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Abstract: Aqueous zinc-ion batteries (AZIBs) have @
significant promise as large-scale energy storage
devices due to their high safety, low cost, and envir-
onmental friendliness. However, their application
has been constrained by limited operational voltage
windows. A high-voltage-resistant Ti-graphene-Ti

cathode current collector (TGT) was designed and
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fabricated by three-dimensional (3D) printing. The surface of the TGT has a Ti,O, protective layer, which effectively sup-
presses electrolyte decomposition under high voltage conditions so that the voltage window of the battery is extended to

1.0-2.2 V without the obvious formation of by-products. Simultaneously, the graphene layer in the TGT structure significantly

improves the adsorption and insertion/extraction kinetics of cations, resulting in a high specific capacity of 307.5 mAh g™ and a

prolonged cycling life of the battery. The resultant AZIBs have a stable charge/discharge performance over 400 cycles at a high

voltage. Furthermore, the influence of the geometric arrangements of Ti and graphene in the 3D printing process on the energy

storage mechanism was investigated and provided novel insight for the development of high-voltage-resistant composite cath-

ode current collectors for AZIBs.

Key words: 3D printing; Aqueous zinc-ion batteries; Composite current collectors; High-voltage cathodes; Wide voltage

window

Aqueous zinc-ion batteries (AZIBs) are prom-
ising grid-scale energy storage devices because of
their high safety, low cost and environment friendli-
ness' . As a critical component of AZIBs, the cur-
rent collector of cathode not only collects the current
generated by active materials but also impacts the
voltage window, cycle stability, and safety of batter-
ies!"”""). However, traditional Al or stainless steel cur-
rent collectors are prone to corrosion in aqueous elec-
trolytes, limiting the operating voltage range of
AZIBs"“™. In contrast, corrosion-resistant Ti metal
possesses low reactivity in electrolytes due to the
presence of inert oxide layer on its surface’'’. When

employed as current collectors, Ti metal can effect-
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ively suppress the electrochemical decomposition of
water under high voltage and reduce the accumula-
tion of by-products on the cathode surface” . Nev-
ertheless, the limited specific surface area of Ti cur-
rent collectors impedes their ability to effectively ad-
1. When paired with

sorb ions from the electrolyte!™

manganese oxide active materials, the dissolved Mn®*
generated from manganese oxide dissolution cannot
efficiently deposit onto the cathode surface, resulting

in a rapid capacity fading during electrochemical cyc-
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ling process'”".

Compared with corrosion-resistant metal, carbon
nanomaterials such as carbon nanotubes or graphene,
exhibit high specific surface area and unique electron-
ic structure’”. As a result, they can effectively adsorb
Mn’* from the electrolyte, which inhibits the dissolu-
tion and shuttle effect of manganese oxide cathode
materials, thereby significantly extending the cycle
life of AZIBs"" . Therefore, Ti-carbon composite
current collectors were researched and developed,
which ingeniously combine the high corrosion resist-
ance of Ti with the high specific surface area of car-
bon nanomaterials. Current research mainly focuses
on basic fabrication processes and optimal Ti-carbon
ratio, while usually neglecting the important factors
such as spatial positioning matching and synergistic
effects between the Ti and carbon nanomaterials,
which directly determines the electron transport effi-
ciency, ion migration capability, and cycling stability
of current collectors'” !, Moreover, traditional pre-
paration methods struggle to precisely control the mi-
crostructure of composite current collectors, limiting
their application effectiveness in AZIBs.

In recent years, three-dimensional (3D) printing
technology has emerged as an innovative electrode
fabrication technique due to its flexibility, conveni-
ence, and high degree of controllability"’ ", Through
the layer-by-layer additive manufacturing principle,
this technology can precisely control the spatial distri-
bution and proportional relationship of Ti and carbon
nanomaterials in composite current collectors. Herein,
a Ti-graphene-Ti composite current collector (TGT)
was fabricated by vertically interleaving stacked Ti
metal and graphene oxide (GO) using 3D printing
technology. The Ti-based outer layer of the TGT can
high

voltage, thereby expanding the voltage window and

suppress electrolyte decomposition under

minimizing the formation of by-product zinc hy-
droxysulfate (ZHS). Meanwhile, the graphene-based
inner layer within the TGT structure enhances the ad-
sorption and insertion/extraction kinetics of cations,
resulting in an increased specific capacity of the cath-
ode and extended the cycling life of AZIBs. Further-
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more, the spatial configuration between Ti-based out-
er layer and graphene-based inner layer has been
deeply investigated, revealing their synergistic mech-
anism on enhancing the electrochemical performance
of cathodes. This work provides novel insights for the
development of high-performance composite cathode

current collectors for AZIBs.

The GO-hydroxypropyl methylcellulose
(HPMC)-carbon nanotubes (CNTs) (GHC) ink was
prepared by mixing 0.8 g of GO (Jiangsu XFNANO
Materials Tech Co., Ltd.), 0.4 g of HPMC (Macklin),
and 5 mL of 4.2% (mass fraction) CNTs dispersion
(purchased from QingDao HaoXin New Energy Tech-
nology Co. Ltd.) in a planetary mixer (Thinky ARE-
310) at 2000 r min~' for 5 min. The Ti powder-HP-
MC-CNTs (THC) ink was prepared by mixing 2 g of
Ti powder (300 mesh, Aladdin), 0.4 g of HPMC, and
3.8 mL of 4.2% CNTs dispersion in a planetary mixer
at 2000 r min"' for 5 min. The ink was transferred
into a syringe barrel (5 mL) and centrifuged at
6000 r min"' for 5 min. Then, it was 3D printed
through a needle (410 um in diameter) by a Bio-Ar-
chitect@SR 3D printer, and the gap between 2 fila-
ments was 1.2 mm. The printed layers are 5 in total.
For TGT, odd layers use THC ink while even layers
use GHC ink; for GTG, the arrangement is reversed.
After the subsequent freeze-drying and heat treatment
process (1100 °C for 2 h) in an inert atmosphere, the

3D-printed current collectors were prepared.

The electrodeposition of MnO, was operated in a
three-electrode electrolytic device with 3D-printed
current collectors as the working electrode, Pt foil as
the counter electrode, saturated calomel electrode as
the reference electrode in a mixed solution containing
0.1 mol L' MnC,H,O, and 0.1 mol L™ Na,SO, at a
constant current density of 4 mA cm >, After 1 h and
20 min of electrodeposition, the MnO, loading on the

3D-printed current collectors was 11 mg cm 2. After
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electrodepositing, 3D-printed current collectors were
cleaned with deionized water and dried at 35 °C in an

oven overnight.

X-ray diffraction (XRD) patterns were recorded
by a X' Pert PRO MPD diffractometer equipped with
Cu Ka radiation (1 = 1.540 6 A). X-ray photoelectron
spectroscopy (XPS) was determined by a Thermo
Fisher Scientific Escalab 250XI spectrometer with Al
Ka radiation. Scanning electron microscope (SEM)
images and the corresponding elemental mapping
were obtained from on ZEISS Sigma 300 equipped
with energy dispersive X-ray spectroscopy systems.
The nitrogen adsorption/desorption measurements
were conducted on a Quantachrome Autosorb-iQ sur-
face area analyzer. Raman spectra were recorded by a
Renishaw Qontor confocal laser microscopy Raman
spectrometer with an excitation wavelength of 532
nm. Rheological properties of inks were recorded by a
HAAKE MARS 6000 rheometer.

Typical zinc-ions batteries composed of 3D-prin-
ted current collectors (loaded/unloaded MnO,) and Zn
foil as anode in an aqueous electrolyte with 2 mol L™
ZnSO, and 0.1 mol L™' MnSO, for zinc storage (for
high-voltage galvanostatic charge-discharge testing,
use 2 mol L' ZnSO,, 0.1 mol L' MnSO,, and
25 mmol L™' 4-OH-TEMPO). Profiles including cyc-
lic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were obtained on an Ivium stat
electrochemical workstation while galvanostatic
charge/discharge and cyclic performance of the ZIBs
were recorded using the LAND CT2001A battery test

system.

3D-printed current collectors were fabricated by
solidifying 2 functional inks according to a preset pro-
gram. The GHC ink was prepared based on GO, HP-
MC, and CNTs. Simultaneously, the THC ink was
prepared based on Ti powder, HPMC, and CNTs (Fig.
S1 and Fig. S2). Through precisely controlling the ra-

tio of the 2 inks and printing path planning, current
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collectors with different components and structures
can be achieved (Fig. S3 and Fig. S4). The 3D-prin-
ted GHC-based current collectors (3DP GHC) and
3D-printed THC-based current collectors (3DP THC)
were respectively prepared using pure GHC or THC
inks, constructing homogeneous multi-layer struc-
tures. In contrast, the TGT and graphene-Ti-graphene
current collectors (GTG) were fabricated by alternat-
ing printing of GHC and THC inks in the Z-direction
(Fig. S5). Fig. S5 also shows the pore structure
formed by crosslinking HPMC with graphene
oxide/Ti powder. In the TGT structure, the outermost
layer is composed of THC, while in the GTG struc-
ture, the outermost layer is composed of GHC. The
schematic diagrams of these 4 types of current collect-
ors are shown in Fig. la. Compared to other current
collectors, TGT exhibits unique advantages. The Ti-
containing outermost layer significantly enhances the
mechanical strength of the current collector, enabling
it to maintain an intact 3D structure under certain
pressure (Fig. S6), which is beneficial for structural
stability during long-term cycling. The hysteresis
loops in the adsorption-desorption isotherms and the
pore size distribution confirm that this composite col-
lector is abundant in mesopores (Fig. S7). TEM im-
ages show the presence of mesopores (Fig. S8). The
synergistic effect between the 3D porous network and
the abundant oxygen-containing functional groups on
its surface endows TGT with exceptional water wet-
tability (Fig. S9). This facilitates rapid mass transfer at
the cathode/electrolyte interface in aqueous electro-
lytes. Furthermore, the surface of TGT not only fea-
tures an inert Ti O, oxide film but also possesses
abundant carbon defects provided by the GHC layer
(Fig. S10 and Fig. S11), which is beneficial for im-
proving charge transfer efficiency at the cathode/elec-
trolyte interface!'”.

The spatial distribution of components within
composite current collectors exerts an important influ-
ence on cation adsorption behavior. Due to the signi-
ficantly larger specific surface area and more abund-
ant active sites of GHC, cations preferentially adsorb

onto the graphene inner layer of the TGT structure
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Fig. 1 (a) Schematic diagram of 3D-printed current collectors. Locations of Zn”" in the TGT structure: (b) Discharging; (c) Charging. Locations of Zn>* in the

GTG structure: (d) Discharging; (¢) Charging

during electrochemical processes (Fig. 1b—¢). This se-
lective adsorption mechanism effectively prevents ex-
cessive cation accumulation on the electrode surface,
thereby suppressing charge shielding effects. MnO,
active material was fabricated on the TGT current col-
lector by electrodeposition, achieving a high loading
capacity of approximately 11 mg cm >. Owing to the
3D conductive network structure of TGT, the current
collector displays highly uniform current distribution
(Fig. S12). Thus, MnO, nanoparticles are uniformly
distributed over the entire 3D current collector sur-
face, forming a continuous and dense active layer
(Fig. S13). XRD analysis reveals that the prepared
MnO, exhibits excellent consistency with the charac-
teristic peaks of e-MnO, phase (Fig. S14). More im-
portantly, XPS analysis of the Mn 2p orbital fine
structure shows that the spin-orbit splitting width
between Mn 2p,, and Mn 2p,, is 11.70 eV, which
aligns closely with the typical values of reported
MnO, (Fig. S15)""!, further confirming the successful
loading of e-MnO,,.

The CV curves of several collector materials all
exhibit 2 pairs of redox peaks, corresponding to the
dual-ion mechanism of H" and Zn** (Fig. S16). Ow-
ing to the exquisite design and multi-layer synergistic
effects of the TGT structure, the TGT cathode exhib-
its excellent electrochemical performance. At a low
current density of 0.1 mA c¢m 7, the areal specific ca-
pacity of TGT cathode reaches 3.1 mAh cm’

(Fig. 2a), corresponding to a mass-specific capacity of
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307.5 mAh g ' (Fig. S17). When the current density
increases to 0.5 mA cm ” and then restored to 0.1 mA
cm?, the areal capacity maintains at 2.6 mAh cm
(Fig. 2b), which consistently exceeds those of cath-
odes based on other 3D current collectors or conven-
tional titanium mesh (Fig. S18). The electrode interfa-
cial properties can be analyzed through electrochemic-
al impedance spectroscopy (EIS). The plots reveal that
the TGT cathode (R, = 617.3 Q) exhibits a reduced
semicircle diameter in the high-frequency region
(Fig. 2¢ and Table S1), indicating its low charge trans-
fer resistance, suggesting rapid electron transport.
After 700 charge/discharge cycles, the TGT cathode
maintains its specific capacity of 87.8 mAh g
(Fig. 2d), demonstrating a retention rate of 92.8%. It
is noteworthy that some cycling curves exhibited a
pattern of initial decline followed by recovery. The
dissolution of MnO, caused a decrease in specific ca-
pacity, while the addition of MnSO, to the electrolyte
supplied Mn*" ions. The dissolution of Mn®" gradu-
ally restored the specific capacity. Galvanostatic Inter-
mittent Titration Technique (GITT) test (Fig. S19)
results indicate that the diffusion coefficient of TGT
ranges between 107 and 10~ cm’ s™' at all voltages.
This confirms the fast ion transport behavior of TGT.
Further Raman characterization of the cycled cath-
odes revealed that the TGT surface exhibits no obvi-
ous characteristic peak related to ZHS (Fig. S20).
While 3DP GHC exhibits a Zn**-OSO,” related peak
at 422.4 cm’', along with SO,” related peaks at
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Fig. 2 Electrochemical performance of MnO, cathode based on TGT, GTG, 3DP GHC and 3DP THC: (a) Galvanostatic charge-discharge curves. (b) Rate per-
formance. (c) Nyquist plots. (d) Cyclic stability and Coulombic efficiency

1026.0, 1081.4 and 1185.9 cm ', indicating a genera-
tion of ZHS"". In addition, the Zn anode showed no
significant change after 700 cycles, which contributes
to the long-term stable cycling of the batteries (Fig.
S21).

Furthermore, the Ti O, layer formed on the outer
surface of the TGT effectively suppresses the oxygen
evolution reaction of water molecules in electrolyte
through physical barrier effect and chemical passiva-
tion. This suppression significantly broadens the elec-
trochemical stability window of the battery, extend-
ing the operational voltage range from the convention-
al 0-2.0 to 0-2.4 V. The CV tests at different voltage
ranges clearly demonstrate that Ti-based current col-
lectors, including TGT, GTG and 3DP THC, exhibit
no significant oxygen evolution peak within 0-2.4 V
(Fig. 3a—d). However, the GHC current collector dis-
plays an obvious oxygen evolution plateau at 2.4 V.
Furthermore, the increasing ratio of GHC would ex-
acerbate the polarization of batteries (Fig. 3e—f, Fig.
S22-S24). To further verify the electrochemical per-
formance of TGT under high-voltage conditions,
2,2,6,6-tetramethylpiperidinyl-1-oxide (TEMPO) was
introduced into traditional electrolyte which is a
highly efficient redox mediator and can provide addi-
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tional charging plateaus (Fig. S25-S26) ). During
cycling at various current densities, the TGT demon-
strates higher specific capacity and longer cycle life
(over 400 cycles) (Fig. 3g—h). This is attributed to the
synergistic mechanism of TGT, where the inner GHC
layer, with its abundant active sites, preferentially un-
dergoes electrochemical reactions, preventing the rap-
id consumption of TEMPO at the electrode surface.
Simultaneously, the spatial protection effect of the
outer THC layer further suppresses the decomposi-
tion of electrolyte, ensuring long-term stability of the
electrode/electrolyte interface, thereby achieving a
synergistic enhancement of energy density and cyc-
ling stability under high-voltage conditions. GTG ex-
hibits a sharp capacity drop due to rapid depletion of
surface TEMPO (Fig. S27). Upon losing the addition-
al discharge plateau provided by TEMPO, the Cou-
lombic efficiency recovers to approximately 100%.

In order to further investigate the synergistic
mechanism between GHC and THC within the TGT
current collector, the electrochemical kinetic charac-
terization was carried out through CV tests at differ-
ent scan rates. The CV curves clearly display 4 char-
acteristic redox peaks (Fig. 4a, 4d). Peaks 1 and 4 cor-
responded to the insertion/extraction process of H',
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Fig. 3 CV curves of 3D-printed current collectors at voltage ranges from 1.0-2.0 V to 1.0-2.4 V: (a) TGT. (b) GTG. (c) 3DP GHC. (d) 3DP THC. CV curves
of 3D-printed current collectors in the voltage range of () 1.0-2.0 V and (f) 1.0-2.4 V. Cycle performance of TGT and GTG under
(2) 1.0-2.0 V,2mA cm *and (h) 1.0-2.2 V, 5 mA cm™

while peaks 2 and 3 represented the reversible inser-
tion/extraction behavior of Zn*""), The b values of
peaks 1, 2, 3 and 4 for 3DP GHC are 0.47, 0.62, 0.61
and 0.38, respectively (Fig. 4b), while those for 3DP
THC are 0.53, 0.44, 0.45 and 0.42, respectively
(Fig. 4¢). Notably, the b values of 3DP GHC for Zn*"
insertion/extraction processes are higher than those of
3DP THC, which directly demonstrate that the GHC
structure possesses superior Zn’" transport kinetics.
Further capacitive contribution quantification showed
that 3DP GHC consistently exhibited higher capacit-
ive contribution ratios than 3DP THC at different scan
rates (Fig. 4c, 4f), which is consistent with the b-value
result. To deeply verify the kinetic results, ex-situ Ra-
man spectroscopy characterization was performed on
3DP GHC and 3DP THC during charge-discharge
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processes (Fig. 4g). The Raman spectra revealed 4
characteristic peaks: ¥, (510.3 cm™), ¥, (575.0 cm™),
V, (681.2 cm™), and ¥, (992.8 cm'). Among these,
V,, V, and V, primarily originated from interlayer Zn>"
insertion/extraction, while ¥, corresponded to the tun-
neling insertion/ extraction of Zn>"'"". The V, peak of
3DP GHC become clearly visible upon discharge to
1.2 V and almost completely disappeared upon charge
to 1.4 V (Fig. 4h). In contrast, the V, peak of 3DP
THC only become apparent upon discharge to 1.0 V
and is barely eliminated until charge to 1.6 V (Fig. 41).
This phenomenon strongly confirms that the electro-
chemical reaction kinetic on 3DP GHC surface is sig-
nificantly faster than that on 3DP THC.

In addition to electrochemical kinetic character-
istics, GHC and THC in the TGT structure also exhib-
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it synergistic effects in suppressing the by-product
formation and inducing deposition of Mn”". The cyc-
ling tests were conducted within 0.5-1.0 V at a cur-
rent density of 1 mA c¢m , which reveals that the 3DP
GHC consistently maintains a high areal specific ca-
pacity (Fig. 5a), while the capacity from the 3DP THC
is nearly negligible. The XPS was utilized to charac-
terize the chemical state evolution on the surfaces of
3DP GHC and 3DP THC before and after cycling.
3DP GHC displays distinct S 2p and Zn 2p, character-
istic signals after cycling (Fig. 5b). High-resolution S
2p spectra clearly displayed an S 2p,, peak at
171.15 eV and an S 2p,, peak at 169.6 eV (Fig. 5¢),
which indicate the presence of SO,”". Simultaneously,

high-resolution Zn 2p XPS spectra show two charac-
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teristic peaks for Zn 2p,, and Zn 2p,, at 1045.4 and
1022.4 eV, respectively (Fig. S28), with a spin-orbit
splitting energy of 23 eV, This is entirely consist-
ent with the theoretical value for Zn (II) species, con-
firming the formation of ZHS on the 3DP GHC sur-
face. In contrast to 3DP GHC, XPS analysis of 3DP
THC displays inapparent S signal, suggesting that the
formation of by-products is suppressed.

To investigate the deposition behavior of Mn*
on GHC and THC in the TGT and its impact on elec-
trochemical performance, CV curves with different
voltage range were conducted on 3DP GHC and 3DP
THC (Fig. S29-S30). The 3DP GHC and 3DP THC
both exhibit rectangular CV curves within the low-

voltage range (1.0-1.6 V), reflecting typical double-
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Fig. 5 (a) Cycling performance of bare 3DP GHC and 3DP THC at 0.5-1 V, 1 mA c¢m . (b) XPS spectra of bare 3DP GHC and 3DP THC. (c) High-resolu-
tion S 2p XPS spectrum of 3DP GHC. CV curves (50 mV s ') of bare 3DP GHC and 3DP THC in the voltage range of (d) 1.0-1.6 V and (e) 1.0-2.4 V. (f) Cyc-
ling performance of bare 3DP GHC and 3DP THC at 1.0-2 V; 5 mA c¢m 2. (g) SEM images of 3DP GHC and 3DP THC surface after cycling

layer capacitance-dominated electrochemical behavi-
or (Fig. 5d). When the voltage range was extended to
1.0-2.4 V, 3DP GHC show a clear pair of redox peaks
(Fig. 5e), while 3DP THC exhibited only a single re-
duction peak. This indicates that Mn®" ions have de-
posited and have formed MnO, deposition layer on
the 3DP GHC surface, thereby providing substantial
pseudocapacitive contribution. After 300 charge/dis-
charge cycles, the areal capacity of 3DP GHC can
achieve 0.303 mAh cm™ (Fig. 5f and Fig. S31),
while the areal capacity of 3DP THC is merely 0.064
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mAh ecm™. This confirms the continuous deposition
behavior of Mn®>" on 3DP GHC, which enhances the
specific capacity of cathode. This result can also be
proved by the morphology characterization of current
collectors after cycling. The scanning electron micro-
scope (SEM) images of cycled 3DP GHC shows uni-
formly distributed MnO, nanoparticles on its surface
(Fig. 5g), whereas 3DP THC maintained a smooth
morphology even after the same cycling conditions,
with almost no detectable Mn deposition. This differ-

ent surface evolution behavior reveals the fundament-
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al differences in Mn”>" deposition kinetics between
GHC and THC, providing crucial insights into the in-
fluence mechanisms of current collector selection on

battery performance within the TGT structure.

In summary, a composite cathode current collect-
or TGT was fabricated using 3D printing technology.
The TGT consists of a THC outer layer and a GHC in-
ner layer, forming a unique sandwich structure. Since
the Ti,O, passivation layer formed on the surface,
THC outer layer effectively suppresses electrolyte de-
composition under high voltage. Meanwhile, the
formation of ZHS by-products at the electrode inter-
face is also reduced. Furthermore, the GHC layer in
TGT possesses high specific surface area and abun-
dant oxygen-containing functional groups, which sig-
nificantly enhances the interfacial adsorption rate and
insertion/extraction kinetics of Mn*'". Therefore, the
MnO, cathode based on TGT exhibits exceptional
specific capacity of 307.5 mAh g'. Notably, this elec-
trode maintains 400 stable cycles under high voltage
range. This excellent cycling stability can be attrib-
uted to the synergistic mechanism between THC and
GHC in the TGT structure. The THC outer layer acts
as a protective barrier to effectively suppress interfa-
cial side reactions, while the GHC inner layer serves
as an active reaction center to promote the directional
deposition and efficient conversion of Mn*', collect-
ively establishing a stable electrode-electrolyte inter-
face. This work provides theoretical guidance for the
design of high-performance composite cathode cur-
rent collectors, which is expected to advance the in-

dustrialization process of AZIBs.
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