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ARTICLE INFO ABSTRACT

Keywords: Rechargeable magnesium-metal batteries have received ever-increasing attention as potential alternatives to
Magnesium-metal battery current Li-ion batteries. Although the most relevant studies have mainly focused on exploring compatible
Anode

electrolyte and cathode materials, relatively less attention has been paid to the development of an efficient anode
host. Herein, we propose a unique anode host with a porous hollow carbon nanofiber structure and gold
nanoparticles incorporated in the interior (Au@PCNF). Using the dual-nozzle electrospinning technique, a
porous web body was configured with the hierarchical network of hollow carbon nanofibers, with the interior of
each string specially designed to embed Au nanoparticles. We demonstrated that Au nanoparticles can act as
magnesiophilic sites for Mg plating; therefore, we decorated the magnesiophilic seeds inside the hollow nano-
fibers to efficiently attract newly deposited Mg metal. The unique feature of Au@PCNF not only reduced the
nucleation overpotentials for Mg plating but also guided the even deposition of Mg metal on the substrate. As a
result, Au@PCNF exhibited stable and long-term cycle performance with enhanced adhesion property for the
newly deposited Mg metal compared with other controls. This novel structural design is promising for the
development of efficient anode hosts for magnesium-metal batteries, which will help open an avenue for the
practical application of multivalent-ion batteries.

Carbon nanofiber
Nucleation seed
Gold nanoparticles

1. Introduction

Rechargeable Li-ion batteries (LIBs) have brought great successes in
the last few decades, conquering most of the markets for commercial and
portable electronic devices as a primary energy-supplying source.[1,2]
In addition, they are expected to power the upcoming energy-storage-
device markets such as electric vehicles (EVs) and energy storage sys-
tems (ESSs).[3-5] However, as future applications become more
demanding in terms of energy density combined with high safety, cur-
rent LIBs are not expected to sufficiently satisfy the demands of this fast-
growing market.[6-8] In this respect, intensive research efforts have
been devoted to the exploration of a new key player, which can poten-
tially overcome the prevailing issues faced by current LIBs. Among the
proposed next-generation batteries, magnesium (Mg)-metal batteries
(MMBs) stand out as promising candidates that can potentially be

applied for large-scale EVs and ESSs owing to attractive features such as
a high volumetric capacity of 3833 mAh/cm?® (vs. 2046 mAh/cm® for Li
metal), non-toxicity, cost-effectiveness given the natural abundance of
the raw materials, and environmentally friendly sources.[9-11] In
addition, Mg metal suffers less from dendritic metal growth relative to Li
metal, which can be greatly advantageous, especially in terms of battery
safety.[12-14] It is because the diffusion barrier of the Mg atom is
relatively small, enabling preferential growth along with a surface to
suppress dendritic Mg growth.[15,16]

After the first discovery of rechargeable MMBs,[9] most research has
mainly focused on the exploration of appropriate electrolytes and
cathodes for their practical use.[12,17-24] There have been great ad-
vances in the development of electrolytes that are compatible with Mg
metal with acceptable voltage windows and reversible Mg plating/
stripping, including Grignard-based electrolytes, organoborate-based
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electrolytes, and Mg aluminate chloride complexes [9,25,26] In addi-
tion, various cathode materials for efficiently accommodating multiva-
lent Mg?" ions have been proposed, and excellent cathode materials of
Chevrel phases (MogXg; X =S, Se, Te) have been developed.[27-29] In
contrast, relatively less attention has been paid to the investigation of
suitable anodes for MMBs. Nevertheless, identifying an appropriate
anode host is also critical for the practical application of MMBs. In
addition, it has recently been demonstrated that newly deposited Mg
metal is prone to detach on conventional metal substrates, even on a Mg-
metal anode.[30,31] Therefore, it is urgent to explore new anode hosts
that can achieve reversible Mg plating/stripping with high adhesion of
the deposited Mg metal.

In this study, we propose a novel anode host consisting of porous
carbon nanofibers (PCNFs) with gold nanoparticles (Au NPs) incorpo-
rated inside the shell (i.e., Au@PCNF) for rechargeable MMBs. Using the
dual-nozzle electrospinning technique, the core-shell structure of
Au@PCNF consisting of the three-dimensional (3D) porous main body
with numerous hollow nanofibers was configured, and each fiber was
specially designed to embed Au NPs inside the shell. The unique struc-
ture of Au@PCNF in combination with the catalytically magnesiophilic
sites resulted in improved reversibility for the Mg plating/stripping
process as well as high affinity toward Mg metal. This work aims to
report the unique anode host of Au@PCNF with superior Mg storage
performance while also highlighting the importance of adopting
appropriate anodes for practical MMBs.

2. Results and discussion

To design the unique structure of Au@PCNF, we fabricated a 3D
porous architecture consisting of a main PCNF body decorated by Au
NPs inside the fibers. As schematically illustrated in Fig. 1a, two types of
polymers were simultaneously electrospun using the dual-nozzle system
to produce the hollow feature of the PCNFs: a core polymer solution was
prepared by mixing a thermal-decomposable polymer material with the
Au precursor, and a carbonizable polymer precursor was used as the
shell polymer solution. The as-electrospun polymer fibers possessed a
high-aspect-ratio with an average diameter of ~1 mm (Fig. S1). Through
stepwise heat treatment up to 850 °C in an Ar atmosphere, the as-
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electrospun polymer was converted into carbon fibers, and then, the
core-shell structured Au@PCNF were finally obtained.

The dual nozzles enabled the production of the unique core-shell
structure, with individually different properties for each core and shell
material. During the heat treatment, the core polymers were mostly
thermally decomposed, resulting in the formation of empty core vol-
umes. At the same time, the Au precursor, which was co-mixed with the
core polymer solution, could be thermally reduced to the metallic Au
NPs and they could be naturally saved in the empty core. In the mean-
time, the shell polymers transformed into the outer carbon shell during
the carbonization process. Each polymer solution contained a porogen,
which played a key role in generating pores in the shell surface. Because
of the porogen decomposition in gas form during the heat treatment,
numerous pores in both the core and shell parts were generated, as
illustrated in Fig. 1a.

After the heat treatment, the diameter of each fiber was reduced to
~500 nm; however, its overall porous 3D shape was well-maintained
(Fig. 1b). The generated holes on the fiber surface were clearly
observed in scanning electron microscopy (SEM) images (Fig. 1c), and
the shell pores had nano-scale diameters (Figs. S2 and S3). In addition,
the transmission electron microscopy (TEM) and energy-dispersive X-
ray spectroscopy (EDS) images show that the Au NPs successfully
formed inside the fibers with uniform diameters of 20-30 nm (Fig. 1d-f).
The lattice spacing of 2.35 A corresponding to the Au (111) plane (inset
of Fig. 1e) as well as the X-ray diffraction pattern (Fig. S4) confirmed the
formation of the metallic Au NPs. Moreover, thermogravimetric analysis
(TGA) revealed that Au NPs accounted for ~1.5 wt% in the Au@PCNF
(Fig. S5), and the Brunauer-Emmett-Teller (BET) surface areas of
Au@PCNF and PCNF were measured to be 16.2 and 17.7 mz/g (Fig. S6),
respectively.

There are three important design rules in the fabrication of
Au@PCNF. (1) We used Au NPs as heterogeneous seeds because they are
expected to act as magnesiophilic hosts for Mg plating. If a heteroge-
neous seed forms a solid solution with the target metal (e.g., Li),[32] it
could reduce the nucleation overpotential by forming a solid-solution
buffer layer on the surface. Similarly, we believe that the use of metal
seeds may guide a favorable Mg deposition; however, there are no re-
ports for guided Mg deposition to the best of our knowledge. Because Au

Nitrogen

Fig. 1. (a) Schematic illustration of synthesis of Au@PCNF. (b,c) SEM images of electrospun Au@PCNF after carbonization. (d,e) TEM images of Au@PCNF and (f)

corresponding EDS elemental mapping.
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is known to form alloys with Mg,[33,34] it is expected to reduce the
nucleation overpotential for Mg deposition. (2) Au NPs were inten-
tionally decorated inside of each fiber. This unique feature is advanta-
geous for preventing undesirable detachment of the heterogeneous seed
during cycles and may provide resistance to the fatal dendritic growth,
as similarly approached for LIBs.[35-39] (3) All the produced PCNFs
were designed to have enough holes on the shell surfaces with the well-
distributed features (Fig. 1c—e). We expected that the hollow PCNFs may
provide fast pathways for the transport of ions into the fibers. Then, the
channels will guide Mg depositions preferentially on Au seeds placed
inside the wall.

The effect of the fabricated Au@PCNF was electrochemically inves-
tigated compared with a Cu substrate and PCNF without Au NPs. In a
half-cell configuration, Mg metal was electrochemically deposited on
each substrate at a current density of 0.2 mA/cm? (Fig. 2a-c). As
observed in the galvanostatic discharge profiles, all the substrates
showed a voltage dip at the beginning of Mg plating, followed by a flat
voltage plateau. The difference between the initial lowest value and the
flat voltage plateau is designated as the nucleation overpotential for Mg
metal plating. Although an initial nucleation overpotential of 264.5 mV
was observed on the Cu substrate, it was reduced on PCNF (164.8 mV)
and greatly decreased on Au@PCNF (149.8 mV). In addition, the satu-
rated voltage plateau was lower for Au@PCNF (24.6 mV) compared
with those for PCNF (26.0 mV) and the Cu substrate (27.8 mV). It should
be noted that the decreased nucleation overpotentials for the PCNFs are
due to the higher surface areas compared with the flat Cu substrate, and
the catalytic edges of carbon surfaces may help to attract cations.[31]
More importantly, the most favorable Mg plating ability on Au@PCNF
could be attributed to the magnesiophilic Au seeds, which will be proved
and discussed later.
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The adhesion property of each substrate for the newly deposited Mg
was investigated. In Fig. 2d-f, digital photograph images of each sub-
strate (Cu, PCNF, and Au@PCNF) and separator after electroplating Mg
metal to 5 mAh/cm? are presented. For the Cu substrate, both the
separator (right image) and substrate (left image) were greatly clogged
with Mg deposits (Fig. 2d). This result was observed because the newly
deposited Mg exhibited very poor adhesion toward the Cu substrate,
implying that the growth of Mg metal on 2D foil is unfavorable and that
the Mg is easily detachable. Similarly, it has been reported that elec-
trochemically deposited Mg metal is prone to detach from substrates.
[30,31] Although the adhesion property appeared to be improved
somewhat for PCNF, top-plated Mg metal on the substrate was partially
observed (left image in Fig. 2e), and the separator faced with PCNF was
still partially clogged with Mg metal. Notably, we observed that the
Au@PCNF substrates exhibited noticeably different morphologies after
the Mg depositions (Fig. 2f). The original morphological appearance of
Au@PCNF was well-preserved, and the separator appeared clean after
the same amount of Mg plating. This result indicates that Au@PCNF is
superior in accommodating newly deposited Mg metal with improved
adhesion property. Considering that both the PCNF and Au@PCNF have
structurally similar volumes for hosting Mg deposits, it is reasonable to
conclude that the decorated Au NPs contributed to the preferential Mg
deposition.

To directly determine whether Au NPs act as magnesiophilic seeds,
we performed a Mg plating test using a Au-patterned Cu substrate
(Fig. 2g-h). Using a sputter coater, Au NPs were sputtered in diamond-
shaped patterns on the Cu substrate (Fig. 2g), and then, the prepared
substrate was electroplated with Mg metal at a current density of 0.2
mA/cm? for 30 min. The SEM and EDS analyses in Fig. 2h prove that Mg
metal was preferentially deposited onto the diamond-shaped area where
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Fig. 2. Nucleation polarizations for Mg deposition on various substrates: (a) Cu, (b) PCNF, and (c) Au@PCNF at a current density of 0.2 mA/ cm?. (d-f) Photographs
of each substrate (left image: (d) Cu, (e) PCNF, and (f) Au@PCNF) and (right image) separator in the cell after Mg plating to 5 mAh/cm? at a current density of 0.2
mA/cm?. (g) Photograph of Au-patterned Cu substrate and (h) SEM image and EDS mapping after Mg deposition. (i) Schematic illustration showing Mg deposition

behavior in Au@PCNF during Mg plating process.
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Au was pre-patterned, whereas the bare Cu surface remained clean. This
result clearly verifies that Au seeds inside Au@PCNF induce the favor-
able Mg deposition, guided by the numerous surface pores, as sche-
matically illustrated in Fig. 2i.

The Mg hosting ability of Au@PCNF was further investigated by
analyzing the electrodes using SEM and EDS (Fig. 3). Each substrate (Cu,
PCNF, and Au@PCNF) was prepared in a half-cell configuration, and Mg
metal was deposited to 5 mAh/cm? at 0.2 mA/cm?. On the Cu substrate,
Mg metal was deposited in a largely aggregated form (Fig. 3a). The
massive Mg deposits (Figs. S7 and S8) exhibited very poor adhesion to
the substrate and were prone to be detached and clogged in the sepa-
rator, as observed in Fig. 2d, leading to cell failure. In contrast, this large
Mg lump was not observed on the PCNF (Fig. 3b); instead, much smaller-
sized (<5 pm) Mg deposits were partially agglomerated (inset of
Fig. 3b). Notably, such a noticeable Mg aggregate was not observed on
the surface of Au@PCNF (Fig. 3c and inset), implying that the newly
deposited Mg metal was well dispersed and stored in the inner space of
the fibers (Fig. S9). For further investigation, we examined cross-
sectional SEM images of the PCNF and Au@PCNF (Fig. 3d and e). The
Mg deposits plated on PCNF appeared mostly near the top area of the
electrode, whereas most of the fibers near the bottom, close to the Cu
substrate, remained inactive (Fig. 3d). However, the Au seeds in
Au@PCNF contributed to ideal even Mg depositions over the entire
electrode depth rather than surface-oriented reactions (Fig. 3e). Addi-
tionally, SEM images of the pristine Au@PCNF before cell assembly are
provided in Fig. S10. The uniform Mg depositions prevented fatal
agglomeration and undesirable detachment while also enabling full use
of the available hosting sites in Au@PCNF, resulting in improved elec-
trochemical performance. These results explain why Au@PCNF exhibi-
ted decreased nucleation polarization (Fig. 2c) as well as improved
adhesion ability (Fig. 2f) compared with the PCNF and Cu substrates.
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To investigate the effect of Au@PCNF on the reversible Mg plating/
stripping processes, we fabricated a 2032-type-coin cell by assembling
each substrate, separator, and Mg metal in sequence. Voltage profiles for
the cells with Cu, PCNF, and Au@PCNF are presented in Fig. 4a—c.
During the repeated Mg plating/stripping process, rapid capacity decay
was observed for the Cu substrate (Fig. 4a). This result occurred because
the loss of deposited Mg metal was uncontrollable with the Mg easily
electrically isolated; therefore, the dead Mg lump resulted in fast
coulombic efficiency (CE) decay (72.2% at 30 cycles). Compared with
the Cu substrate, the PCNF resulted in slightly improved CEs, and the
hysteresis gap between the plating and stripping voltages was also
reduced (Fig. 4b). The Au@PCNF delivered the reversible Mg plating/
stripping behaviors with the highest CEs as well as the lowest voltage
gaps (Fig. 4c). These results imply that the regulated Mg plating route
and its uniform distribution enabled the reversible Mg plating/stripping
cycles. The favorably guided Mg deposition was achieved using the
magnesiophilic Au NPs, which prevented the massive agglomeration on
the top surface as well as losses of Mg deposits, thereby enhancing the
reversibility of the Mg plating/stripping behavior.

The CEs upon prolonged cycling are compared in Fig. 4d. Although
the PCNF-based substrates initially exhibited relatively lower CEs than
that of the Cu substrate, they increased to high values of ~95% after a
few activation cycles. The Cu substrate showed a sharp decrease in the
CE after 10 cycles and fluctuations in the CE from 30 cycles because of
the dead Mg deposits and their irreversible behaviors. Although the CEs
of PCNF started to decrease gradually after 7 cycles, the Au@PCNF
exhibited more stable cycling performance, demonstrating the advan-
tages of magnesiophilic Au NPs. Fig. 4e shows the cycle performances
using the various substrates at a higher current density of 1 mA/cm?
with a limited capacity at 1 mAh/cm?. Although voltage hysteresis gaps
for the Cu substrate and PCNF gradually increased with prolonged

Fig. 3. SEM images after Mg deposition to 5 mAh/cm? at a current density of 0.2 mA/cm? on each substrate: (a) Cu, (b) PCNF, and (c) Au@PCNF. Cross-sectional
SEM images and corresponding EDS mapping for (d) PCNF and (e) Au@PCNF substrates shown in (b-c).
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Fig. 4. Voltage profiles for Mg plating/stripping behaviors in half-cells using (a) Cu, (b) PCNF, and (c) Au@PCNF substrates at a current rate of 0.5 mA/cm? with a
limited capacity of 0.5 mAh/cm?, and (d) CEs upon cycling. (e) Voltage—time curves for 50 cycles with a limited capacity of 1 mAh/cm? at a current rate of 1 mA/cm?
and (f) expanded view of the voltage-time curves from 0 to 2.5 h. Corresponding (g) CEs at 10th and 30th cycles and (h) voltage hysteresis gaps.

cycling, Au@PCNF stably maintained its initial performance. The
nucleation overpotentials for the initial plating correspond to —0.31,
—0.24, and —0.21 V for the Cu substrate, PCNF, and Au@PCNF,
respectively, as shown in Fig. 4f, and the trend (Cu > PCNF >
Au@PCNF) matches well with the case operated at 0.2 mA/cm?
(Fig. 2a—c). In other words, Au@PCNF presented the lowest nucleation
overpotential for each cycle and exhibited the highest CE (Fig. 4g).
Moreover, the voltage hysteresis gap (AV) of Mg deposition/stripping
was reduced by using the PCNF-based substrates (Fig. 4h). The voltage
hysteresis gap of the Cu substrate at 10 cycles was 0.167 V and was
greatly increased to 0.232 V after 30 cycles. In contrast, the PCNF-based
substrates exhibited much lower voltage hysteresis gaps (0.104 V for
PCNF and 0.088 V for Au@PCNF) at the 10th cycle. For the Au@PCNF,
the average voltage hysteresis gap after 30 cycles was only approxi-
mately 0.074 V, proving its reversible and efficient Mg-hosting ability.
In addition, the capability of Au@PCNF as an anode was further inves-
tigated with a full cell test, and it showed a stable cyclability (Fig. S11).
These results suggest that adopting a Mg anode host incorporating
magnesiophilic seeds is an effective strategy for reversibly and effi-
ciently accommodating Mg metal for advanced MMBs.

3. Conclusion

In this study, the unique structure of Au@PCNF, consisting of porous
and hollow carbon nanofibers encapsulating Au NPs inside the core
space, was designed to efficiently and reversibly accommodate Mg
metal. The 3D PCNF-web body with hollow feature of Au@PCNF
resulted in the facile transport of Mg ions together with greatly
improved adhesion property of newly deposited Mg. We demonstrated
that Au NPs showed high affinity toward Mg deposit, acting as magne-
siophilic nucleation seeds, catalytically driving favorable and selective
Mg deposition. As a result, even Mg deposition was successfully guided
over the entire areas of Au@PCNF by preventing partial agglomerations
and top-oriented plating; furthermore, the initial nucleation over-
potential could be greatly reduced, resulting in long-term stable Mg
plating/stripping performance. This approach is promising for the
identification of a 3D structural host in combination with magnesio-
philic nucleation seeds for developing efficient anode hosts for
rechargeable MMBs.
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4. Experimental section
4.1. Preparation

To synthesize the Au@PHCF, the core polymer solution was pre-
pared by dissolving 30 wt% poly(styrene-co-acrylonitrile) (SAN, MW =
165000, Aldrich, USA) as a porogen and 0.15 wt% gold chloride
(HAuCly, Aldrich, USA) in N,N-dimethylformamide (DMF, Aldrich,
USA). The shell polymer solution was prepared by dissolving 9.2 wt%
polyacrylonitrile (PAN, Aldrich, USA) and 2.3 wt% SAN in DMF. The
core solution was connected to the inner channel of a dual nozzle (NNC-
DN-1723, NanoNC, Korea), and the shell solution was connected to the
outer channel. A voltage of 14 kV was applied, and the flow rates of the
core and shell solution were 0.4 and 0.8 mL/h, respectively. The tip-to-
drum collector distance was 20 cm. The collected as-electrospun fibers
were carbonized to obtain Au@PCNF using a heat-treatment process
under Ar atmosphere. To stabilize the PAN and melt the SAN polymer in
the shell, the stabilization heat treatment was conducted at 280 °C for
1.5 h at a heating rate of 2 °C/min. The subsequent carbonization was
then performed at 850 °C for 5 h at a ramping rate of 5 °C/min. The
hollow PCNF was also prepared using the same procedure except with
the addition of gold precursors.

The electrochemical cells for the Mg batteries were assembled in an
Ar-filled glovebox (<1 ppm of Oy and H30). A Mg-metal disk was
scraped and polished on each side and assembled into a coin cell as
rapidly as possible. All-phenyl complex (APC) electrolytes were pre-
pared by mixing 133.3 mg of AlCl3 and 1 mL of 2.0 M PhMgCl in
tetrahydrofuran (THF) solution into 4 mL of THF solvent, which was
pretreated with a molecular sieve (4 A) overnight. To prepare the
Au@PCNF substrate, a slurry of Au@PCNF, Super P carbon, and poly-
vinylidene fluoride in 1-methyl-2-pyrrolidinone in a weight ratio of
8:1:1was used to coat the Cu foils. The coatings were dried overnight,
and the foils were then placed in a vacuum oven at 80 °C. The substrates
were punched into 12-mm disks to be assembled.

4.2. Characterization

The morphologies of the substrates were examined using SEM
(Inspect F) and TEM (Titan TM 80-300). The Au-patterned Cu substrate
was prepared by sputter deposition using a sputter coater (Hitachi, E-
1045). The pore size distribution was determined by applying the Bar-
rett-Joyner-Halenda (BJH) model using a porosity analyzer (Belsorp
max, BEL). Nitrogen adsorption/desorption isotherms were obtained
using a surface area analyzer (BELSORP-max, BEL, Japan). XRD with Cu
Ko radiation was used to analyze the crystal structure (D8 ADVANCE,
Bruker). Thermogravimetric analysis was performed at a heating rate of
10 °C/min under air flow (SDT-Q600, TA Instruments). The electro-
chemical properties were measured using a potentio-galvanostat
(WonAtech, WBCS 3000).
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