it retains an E4/
A of 0.42 mW h em ™2 at a high Pg/A of 31.72 mW e¢m ™. Owing to
their high energy density and power density, the ZHC pouch
cells could easily light up a light-emitting diode (Fig. S177),
demonstrating the practical potential of the 3D Gr-C//Zn cells.
Remarkably, the obtained energy storage properties of our
hybrid electrolyte 3D Gr-C//Zn cells are one to three orders of
magnitude higher (Fig. 4b) than the previously reported 3D
printed microsupercapacitors and Zn-ion capacitors, based on
activated carbon (AC), reduced graphene oxide (rGO), printed
MXenes and CNTs (Table S21). To demonstrate the effectiveness
of our hybrid electrolyte in controlling the dendrite formation
and stable capacity, GCD cycling was performed on Gr-C//Zn
cells. Fig. 4c shows the long-term cycling durability of the
hybrid electrolyte Gr-C//Zn cells (from 3 to 12L), together with
the pristine electrolyte Gr-C//Zn cell (6L). Although the carbon-
based cathodes have high stability during the cycling process,
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Fig. 4 Electrochemical properties of 3D Gr—C//Zn cells in hybrid electrolyte with different 3D cathodes. (a) (i) charge—discharge capacities of
multi-layer (3-12L) 3D printed Gr—C//Zn full cells measured at a current density of 3 mA cm~2 with the hybrid electrolyte (top left), (i) areal
capacity (bottom left) of 3—-12L Gr—C//Zn cells with various M/A, (iii) photographic images of 3—-12L cathodes (top right), which inherently provide
different mass loadings of Gr—C composites and (iv) gravimetric capacities (bottom right) 3-12L Gr—C//Zn cells with different charge—discharge
I/A. (b) Ragone plot showing benchmark areal energy density of hybrid electrolyte-based 3D Gr-C//Zn cell plotted as a function of power
density, which were compared with previously reported 3D printed ZHCs and 3D microsupercapacitors. (c) Comparative long-term cycling
stability and (d) coulombic efficiency of 3D printed Gr—C//Zn cells using pristine ZnSO,4 electrolyte and hybrid electrolytes.

undesirable side products and rapid growth of dendrites on the
Zn anode gradually suppress the durability of Zn-ion cells with
pristine ZnSO,. At a high charge-discharge rate 7/A of 20 mA
cm 2, the 6L Gr-C//Zn cell assembled with the pristine ZnSO,
electrolyte demonstrates decreased capacity upon extended
GCD cycles and failed its operation after 1220 cycles with
a capacity loss of 85.2%. This could be ascribed to the rapid
growth of insulating products on the surface of the Zn anode
(Fig. 2e) and layered formation of zinc sulphate hydrate and
zinc oxide species on cathode (JCPDS card # 010-4031 and 080-
4983), as detailed in ex situ XRD analysis (Fig. S9t). The grad-
ually piled-up dendrites on the Zn anode can penetrate through
the separator and cause short-circuits to fail the ZHC operation,
as demonstrated by the unstable CE behaviour in the pristine
electrolyte (Fig. 4d). On the contrary, the Gr-C//Zn cells tested
with hybrid electrolyte initiates uniform plating/stripping of
Zn*" jons on the Zn anode and protects its surface, thus leading

15672 | J Mater. Chem. A, 2022, 10, 15665-15676

to an extended life cycle. After 3300 cycles at 20 mA cm ™2, the
capacity loss for the high-mass loaded 3-12L Gr-C//Zn cells in
hybrid electrolyte were about 37.5%, 21.3%, 24.1% and 33.2%
with the CE of 99.2%, 99.6%, 98.9% and 98.7%, respectively.
These results suggest a better capacity retention of hybrid
electrolyte-based Gr-C//Zn cells compared with conventional
ZnSO, electrolyte.

Alongside cycling durability and energy density benchmarks,
monitoring the rate performance of energy storage devices is
also important as it determines the device applicability in high-
power advanced applications. Conventional processes to
determine the rate performance of metal-ion batteries and
electrochemical capacitors include galvanostatic charge-
discharge (GCD) analysis at various current densities (Z/A).
Especially, acquiring rate performance of high-mass loaded 3D
ZHC at low I/A using the GCD method is very slow and time
consuming (Fig. S181 and 5a). For example, using the charge-

This journal is © The Royal Society of Chemistry 2022
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discharge current I/A of 0.2 mA cm ™2, the time taken for a single
GCD cycle of 12L Gr-C//Zn cell is ~15 h, as presented in
Fig. S18h.7 Although, the GCD rate performance is faster at high
rates, the device experiences severe voltage drops (Fig. 3g(ii))
and undesirable side products on the anode surface. Therefore,
the rapid determination of the rate performance is advanta-
geous, especially for variable mass loadings (M/A) of multiple
electrodes and their devices. Recently, Heubner et al., and Tian
et al., proposed a straightforward and rapid chronoampero-
metric (CA) method to measure the capacity-rate measurements
of LIB electrodes, ranging from extremely high to low rates.***°
Moreover, CA can be used to produce several hundreds of data
points. Considering the merits of CA measurement and the lack
of rate studies on metal-ion capacitors, we believe that this
technique is a great tool to measure the rate performance of
ZHGCs in a short period. Therefore, here we employed CA tests to
assess the rate performance of high-mass loading 3D Gr-C//Zn-
based HSCs for the first time. In Fig. 5b the CA data of 3D Gr-C//
Zn cell are reported and represent the transient decay of I/A with
respect to the discharge time. As shown in the CA data of the 3D
Gr-C//Zn cell, the I/A response over time suggests that the high
I/A of 350-2.5 mA cm ™2 can be rapidly measured within 36 s.
Upon increasing the discharge time, the recorded I/A transients
of 3D Gr-C//Zn cell declines to the extremely low currents of
0.34 and 0.1 mA cm > after 360 and 3600 s, indicating the
effectiveness of this method for fast counting of //A and time
transients. On the contrary, up to 11 h (depending on the M/A of
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3D electrodes) are required to measure the rate performance
using conventional GCD tests at a charge-discharge /A of 3-40
mA cm ™, as presented in Fig. 5a and S18b-g.T The rate (R, h™")
can be quantified using the GCD and CA methods with the
following equations:****

_1/4
Rgep = —C/A (1)
. 1/4
Rea = [T/ Adi @

where, I/A is the current density and C/A is the areal capacity
calculated by GCD and jg I/Adt is the areal capacity (C/A)
quantified using CA plot. In eqn (1), the Rgcp, is related to the
actual charge/discharge time at specific I/A. For Rc,a, capacity-
rate data points can be obtained by integrating the current at
a specific time. To test the Rcy using CA method, we have
employed various 3D printed (from 3 to 12L) Gr-C//Zn cells with
pristine ZnSO, and hybrid electrolytes. For each 3D Gr-C//Zn
cell, we measured the CA and applied eqn (2) to obtain the C/
A and R data, as shown in Fig. 5c-f. Compared with conven-
tional GCD (open symbols in Fig. 5c¢c-f), this CA method can
quickly provide rate data with increased density of data sets. In
addition, C/A-R plots show good agreement between CA and
GCD measurements up to 8L Gr-C//Zn cells. However, there is
a slight variation between the CA and GCD capacities on 12L Gr-
C//Zn cell, which might be ascribed either to the ion-
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Fig. 5 Comparison of capacity-rate data using conventional GCD and CA method. (a) Rate measurements of 3D Gr—C//Zn cell analysed using
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penetration on extremely thick Gr-C or to the poor adhesion of
the active material. From the R~ plots of Fig. 5c-f, it is also
noticeable a constant capacity (C/A) displayed at low rate which
then falls at higher rate. The decreased C/A could be attributed
to the fact that the high 7/A region of the CA data is associated
with fast rates (Fig. 5b), therefore electrolyte ions do not have
sufficient time to initiate the slow-kinetic transport within the
thick 3D Gr-C electrode. This means that the major contribu-
tions to the I/A transient are electronic, and that the diffusion
contribution to the I/A transient is small. From the R-plots we
can infer that the hybrid electrolyte ZHCs also show large
capacities upon increasing the number of Gr-C layers, which
are higher than the pristine electrolyte cell. Considering the fast
rate performance of 3D Gr-C//Zn cells, the CA method could be
considered as an alternative and reliable procedure to measure
the capacity-rate data for high-mass loading energy storage
devices. Overall, the proposed cost-effective NaCl additive in
ZnSO, electrolyte tackle the Zn anode dendrite formation and in
conjunction with the high-mass loaded 3D cathodes enable the
increase of the capacity towards highly durable ZHC.

3. Conclusion

In conclusion, we reported high-performance ZHCs using a 3D
printed Gr-C composite structure as cathode and a Zn foil as
anode with low-cost NaCl additive in ZnSO, (hybrid) electrolyte.
This approach resulted in a controlled plating/stripping of Zn,
improved areal capacity, and enhanced cycling stability. The
hybrid electrolyte provides two key beneficial features on the
anode and cathode, which are: a dynamic electrostatic shield
layer and a pH regulating effect which reduces the irreversible
side reactions and dendrites formation. In addition, the high
surface area and the good electrical conductivity of the 3D
printed 8L Gr-C cathode enable a dual-ion electrochemical
mechanism, which leads to greater areal capacity of
0.84 mA h em™? at 3 mA cm™” and longer cycling stability of
78.7% at 20 mA cm™ > compared with pristine electrolyte ZHCs.
Through printing layers optimization (3-12L), the hybrid
electrolyte-based 3D Gr-C//Zn cell provides high areal energy
and power densities (0.87 mW h cm 2 and 31.7 mW cm ™ ?),
which are superior to the state-of-the-art of 3D printed electro-
chemical devices. Furthermore, the rate performance of the
highly mass loaded 3D cathodes in ZHC cells were also evalu-
ated using a rapid CA method, which is an advantageous
alternative to the time consuming conventional GCD methods.
This work demonstrates a pathway towards the cost-effective
development of efficient electrolytes and highly conductive 3D
electrodes with high-capacity energy storage devices.

4. Experimental details

4.1. Materials

Two-dimensional graphene (Gr) platelets (5 um lateral size,
surface area 120-150 m” g, Sigma-Aldrich), aqueous SWCNTs
dispersion (C, Tuball™, OCSiAl), carbon nanotubes powder
(CNTs, Sigma-Aldrich), sodium carboxymethyl cellulose (CMC,
~250 000 M, Sigma-Aldrich), zinc sulphate heptahydrate
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(znSO,-7H,0, Sigma-Aldrich), sodium chloride (NaCl, Sigma-
Aldrich), polished Zn metal foil (Zn, 0.2 mm thick,
Puratronic®, 99.9%, Alfa Aesar), Copper foil (Cu, Sigma-Aldrich)
and graphite foil (0.4 mm thick, Alfa Aesar) were commercially
obtained. Deionized (DI) water with a resistivity: ~18.0
MQ em ™! was used throughout the experiments. All the chem-
icals were of analytical grade and used as received without
further purification.

4.2. Preparation and characterisation of graphene-carbon
nanotube (Gr-C) inks

The aqueous ink based on Gr-C heterostructures was prepared
using modified procedure of our earlier work.** Briefly, 1.4 g of
Gr platelets and 0.34 g of CMC powder were added to a high
density polyethelene plastic jar containing water dispersed
SWCNTSs (0.4 wt%, 4 mg ml~'). The mixture was then homog-
enized using a high-speed planetary mixer (Thinky ARE-250) at
2000 rpm for 5 min. The printable Gr-C ink was then stored in
the fridge and re-homogenized before being used. For
comparison of conductivity and rheological properties, the
aqueous Gr ink (without SWCNTs dispersion) was also prepared
using the same portion of Gr platelets and CMC with DI-water.
For structural comparison, the Gr-C ink was also prepared
using similar procedure with CNTs powder (5%), Gr platelets
(95%) and CMC binder in DI water (Fig. S31). The rheological
properties of the prepared inks were examined with a rotational
rheometer (HR1-TA Instruments) using 40 mm stainless steel
parallel plates at 25 °C. For all measurements, the distance
between the two plates was adjusted to 1000 pm and a solvent
trap was also placed to minimize the water evaporation of the
inks.

4.3. Direct-ink writing of 3D printed Gr-C heterostructure

For printing, the homogenized Gr-C ink was transferred into
a 3 mL plastic syringe using a plastic spatula. The ink loaded
syringe with a 410 pm diameter nozzle was then fixed to
a displacement-controlled plunger, which provides a contin-
uous pressure supply. A robocaster - 3D printer with three
reconfigurable heads was used for the extrusion-based DIW of
aqueous Gr-C inks. Woodpile-shaped 3D microstructures (3-12
layers) were printed on graphite foil using a printing speed of
6 mm s~ . After drying at room temperature, the printed Gr-C
electrodes were stabilized via thermal sintering (at 350 °C for 30
min) under argon gas flow (Ar, ~0.5 mbar). Thermal gravimetric
analysis/differential thermal analysis (SCINCO, TGA N-1000/
1500) was used to demonstrate the effective removal of inac-
tive components from the 3D Gr-C electrodes.

4.4. Material characterisation

The microstructures of the Gr—-C and cycled Zn anodes were
analysed using scanning electron microscopy (SEM, Zeiss
Auriga) and transmission electron microscopy (TEM, JEOL JEM-
200CX) images. The XRD patterns were collected on an X-ray
diffractometer (Bruker D2 Phaser diffractometer) with Cu Ko
radiation (A = 1.5406 A). Raman spectra of the printed and
cycled electrodes were tested by a Raman spectrometer

This journal is © The Royal Society of Chemistry 2022
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(Renishaw inVia Qontor confocal Raman microscope) using
a 532 nm laser with a laser power of 0.5 mW. XPS analysis on the
annealed Gr-C was collected on a X-ray photoelectron spec-
trometer (Thermo Scientific K-Alpha®), equipped with a micro-
focused Al Ko X-ray source. The measurements were per-
formed at room temperature using a 20 €V energy pass with the
energy step of 0.1 eV. The XPS data were fitted using Voigt
functions using the Avantage software package. The electrical
conductivity of Gr-C and Gr thin-films (coated on glass
substrate) was measured via I-V curves using a Gamry Interface
1000 system.

4.5. Electrolyte preparation

The hybrid electrolyte was prepared by mixing the 2 M ZnSO,
and 2 M NaCl salts in DI water at room temperature. The
mixtures were then placed on a magnetic plate under vigorous
stirring to ensure complete dissolution of the mixed salts. The
pristine electrolyte was also prepared with 2 M ZnSO, in DI
water for comparison. The pH and ionic conductivity of the
corresponding electrolytes were recorded using portable pH
metre (Hanna instruments Checker™) and a two-electrode
system (RS-12 digital multimetre).

4.6. Fabrication and electrochemical characterizations

Pouch-type Zn//Zn, Zn//Cu and 3D Gr-C//Zn cells were assem-
bled using pristine 2 M ZnSO, and hybrid electrolytes with
glassy fiber membrane (Whatman GF/A with a thickness of
260 pm, Sigma-Aldrich) as a separator. The electrochemical
properties of the pouch cells were studied using a multichannel
VMP-3 workstation (Bio-Logic Science Instruments). Chro-
nopotentiometry (CP) and in situ electrochemical impedance
spectroscopy (EIS) were employed for metal-ion plating/
stripping of pristine and hybrid electrolyte Zn//Zn symmetric
cells. Energy storage performance of full cells based on 3D Gr-
C//Zn cells (with pristine and hybrid electrolytes) were analysed
using cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), chronoamperometry (CA) rate performance and long-
term cycling performance. The EIS measurements of full cells
were performed using a voltage sine wave of 10 mV amplitude
across a frequency range of 100 kHz to 0.01 Hz. Ex situ mapping
images as well as depth profiles of cycled Zn foils (100 x 100
um?) with pristine ZnSO, and hybrid electrolytes were analysed
using Time-of-Flight Secondary Ion Mass Spectrometry (ToF-
SIMS V system, ION-TOF GmbH) with a 25 keV Bi" primary ion
beam.
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