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3D-Printed Nanostructured Copper Substrate Boosts the
Sodiated Capability and Stability of Antimony Anode for

Sodium-lon Batteries

Hui Gao, Wanli Gao, and Martin Pumera*

Sodium-ion batteries (SIBs) represent a viable substitute to lithium-ion
batteries due to their affordability and resource abundance. For SIBs,
antimony (Sb) shows potential as anode material but is impeded by the high
volumetric variations. Here the challenges of Sb sodium storage by
introducing the nanostructured Cu substrate for enhanced Sb adhesion and
morphology optimization is addressed, which is realized by fused deposition
modeling (FDM) printing of Cu substrate, subsequent high-temperature
sintering, and electrodeposition of Sb. In SIBs, the Sb deposited on three
dimensional (3D) printed Cu substrate performs improved cycling stability
compared with that of Sb@Cu with commercial Cu foil substrate, which can
be attributed to the nanostructure of the 3D-Cu substrate. Such architecture
of 3D-Cu induces the generation of pine-leaf-like Sb clusters to promote
stability and kinetics, and it aids the adhesion between the Sb cluster and
3D-Cu substrate for preventing the Sb detachment and restructuring the Sb
cluster to the robust porous ligament-channel Sb framework. The morphology
evolution, (de)sodiation mechanism, and gas evolution are explored by ex situ
scanning electron microscope, operando X-ray diffraction, and operando
differential electrochemical mass spectrometry separately. The developed
Sb@3D-Cu anode offers a flexible pathway for constructing 3D-printed

self-supported electrodes for SIBs.

1. Introduction

Due to the increasing concerns of environmental issues
and forthcoming fossil fuel exhaustion, decarbonized energy

generation systems based on renewable
sources (such as hydraulic, tidal, solar
power, etc.), have stimulated enormous
scientific exploration for grid-scale energy
storage systems (ESSs) to smoothly inte-
grate sustainable energies into the power
grid.l!l Sodium-ion batteries (SIBs) have
garnered significant interest as a poten-
tial replacement for lithium-ion batteries
(LIBs) in ESSs, which derives from the
obstacles targeting the production of Li
and the abundant reserves and appropri-
ate working potential of Na.l?l Particularly,
among the various anode materials, anti-
mony (Sb) has been regarded as a potential
candidate thanks to its impressive theoret-
ical gravimetric capacity (660 mAh g=1).1%!
Noticeably, Sb possesses decent electronic
conductivity (2.4 X 10° S m~! at 20 °C)
stemming from its semi-metallic charac-
teristic and also contains plentiful va-
cant spaces to provide abundant chan-
nels for Na* diffusion because of its
layered structure with high c-axis value
and low atomic packing parameter.[*l Nev-
ertheless, the exact electrochemical per-
formance of the Sb anode is seriously
limited by the unstable surface electrolyte interphase (SEI) upon
the cycling, giving rise to the significant volumetric variation and
structural failure primarily attributed to the larger atomic radius
of Na*.133]
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To tackle this limitation, the emphasis is placed on nanoengi-
neering the porous architecture,!®! multi-metallic strategy,”! and
hybridization with carbon materials,®! which can efficiently im-
prove the ion and electron transportation and cushion the vol-
ume changes. Nonetheless, implementing these strategies on
an industrial scale poses challenges due to the intricate fabri-
cation processes, volume capacity reduction through introduc-
ing inactive metallic or carbonaceous components, and elevated
costs.l”] Atthe same time, the conventional slurry-casting method
reduces gravimetric as well as volumetric capacities due to the
inclusion of binders and conductive components. On the con-
trary, electrodeposition enables the fabrication of active materi-
als on conductive substrates free from conductive additives and
binders. This method yields electrodes with high tap density, and
optimal electrical connectivity toward the substrate, and avoids
any reduction in gravimetric and volumetric capacity without the
addition of extra materials.[') However, prior research has high-
lighted the limited lifespan of electrodeposited Sb films. This is-
sue is ascribed to the insufficient mechanical interaction between
the Sb layer and substrate, which is unable to withstand the sub-
stantial volume fluctuations of Sb and thus leads to the pulveriza-
tion and aggregation of Sb.['!l Therefore, it is imperative to im-
plement interface modulation to tackle the aforementioned mat-
ters and boost the electrochemical ability of electrodeposited Sb
electrodes.

Three dimensional (3D) printing, as a cutting-edge method
of additive manufacturing, is capable of producing on-demand
self-supported electrodes with precise and flexible geometric and
structural control.[*?l Among the diverse 3D printing approaches,
fused deposition modeling (FDM) 3D printing has garnered sig-
nificant attention as a rapid bottom—up manufacturing approach
for producing electrodes in the field of electrochemistry (such
as rechargeable batteries,['*] supercapacitors!'*l), stemming from
its eco-friendliness, simplicity, superior efficiency, low expense,
as well as accurate and facile control over large size pieces.!*”!
For the 3D printing of metals, it is worth noting that, com-
pared with the traditional selective laser melting (SLM) tech-
nology requiring sophisticated equipment,['®) FDM can signif-
icantly reduce the production cost based on the easily acces-
sible metal-polymer filaments and simple conditions.!'’] Re-
cently, FDM 3D printing with Cu-based filaments has aroused
an emerging interest in printing 3D Cu substrate with targeted
geometric shapes, sizes, and controllable morphology which
was successfully applied to various electrochemical fields includ-
ing electrocatalytic biosensing,!'8] water splitting,['*) ammonia
electrosynthesis,’! bio-recognition.['’’! Inspired by the above-
mentioned works, FDM 3D printing would be a facile way to
improve the electrodeposited Sb/Cu current collector interfacial
property and thus boost the electrochemical performance of self-
supported Sb anode in SIBs via efficiently tailoring the nanos-
tructure of the 3D-Cu substrate. However, so far such a method
has not been used for fabricating substrate for Sb anode in SIBs
to our best knowledge.

Therefore, in this work, Sb@ 3D-Cu electrode with nanostruc-
tured Cu substrate was prepared by FDM 3D printing and post-
printing treatment (sintering and electrodeposition), which is of
facile scalability deriving from the superior expandability of FDM
3D printing technique. In SIBs, the Sb@3D-Cu anode delivers
significantly improved cycling stability, as benchmarked with that
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of the Sb@Cu electrode using a commercial Cu foil substrate.
Such enhanced sodiated storage capability can be attributed to
the nanostructure of the 3D-Cu substrate. It not only induces the
formation of pine-leaf-like Sb clusters with self-assembled nano-
sized Sb rods to achieve the decent integrity and kinetics of the Sb
layer, but also enhances the adhesion between the Sb cluster and
3D-Cu substrate for impeding the aggregation of Sb and guiding
the transformation of the pine-leaf-shaped Sb clusters into a me-
chanically robust porous ligament-channel Sb framework. This
research provides an effective fabrication route for self-supported
Sb anode, promoting the utilization of Cu 3D printing for SIBs.

2. Results and Discussion

Figure 1a and Figure S1 (Supporting Information) schematically
demonstrate the preparation of the Sb@ 3D-Cu electrode, and the
in-depth details are given in the experimental section. In a typical
procedure, the as-printed 3D-Cu electrodes are printed out uti-
lizing the commercial Cu/polylactic acid (PLA) filament (Figure
Sla, Supporting Information). Subsequently, the sintering pro-
cess is conducted to make the electrodes conductive via extract-
ing PLA and sintering/consolidating the Cu particles within the
filament. After sintering and treatment in HNO; solution, the
electrode exhibits a bright copper color, implying the metallic sur-
face of the electrode (Figure S1b, Supporting Information). After-
ward, Sb is electrodeposited onto the 3D-Cu, creating a uniform
black coating on the electrode’s surface (Figure S1c, Supporting
Information). Benefiting from the scalability and flexibility of 3D
printing and electrodeposition, such procedure for Sb@3D-Cu
is cost/time-effective and productive, easily scaling up to large
areas. The X-ray diffraction (XRD) pattern (Figure 1b) of 3D-Cu
is only indexed to the Cu (JCPDS # 65-9026) phase, further con-
firming the complete elimination of PLA during the sintering.
Simultaneously, the XRD result (Figure 1b) of Sb@3D-Cu can be
assigned to Sb (JCPDS # 35-0732) and Cu phases, demonstrating
that the electrodeposited layer corresponds to pure Sb.

The scanning electron microscope (SEM) results (Figure 1c,d)
of 3D-Cu demonstrate that the 3D-Cu displays a rugged and ar-
cuated surface consisting of tightly connected Cu microparticles
(Figure 1c). Notably, the surface of these Cu microparticles is
composed of densely arrayed inclined nanocolumns with diam-
eters of hundreds of nanometers (Figure 1d). The SEM images
(Figure le,f; Figure S2, Supporting Information) of Sb@3D-Cu
present that the pine-leaf-like Sb clusters are comprised of the
self-assembled nanosized Sb rods with diameters of 30 nm, and
homogeneously grown onto the 3D-Cu substrate with a thick-
ness of 2.6 + 0.5 pm (Figure S2d, Supporting Information).
In contrast, the Sb clusters of Sb@Cu show large dimensions
with the coarsened Sb nanorods (diameter, ~50 nm) attached
to the micron-sized twisty Sb sheets, and uneven distribution
on Cu foil (Figure S3, Supporting Information). Such improve-
ment upon the Sb clusters for Sb@3D-Cu can be attributed to the
nanostructures (Herein, densely arrayed inclined nanocolumns)
on the 3D-Cu, providing more nucleation sites and thus effi-
ciently guiding the uniform formation and refinement of the Sb
clusters.?!l The corresponding EDX results show the slight oxi-
dation of surficial Cu in 3D-Cu (Figure S4, Supporting Informa-
tion), and present a roughly uniform distribution of Sb on 3D-
Cu substrate (Figure S5b, Supporting Information). The surface
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chemical composition was assessed using X-ray photoelectron
spectroscopy (XPS) analysis (Figure 1g; Figure S6, Support-
ing Information). The high-resolution Sb 3d XPS spectrum for
Sb@3D-Cu (Figure 1g) reflects four distinct and well-defined sig-
nals, with peaks at 540.0/530.7 eV and 539.2/529.9 eV attributed
to Sb (III) and Sb (0) states separately, indicating the presence of
metallic Sb and Sb,0,.[®?2] The high-resolution spectrum of Cu
2p for Sb@3D-Cu (Figure S6b, Supporting Information) exhibits
three pairs of peaks, including 962.4/943.3 eV and 954.4/934.2 eV
corresponding to Cu (II), as well as 952.0/932.1 eV belonging to
Cu (0).[2%] The intensities of XPS peaks of Cu (0) are much higher
than those of Cu (I), implying the low surficial oxidation degree
of 3D-Cu, is consistence with the EDX results (Figures S6c and
S4, Supporting Information).

Through cyclic voltammograms (CVs) and galvanostatic
(dis)charge evaluations, the electrochemical capability of the
Sb@3D-Cu electrode for SIBs was scrutinized. In Figure 2a,
the CVs for the Sb@3D-Cu electrode, during its initial cycles,
are showcased at a scan rate of 0.1 mV s~!. Notably, in the
cathodic scan, prominent peaks at 0.35/0.04 V (vs Na'*/Na)
are perceived, which is linked to the irreversible emergence of
the solid—electrolyte interface (SEI) and sodiation process (Sb
— Na,Sb — Na,;Sb). In the anodic scan, the oxidation peak at
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Figure 1. a) Schematic of the fabrication of Sb@3D-Cu. b) XRD patterns of 3D-Cu and Sb@3D-Cu. SEM micrographs of ¢, d) 3D-Cu and e, f) Sb@3D-Cu.
g) Sb 3d XPS spectrum of Sb@3D-Cu.

0.85 V (vs Na*/Na) represents the desodiation routine (Na;Sb —
Na,Sb — Sb). After 5 cycles, the peaks located at 0.69/0.44 V (vs
Na*/Na) as well as 0.84 V (vs Na*/Na) exhibit excellent overlap
during the cathodic and anodic scans, indicative of adequate
cycle stability. Figure S7 (Supporting Information) exposes the
CVs of the Sb@Cu electrodes. The reduction peaks of Sb@Cu
are positioned at 0.29/0.03 V (vs Na*/Na), showing a higher
overpotential compared with those of 3D-Cu, thus implying its
sluggish kinetics. Figure 2b displays the discharge as well as
charge profiles of the Sb@3D-Cu electrode in various cycles
under the current density of 1 A g=! (0.05, 0.2, and 0.5 A g!
for the 1st, 2nd — 6th, and 7th — 11th cycles). With respect to
the 1st cycle, the discharge- as well as charge specific capacities
can achieve values as high as 1142.1/471.9 mAh g™ accom-
panied by the initial Coulombic efficiency (ICE) of 41.3%. The
significant irreversible capacity is attributed to the formation
of the SEI layer during the initial cycle when the electrolyte
interacts with the electrode surface.** As depicted in Figure 2c,
with cycling increasing, the discharge specific capacities grad-
ually diminish and remain at 289.6 mAh g=! over 200 cycles.
This performance significantly surpasses the cycling stabil-
ity of Sb@Cu, which experiences rapid capacity degradation
and plummets to only 57.3 mAh g~! after merely 10 cycles
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Figure 2. a) Cyclic voltammograms obtained at a scan rate of 0.1 mV s~', and b) the discharge/charge curves observed during various cycles at 1.0 A g~!
of the Sb@3D-Cu electrode. c) Cycling stability of the Sb@3D-Cu electrode, contrasted with that of the Sb@Cu electrode, both operated at 1.0 A g~'.

d) Nyquist diagrams, e) the correlation between Z’ and w12

within the low-frequency range at OCV. f) The Na* ions diffusion coefficient as a function

of voltage derived from the GITT profiles (Figure S10, Supporting Information) during the second charging. g) CV curves of the Sb@3D-Cu electrode
recorded at varying scan rates of 0.2, 0.3, 0.4, 0.5, and 0.6 mV s~ over the potential range of 0.01-2.0 V (vs Na*/Na). h) The linear correlation between
log i versus log v. i) The capacitive contribution ratios at different scan rates for Sb@3D-Cu.

(Figure S8, Supporting Information). Electrochemical
impedance spectroscopy (EIS) was conducted to furnish addi-
tional revelation into the charge transfer properties. In Figure 2d,
Nyquist plots for the Sb@3D-Cu and Sb@Cu electrodes at OCV
are presented, with the subsequent fitting of an equivalent
circuit (Figure S9, Supporting Information). The Warburg factor
was determined by examining the interplay between Z' and
o~ '/2 within the low-frequency domain (Figure 2e). This factor
was then used to proceed with the computation of the diffusion
coefficient of Nat (Dy, ;s) using the referenced equations,?’!

7 =R, + R+ oo (1)

R2T?

Draeis = 2A2n4F4C12\I c?
a

(2)

In the equation, R, T, n, A, F, Cy,, ®, and ¢ are employed to
represent parameters including the gas constant, absolute tem-
perature, the number of electrons per molecule involved in the
reaction, the surface area of the electrode (geometric surface area
is utilized in this study), the Faraday constant, Na* concentra-
tion, angular frequency, and Warburg factor which pertains to
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the slopes in Figure 2e, respectively. Based on the computed out-
comes (Table S1, Supporting Information), compared with those
(R, 4267.0 Q; Dy, s, 5.1x1071¢ cm? s71) of the Sb@Cu elec-
trode, the Sb@3D-Cu electrode shows the significantly reduced
R, (2049.0 Q) and enhanced Dy, . (6.1x1071® cm? s71). Such a
phenomenon reflects the facile diffusion of ions for the pine-leaf-
like Sb clusters, which are favorably formed on 3D-printed Cu
surfaces with abundant nano-rod structures.

As depicted in Figure 2f and Figure S10 (Supporting Informa-
tion), the galvanostatic intermittent titration technique (GITT)
was applied for the Sb@3D-Cu as well as Sb@Cu electrodes.
This involved the application of a brief 0.05 A g™! current density
pulse for 1800 s, succeeded by a subsequent 7200 s open-circuit
interval, allowing ample time for complete relaxation and the at-
tainment of equilibrium potentials during charging (Figure S10,
Supporting Information). The Na* diffusion coefficient (Dy, g
values at various voltages were computed using the second law of
diffusion proposed by Fick, as expressed in the abbreviated equa-
tion below,%¢]

b 4 Va \ [ AE ,
Na-—gitt — ; A AET ( )
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where 7 (in s) is the duration of the pulse, n,, (in mol) and
Vi (in cm® mol™) are the mole number and molar volume of
Sb,¥] A (in cm?) is the interface area between the electrode
and electrolyte. AE, and AE, represent the voltage variation dur-
ing the current pulse and the equilibrium-state potential alter-
ation, respectively (Figure S10c, Supporting Information). Dur-
ing the charge in the second cycle, the Dy, values of the
Sb@3D-Cu electrode are about one order of magnitude larger
than those of Sb@Cu electrode, which is in line with the EIS
analysis (Figure 2d). The diffusion characteristics of the Sb@3D-
Cu electrode were further elucidated through CVs measurements
conducted at varying scan rates (Figure 2g—i; Figure S11, Support-
ing Information). The apparent connection between peak current
(1) and scan rate (v) adheres to a power-law equation expressed as
i = a®, where a as well as b are adjustable coefficients.!?*] The na-
ture of the electrochemical response can be ascertained through
the bvalue. A b-value of 0.5 points to reactions primarily governed
by diffusion, while a b-value of 1.0 indicates behavior predomi-
nantly influenced by the surface. When log(i) versus log(v) plots
are fitted, the derived b-values for peak 1-R, 2-R, and 1-O are cal-
culated with values of 0.67, 0.60, and 0.63 (Figure 2h), separately,
demonstrating the combined contributions from the diffusion-
and surface-controlled reactions. At the same time, the precise
capacitive contribution (k;v) can be ascertained by applying the
succeeding equation.!?’]

i=kv+ kzv% (4)

The constants k, and k, can be determined by a plot of iv=1/?
against v'/2. As depicted in Figure 2i and Figure S11a—e (Support-
ing Information), the capacitive contribution increases progres-
sively from 46.2% (0.2 mV s7!) to 59.4% (0.6 mV s71). This trend
underscores the predominant role of non-Faradaic processes un-
der high current densities.

To assess the structural stability of Sb@3D-Cu, ex situ SEM
was conducted on the Sb@3D-Cu and Sb@Cu electrodes after
50 cycles (Figure 3a—d). The porous ligament-channel architec-
ture can be detected for the Sb@3D-Cu electrode (Figure 3a),
and uniformly distributed on the 3D-Cu substrate (Figure 3b).
The generation of this porous ligament-channel framework is
significantly advantageous for improving the integrity and ki-
netics of the electrode. The enormous channels can enhance
the electrolyte permeation, shorten the ion transportation path-
way, and allocate additional space to accommodate volumetric
expansion/contraction, while the ligaments can form a highly
robust and conductive network, efficiently reducing the defor-
mation and accelerating the electron transfer.”>*°l On the con-
trary, the serious pulverization and aggregation of Sb can be
found in the Sb@Cu electrode (Figure 3c,d), showing its infe-
rior stability. Notably, the Sb@Cu,Si, nanowire array anode re-
ported by Ryan and co-workers!**! showed a complete restruc-
turing of the Sb shell to the mechanically robust porous inter-
connected Sb ligaments after cycling. Such phenomenon can be
primarily attributed to the strong anchoring effect provided by
the Cu,5Si, NWs, and the buffer zone to allow Sb to expand freely
during potassiation/de-potassiation processes. Hence, the afore-
mentioned findings affirm that the incorporation of the 3D-Cu
substrate enables the establishment of strong adhesion at the in-
terface of the Sb layer and the 3D-Cu substrate, and thus restruc-
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tures the pine-leaf-like Sb cluster into the mechanically robust
porous ligament-channel Sb structure during cycling. Figure 3e
schematically illustrates the mechanism of structural refinement
and improved adhesion strength during the electrodeposition
of Sb via introducing a 3D-Cu substrate. During the nucleation
stage, the densely arrayed inclined nanocolumns of 3D-Cu can
provide abundant nucleation sites for Sb deposition, inducing the
formation of refined Sb clusters and uniform deposition. Con-
versely, for the smooth surface of Cu foil, the electrodeposition
of Sb intends to occur upon the randomly distributed defects,
leading to uneven nucleation. Meanwhile, the higher current
density under the same deposition voltage during the electrode-
position of Sb@Cu compared with that of Sb@3D-Cu (Figure
S11f, Supporting Information) further enhances such uneven-
ness via the deposition concentrated at the tip of the formed
grains, 3!l and finally inhomogeneously form the micron-sized
twisty Sb sheets. Noticeably, the nanostructure of 3D-Cu can ex-
tend the contact area to a greater extent and thus achieve stronger
adhesion strength compared with that of Cu foil with planar
contact.3?]

Long-term ultrasonic treatment was carried out for the
Sb@3D-Cu and Sb@Cu electrodes (Figure S12, Supporting In-
formation). Following the ultrasonic process for 1 h, observable
detachment of the Sb layer in the Sb@Cu electrode was noted.
In contrast, the Sb layer in the Sb@3D-Cu electrode remained
stable, providing additional confirmation of the enhanced me-
chanical adhesion between the Sb layer and Cu substrate in the
Sb@3D-Cu electrode. The stress—strain curves were measured
via the tensile tests to clarify the mechanical property of 3D-Cu,
with the scenario of commercial Cu foil under the same dimen-
sion for the benchmark (Figure S13, Supporting Information).
Notably, the tensile strength of 3D-Cu reaches 329.93 MPa, sig-
nificantly higher than that (50.51 MPa) of commercial Cu foil.
Such improvement can mitigate the risk of mechanical failure
in the current collector during long-term operation, and thus
avoid the external electronic transport problem followed by bat-
tery fading.**! The visible plastic deformation demonstrates that
the 3D-Cu possesses a macroscopically ductile behavior, indicat-
ing its decent potential as an engineering material .34l

In contrast to other recently reported self-supported pure or
carbon/copper-hybridized Sb anodes for SIBs, the Sb@3D-Cu
electrode expresses commendable overall electrochemical capa-
bility, effectively striking a balance between specific capacity and
stability even at comparatively high current densities (Figure
S14, Supporting Information). When compared to the Sb@Cu
electrode, the impressive performance of the Sb@3D-Cu elec-
trode can be credited to the unique nanostructure of the 3D-
Cu substrate. On the one hand, the densely arrayed inclined
nanocolumns on the 3D-Cu can induce the formation of pine-
leaf-like Sb clusters, of which self-assembled nanosized Sb rods
can endure the volumetric expansion along with a reduction in
the diffusion distance to facilitate the ion transportation. On the
other hand, the nanostructure of the 3D-Cu substrate can achieve
the robust adhesion between the Sb cluster and 3D-Cu substrate,
not only impeding the pulverization and aggregation of Sb but
also triggering a comprehensive restructuring process that trans-
forms the pine-leaf-like Sb clusters into a mechanically robust
porous ligament-channel Sb framework, primarily due to the
strong anchoring effect.3%
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Refining and uniform :

Coarsening and uneven

Figure 3. a—d) Ex situ SEM results of (a, b) Sb@3D-Cu and (c, d) Sb@Cu at 1 A g~" after 50 cycles. e) Schematic demonstrating the electrodeposition

mechanism of Sb for 3D-Cu and Cu foil.

In order to gain insight into the (de)sodiation mechanism of
the Sb@3D-Cu electrode, operando XRD was conducted for real-
time observation of phase changes throughout the first cycle
(Figure 4a). In Stage 1 (OCV - 0.48 V (vs Na*/Na)), the peaks
occurring at 28.7°/40.1°/42.0° associated with Sb progressively
weaken without the presence of new peaks, revealing the emer-
gence of a fully amorphous intermediate phase (Na,Sb) during
the discharge stage.l**] At the same time, the Sb peak at ~28.7° ex-
hibits a slight shift toward lower angles, indicating the Na ion in-
sertion into the Sb lattice within the initial stage of discharge.l*¢!
During the further sodiated procedure (Stage 2, 0.48-0.01 V (vs
Na*/Na)), the continuous formation of Na,; Sb (JCPDS # 65-3523)
peaks at 21.3°, 33.4°, 34.2°, 42.7°, 43.3°, and 48.5° can be ob-

Adv. Funct. Mater. 2024, 34, 2310563 2310563 (6 of 9)

served, indictive of the sodiation of Na,Sb to form Na,Sb. When
subsequently reverted to 0.78 V (vs Na*/Na) in Stage 3, the in-
tensities of the Na,;Sb peaks gradually decrease and ultimately
dissipate completely, indicating the desodiated transformation
from Na,;Sb to Na,Sb. In Stage 4 (0.78-2.0 V (vs Na*/Na)), the
reappearance and consistent enlargement of the broad Sb peaks
can be detected, indicating the desodiated process from Na,Sb to
Sb and the elevated degree of amorphization for Sb. Thus, the
(de)alloying mechanism of the Sb@3D-Cu electrode can be in-
terpreted as follows.

Sb < amorphous — Na,Sb S Na,;Sb (5)
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Figure 4. a) Operando XRD curves for the Sb@3D-Cu electrode within
the 1st cycle for SIBs. The discharge as well as charge curves under the
current density of 0.05 A g~ are also included as reference (right panel).
The markers A, @, and Q are used to represent BeO, Be;;Fe, and Cu, re-
spectively. b) The operando DEMS outcomes from half-cells featuring the
Sb@3D-Cu against metallic Na. The light gray line refers to the discharge
curve within the range of 0.01-2.0 V (vs Na*/Na) at a current density of
0.05 A g™ for the 1st discharge.

Furthermore, operando differential electrochemical mass
spectrometry (DEMS) was utilized for exploring gas generation
and the interaction occurring at the interface between the elec-
trode and the electrolyte during the initial discharge process of
the Sb@3D-Cu electrode, while the signals corresponding to
mass-to-charge (m/z) values of 2 and 44 were associated with hy-
drogen (H,) and carbon dioxide (CO,), respectively (Figure 4b).
A mild release of H, (Peak A, B, and C) is observed during the
initial discharge (from OCV to 1.0 V (vs Na*/Na)) and full dis-
charged state, linked to the electrochemical reduction of mini-
mal water in the electrolyte as well as a breakdown of the FEC

Adv. Funct. Mater. 2024, 34, 2310563 2310563 (7 0f9)
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addition respectively.?”] Simultaneously, the CO, release (Peaks
D and E) is associated with the opening of the ring architecture
of the PC solvent, resulting from the nucleophilic attack by hy-
droxide (OH~) anions produced from the reduction of water.[*®]

The Sb@3D-Cu electrode is further evaluated in a full cell
coupled by a Na,,,MnO, cathode. Figure S15a (Supporting In-
formation) shows the charge—discharge profiles of the Sb@3D-
Cu/Na, ,,MnO, full cell cycling between 1.6 and 3.2 V at the
current density of 0.1 A g~1. The full cell delivers an initial dis-
charge capacity of 633.46 mAh g=! (based on the mass of anode)
with a voltage plateau at 2.4 V, which is higher than those of
Mo0;, /Na,V, (PO,); (¥1.4 V) 3% and FeSe, /Na,V, (PO,), (1.7 V)
1401 Figure S15b (Supporting Information) shows the cycling per-
formance of the Sb@3D-Cu/Na,,,MnO, full cell. After 35 cy-
cles, the discharge capacity remains 354.74 mAh g=!. The ca-
pacity loss during cycling might be correlated with the forma-
tion of SEI film and the less match in the rate between the an-
ode and cathode.[*!] In addition, the Sb@3D-Cu electrodes with
higher mass loading of 10 mg cm=2 (Sb@3D-Cu-10 mg) and 1 mg
cm™? (Sb@3D-Cu-1 mg), were fabricated. The pronounced dis-
sociation of surficial Sb is evident for Sb@3D-Cu-10 mg during
the electrodeposition process (Figure S16a, Supporting Informa-
tion), implying the weak stability within the upper layer of Sb
clusters when the Sb clusters reach the critical size.[*?) Mean-
while, the Sb@3D-Cu-1 mg electrode delivers low reversible ca-
pacities with relative decent stability (Figure S16b, Supporting
Information), not only further illustrating the reduced integrity
within the upper layer of Sb clusters under elevated thickness
which causes the Sb loss and low capacity, but also implying the
robust structure within the bottom area of Sb clusters induced by
3D-Cu substrate which achieves the stable cycling.

3. Conclusion

A facile preparation of Sb@3D-Cu anode integrating FDM 3D
printing and post-printing treatment which includes sintering
and electrodeposition, is reported for SIBs. The nanostructure
of the 3D-Cu substrate can not only guide the formation of pine-
leaf-like Sb clusters with self-assembled nanosized Sb rods to re-
alize the remarkable stability and kinetics of the Sb layer, but also
strengthen the adhesion between the Sb cluster and 3D-Cu sub-
strate for retarding the pulverization and aggregation of Sb and
thus completely restructuring the pine-leaf-like Sb clusters into
the mechanically robust porous ligament-channel Sb structure.
Benefiting from these merits, the Sb@3D-Cu anode performs
prominently improved cycling stability, outperforming that of the
Sb@Cu electrode with commercial Cu foil substrate. This work
provides a prototype of a 3D printing assisted self-supported an-
ode for future SIBs.

4. Experimental Section

Material Fabrication: The 3D-printed electrodes were crafted using Au-
todesk Fusion 360, featuring a circular shape measuring 10 mm in diame-
terand 0.75 mm in thickness. Additionally, a connecting strip was included
for linking with the working electrode during Sb electrodeposition. The
design procedure document was processed using Prusa Slicer software,
resulting in the generation of the corresponding G-code document. Sub-
sequently, the 3D printing G-code file was executed using a printer (Prusa
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i3, version: MK3). A commercially obtainable Cu/polylactic acid (PLA) fil-
ament of the virtual foundry was employed. The printing process had a
constant temperature of 215 °C for the brass nozzle (with a 0.6 mm diam-
eter) and 60 °C for the bed. Subsequently, the as-printed 3D-Cu electrode
underwent further sintering using a tube furnace with a N, condition. This
process served to eliminate the polylactic acid (PLA), facilitated the sinter-
ing of metallic copper microparticles, and ultimately enhanced electrical
conductivity. The sintering process followed a specific heating ramp: Ini-
tially, it ramped up beginning from room temperature toward 300 °C at an
elevated rate of 5°C min~!, then from 300 °C to 1010 °C at 3 °C min~',
followed by a slower ramp from 1010 °C to 1075 °C at 1 °C min~'. The
sample was held at 1075 °C for 60 min and subsequently allowed to cool
down gradually until it reached room temperature. Finally, the prepared
electrodes were submerged in a 1 M HNOj3 solution and subjected to
15 min of bath sonication. This step was performed to eliminate surface
impurities and produce the 3D-printed copper (3D-Cu) electrode.

For Sb electrodeposition, the circular disc portion of the 3D-Cu elec-
trode was employed as the working electrode. It was placed into a mixed
electrolyte comprising 0.05 m SbCl; and 0.15 m citric acid dissolved in
ethylene glycol. The Sb electrodeposition was carried out within a three-
electrode setup, with a platinum grid utilized as the counter electrode and
an Ag/AgCl electrode (1 m KCl) used as the reference electrode. The for-
mation of pine-leaf-like Sb structures on the 3D-Cu electrode occurred di-
rectly at a steady potential of —0.6 V (vs Ag/AgCl) with a cutoff charge
of 0.309C. The resulting electrode was subsequently cleaned with ethanol
and dried under ambient conditions. This process yielded the Sb@3D-
Cu electrode having a mass loading of ~0.2 mg cm~2. Meanwhile, the
Sb@3D-Cu-10 mg and Sb@3D-Cu-1 mg with higher mass loading of 10
and 1 mg cm™2 were prepared by a similar method except for the cutoff
charge (15.20 and 1.52 C), separately. For comparison, Sb@Cu electrodes
were prepared using the same method, employing commercial Cu foil as
the substrate.

Characterization: X-ray diffraction (XRD) measurements were con-
ducted operating with a Rigaku SmartLab 3 kW diffractometer, employ-
ing Cu Ka radiation (4 = 1.54184 A). For microstructure analysis, scan-
ning electron microscopy (SEM) was performed making use of a MIRA3-
XMU instrument from a TESCAN electron microscope from the Czech Re-
public, with an electron beam acceleration voltage set at 10 kV. To deter-
mine chemical compositions, an energy-dispersive X-ray analyzer (EDX)
equipped with an X-max20 detector was employed, operated at a 15 kV ac-
celeration voltage. X-ray photoelectron spectroscopy (XPS) analysis was
carried out operating a Kratos Analytical AXIS Supra instrument from
Manchester, UK, employing monochromatized Al Ka excitation with the
value of 1486.7 eV. The acquisition of survey as well as high-resolution
spectra was performed under the condition of the pass energies of 100 and
20 eV, respectively, while the binding energies were computed using the C
1s peak located at 284.8 eV. The CMT6103 electronic universal testing ma-
chine (SANS, Shenzhen, China) was utilized to measure the stress—strain
curves of 3D-Cu and commercial Cu foil.

Electrochemical Measurements: The batteries were assembled in a
Swagelok cell configuration, utilizing either the Sb@3D-Cu, Sb@3D-Cu-
1 mg, or Sb@Cu as the working electrode. The electrolyte constituted 1 m
sodium trifluoromethane sulfonimide (NaTFSI) dissolved in a solvent mix-
ture containing propylene carbonate (PC) and fluoroethylene carbonate
(FEC) with equal volumes (1:1). A glass fiber separator (Whatman GF/B)
was applied, and sodium foil with purity of 99.8 wt.% (Sigma-Aldrich)
served as the counter as well as reference electrodes. Battery assembly
was manifested within the protective environment of an argon-filled glove
box, and the assembled batteries were left to age for 24 h before testing.
Electrochemical measurements were engaged within a voltage range of
0.01-2.0 V (vs Na*/Na). Galvanostatic tests and galvanostatic intermit-
tent titration technique (GITT) method were employed utilizing a test sys-
tem (LAND-CT2001A, Wuhan, China). Cyclic voltammograms (CVs) and
electrochemical impedance spectroscopy (EIS) tests were conducted us-
ing a potentiostat/galvanostat (AutoLab Metrohm PGSTAT204, Nether-
lands) linked to a computer equipped with Nova (Version: 2.1) software.
EIS characterization was conducted at the open circuit voltage (OCV), cov-
ering a frequency with a limit from 10 mHz to 100 kHz and employing
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an excitation potential of 5 mV. For the operando XRD, a custom-made
CR2032 coin cell was used with a transparent Be window (10 mm in di-
ameter) on one side for the X-ray analysis. It is important to note that the
3D-Cu substrate was punctured by a needle to generate closely spaced
small openings (200 cm™2) for electrolyte permeation. XRD patterns
were obtained using a “time step” mode at a current density of 0.05 Ag™".
Operando differential electrochemical mass spectrometry (DEMS) was
conducted employing a custom cell based on the Swagelok design, con-
sisting of two bonded capillary tubes with PEEK material for inlet and out-
let of gas purging. This DEMS cell was connected to a commercial mag-
netic sector mass spectrometer (HPR-20 EGA, Hiden Analytical Ltd.) along
with a purpose-built gas purging system that employed high-purity argon
(99.999%) serving as a continuous flow of carrier gas and internal tracer
gas. For post-cycling ex situ SEM characterization, the Sb@3D-Cu and
Sb@Cu electrodes were disassembled after 50 cycles. They were metic-
ulously cleaned using a diethyl carbonate (DEC) solution within the glove
box and subsequently sealed in sample tubes for subsequent measure-
ments. For the full cell, the Naj 4,4MnO, cathode sheets were directly pur-
chased from NEI Corporation with a mass loading of 8.55 mg cm™2 (+
0.10 mg cm™2). The abovementioned Sb@3D-Cu electrode was utilized
as the anode. The electrolyte used in the full cell was the same as that in
the half cell, and the voltage window was fixed at 1.6-3.2 V.

Statistical Analysis:  The thickness scale measurement was carried out
with data presentation of mean + SD via using Software Nano Measurer
(Version 1.2.5) and measuring more than 100 points.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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