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ABSTRACT: Wetting Na metal on the solid electrolyte of a
liquid Na battery determines the operating temperature and
performance of the battery. At low temperatures below 200
°C, liquid Na wets poorly on a solid electrolyte near its
melting temperature (Tm = 98 °C), limiting its suitability for
use in low-temperature batteries used for large-scale energy-
storage systems. Herein, we propose the use of sparked
reduced graphene oxide (rGO) that can improve the Na
wetting in sodium-beta alumina batteries (NBBs), allowing
operation at lower temperatures. Experimental and computa-
tional studies indicated rGO layers with nanogaps exhibited
complete liquid Na wetting regardless of the surface energy between the liquid Na and the graphene oxide, which originated
from the capillary force in the gap. Employing sparked rGO significantly enhanced the cell performance at 175 °C; the cell
retained almost 100% Coulombic efficiency after the initial cycle, which is a substantial improvement over cells without sparked
rGO. These results suggest that coating sparked rGO is a promising but simple strategy for the development of low-temperature
NBBs.
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High-temperature Na-based batteries, e.g., Na/S and
sodium/metal halide (Na/MeCl2) batteries, are based

on Na ion transport through the β″-Al2O3 solid electrolyte as a
Na+-conducting membrane.1−4 During discharge at elevated
temperatures, liquid Na is oxidized at the Na (anode)/β″-
Al2O3 (electrolyte) interface, and the resulting Na+ moves
through the β″-Al2O3 solid electrolyte to react with S (Na/S
battery) or Cl (Na/MeCl2 battery) that is reduced at the
cathode, forming Na2S5 and NaCl, respectively.5,6 Such
sodium-beta alumina batteries (NBBs) have been employed
for large-scale energy-storage applications, but elevated
temperatures are required for electrochemical activity, delaying
the realization of low-temperature NBBs that bypass expensive
manufacturing but ensure safety.7−9

Several features are critical to low-temperature NBBs. First,
at a low T (but still above Tm,Na = 98 °C, i.e., the melting
temperature of Na), the sufficient ionic conductivity for β″-
Al2O3 should be retained at the level of high-temperature ionic
conductivity (ranging from 0.2 to 0.4 S·cm−1).10 This requires

chemistry control, such as doping of divalent cations (e.g.,
Mg2+, Ni2+, Zn2+, and Cu2+ ions) into β″-Al2O3

11,12 as well as
microstructure control, including vacancy generation and large-
grain growth.13 Second, because the liquid Na wetting area on
the β″-Al2O3 surface determines the active area of the Na+

pathway (Figure S1), liquid Na wetting at a low T should be
preserved. The liquid Na wetting generally decreases as the
temperature T decreases because of an increase in the surface
energy dγ = −SsdT, where Ss represents the surface entropy (Ss
> 0).14−16 Thus, we recently introduced a Bi metal coating on
β″-Al2O3 and showed that through the formation of metallic
islands, the liquid Na wetting increased even at low
temperatures (175 °C), and hence, the cell performance of
the Na/NiCl2 battery was improved.17
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This metal coating approach can be explained according to
the thermodynamic work of adhesion wadh, which is correlated
with the surface energy of liquid Na γl,v, the surface energy of
the solid surface γs,v, and the interfacial energy γl,s, as described
by the Young−Dupre equation wadh/γl,v = 1 + cos θ, where θ
represents the contact angle and γl,v is replaced by (γs,v − γl,s)/
cos θ from Young’s equation.18 With a given γliquid Na,v of
192.41 mJ/m2 at 450 K,19 for example, an appropriate metal
coating on the β″-Al2O3 surface, such as Ni, Sn, Bi, or Pb, can
increase wadh with liquid Na and then reduce θ, consequently
improving the wetting.20−23 In such cases, enhanced liquid
Na−metal wetting originates from the increased wadh. Given
that γ is a function of T, P, and the crystal plane and is an
intrinsic property of the material,14 the choice of metals
inevitably determines the liquid Na wettability; therefore, there
is little room to improve the Na+ transport. On the nanoscale,
coated metal islands (or nanoparticles with small radius r) have
a higher chemical potential μM and thus a higher vapor
pressure of a particle, Pr, rather than a change in γ.14,24 In
general, this high vapor pressure leads to a low melting

temperature Tm and increased solubility, which differ from
those for the bulk material and make the metal coating readily
react with liquid Na. While taking advantage of metal
passivation, this approach, where the metal ions are considered
as potential impurities, hinders Na ion transport and prevents
the full utilization of the contact area owing to the presence of
metal impurities on the surface of the β″-Al2O3. An ideal
coating material provides complete liquid Na wetting beyond
the surface energy γ (or chemical potential μ) of the material
but does not have solubility in liquid Na.
Herein, we report a new approach for achieving high-

performance low-temperature NBBs via the incorporation of
sodiophilic sparked reduced graphene oxide (rGO) layers that
exhibit complete liquid Na wetting. This approach utilizes
capillary force for complete wetting that would otherwise be
fundamentally limited by the surface energy γ and vapor
pressure Pr of the coated materials.25 Compared with previous
metal (Li or Na)-ion batteries, where sparked rGO layers have
been used for such metal reservoirs as an anode,26−30

sodiophilic sparked rGO layers in NBBs provide potential

Figure 1. Synthesis and sodiophilic characteristic of the sparked rGO film. (a) Schematic of the Na-NiCl2 cell using the sparked rGO film. (b) C/O
atomic ratio dependence of the electrical conductivity. (c) Comparison between the measured liquid Na contact angles (close circle) and the
calculated contact angles (open circle) of Gr (gray), heated rGO (blue), and sparked rGO (red). The calculated contact angles were determined
using the work of adhesion values (triangle) obtained via MD simulations. (d) Schematic of the synthesis process for the sparked rGO film. Inset:
photographs of the GO and sparked rGO films. (e) Time-lapse photographs of the spark reaction of the GO film triggered by contact with liquid
Na (300 °C). (f) Schematic of the activation energy of the thermal reduction. (g) Time-lapse photograph of liquid Na infusion into the sparked
rGO film.
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advantages, e.g., low-temperature wettability, low overpoten-
tial, cyclability, and cell efficiency. First, the capillary force
induced between the layers with nanogaps leads to complete
liquid Na wetting if (γs,v − γl,s)/γl,v has a positive value (cos θ >
0),18 indicating (i) that the Na nucleation and growth are
sufficiently rapid to form liquid Na when the battery is charged
and (ii) that the area of the Na+ passway at the Na (anode)/
β″-Al2O3 (electrolyte) interface is maximized when the battery
is discharged. Second, through the spark reaction, the electrical
conductivity of the sparked rGO can be restored, which not
only improves the distribution of active sites for Na reduction
but also can provide an inert anode scaffold that does not
engage in alloy formation. Third, owing to the insolubility of
the sparked rGO in Na at the operating temperatures (<200
°C), there is no issue regarding Na+ transport in the context of
metal impurities on the surface of the β″-Al2O3. Fourth, as a
result, employing the sparked rGO layers significantly improves
the cell performance by >2749% with regard to the cell
capacity and by 149% with regard to the overpotential
compared with bare cells (at the fifth cycle). Below, we
describe the fabrication, structural analysis, and wetting
behavior of the sparked rGO layers based on a molecular
dynamics simulation as well as the integration of the layered
element into a Na/NiCl2 battery cell for low-temperature
NBBs.
Our single Na-NiCl2 cell consists of a liquid Na (anode)/β″-

Al2O3 (solid electrolyte)/NiCl2 (cathode) with a liquid
secondary electrolyte (NaAlCl4), and we insert a layered
sparked rGO film sandwiched between the anode and the solid
electrolyte (Figure 1a). Typically, when a Na-NiCl2 cell is
assembled, its anode is initially almost empty with a small
amount of Na in contact with the β″-Al2O3. Upon the charging
of the cell during the first cycle, Na+ ions formed at the
cathode diffuse to the anode through β″-Al2O3 and then fill the
empty anode space via one-electron reduction of the Na+ ion.
The higher wettability of liquid Na on the surface of β″-Al2O3

induces better charging characteristics such as a low over-
potential.22,23,25 In this regard, we utilize sparked rGO during
charging. First, when Na+ ions diffuse on the β″-Al2O3 surface,
they are reduced to liquid Na by accepting electrons from
sparked rGO at the sparked rGO/β″-Al2O3 interface (stage I,
Figure S2a); thus, heterogeneous nucleation of liquid Na
occurs on the conductive sparked rGO. For heterogeneous
nucleation of Na on the sparked rGO surface, the energy
barrier (ΔGr*) for forming a nucleus having the shape of a
spherical cap with a critical radius of curvature r* is

( )G f ( )
Gr

16
3 V

3

2 θΔ * = πγ
Δ ̲

, where ΔG̲V is the volumetric Gibbs

free energy change per unit volume and γ is surface energy per
unit length along the Na nucleus.14 The f(θ) is the ratio of the
volume of the heterogeneous nucleus (the cap) to the volume
of the sphere with the same radius of curvature. Sparked rGO
with a sodiophilic nature has a low contact angle (θ) with
liquid Na, which induces low f(θ) (Figure S2b); further, it has
a low energy barrier for nucleation (Figure S2c). The sparked
rGO film also provides an electrical path over the entire surface
of the β″-Al 2O3 for Na

+ reduction. The conductivity of the
sparked rGO film is significantly higher than that of the
samples before the spark reaction, i.e., the GO and heated rGO
(130 °C for 1 h); it is almost 5 and 4 orders of magnitude
higher, respectively (Figure 1b). Second, the significant growth
of liquid Na is expected (stage II, Figure S2a) owing to the
wettability of the sparked rGO induced by the capillary force
(Figures 1c and S3). The liquid Na contact angle on the
sparked rGO is 0° (closed red circle, Figure 1c) owing to the
induced capillary force between the sparked rGO layers and
the infiltration of liquid Na into the porous sparked rGO
(Figure S4), which is far smaller than the intrinsic contact
angle of the sparked rGO (θ = 61.3°, open red circle, Figure
1c) calculated using the wadh (red triangle, Figure 1c). Thus,
further flow leads to the conformal filling of liquid Na, which

Figure 2. Characterization of the GO films. (a) XRD patterns and (b) Raman spectra of GO (black line), heated rGO (blue line), and sparked rGO
(red line). (c) Schematic of the reactions of oxygen functional groups with Na atoms: hydroxyl (top) and epoxy (bottom). (d) FT-IR spectra of
GO (black line) and sparked rGO (red line). (e) XPS spectra and (f) deconvoluted XPS C 1s spectra of GO, heated rGO, and sparked rGO.
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represents good wetting of liquid Na at the sparked rGO/β″-Al
2O3 interface (stage III, Figure S2a).
Following this concept, we fabricated sparked rGO by using

GO films (Figure S5) as a starting material (Figure 1d). In this
study, the production of the sparked rGO benefited greatly
from thermal reduction rather than a chemical reduction
process because thermal reduction involves no external
impurities.31 In this thermal reduction, the layered GO film
was partially placed in contact with molten Na. A spark
reaction occurred immediately and propagated across the
entire film (from 0.02 to 0.04 s, Figure 1e), driven by the
exothermic reaction (Figure 1f), expanding the film into a
porous structure (Figure 1d and Movie S1). In a spark
reaction, the structure of the layered sparked rGO film,
including oxygen functional groups and the interlayer gap, can
be tuned by the fast kinetic process of thermal reduction
(Figure S6). For example, the explosive rapid thermal
expansion is initiated when the rate of decomposition of GO
exceeds the rate of diffusion of gas products (e.g., CO, CO2,
and H2O); thus, a threshold overpressure that overcomes the
van der Waals forces between the GO layers can arise.30,32−36

In contrast, a heating process, which is a slow process to
generate heated rGO, transforms the GO film into an rGO film
with an even smaller interlayer gap owing to the removal of
oxygen functional groups on the rGO surface (Figure S7).37,38

When the Na drop was transferred to the surface of the
sparked rGO film, liquid Na was infused into the sparked rGO
sheets instantly (<1 s) and spread across the entire sparked
rGO film owing to the effects of the sodiophilic nature of the
sparked rGO and the capillary force produced by the nanogaps
(Figure 1g and Movie S2). This infusion was also observed for
liquid Li and K (Figure S8). In contrast to the sparked rGO
film, the heated rGO film exhibited significantly slower
infusion of liquid Na, mostly because of the small interlayer
gap (Figure S9).
Next, we investigated the microstructure changes of the GO

film upon the spark reaction. First, the change in the interlayer
gap of the GO films due to the spark reaction was examined via
X-ray diffraction (XRD) analysis (Figure 2a). A pristine GO
film (black line, Figure 2a) exhibited a typical (002) peak at 2θ
= 10.52°, corresponding to an interlayer gap of approximately
0.84 nm, which was larger than the graphite interlayer gap
(0.34 nm) and resulted from the oxygen functional groups.37 A
smaller and broader graphitic peak at 2θ = 26.18° was also
observed, corresponding to an interlayer gap of approximately
0.34 nm. These results indicate that the heterogeneous nature
of GO comprised more sp3 bonds from the oxidized region and
less sp2 bonds from the graphitic region. The heated rGO film
(blue line, Figure 2a) exhibited a diffraction peak at 2θ = 12.3°,
which was slightly shifted toward the higher-angle side
compared with the GO peak, indicating that the interlayer
gap was reduced to approximately 0.72 nm. The slight
reduction of the interlayer gap could have been induced by
the removal of preabsorbed moisture between GO sheets.39

After the spark reaction of the GO film, the sharp peak at 2θ =
10.52° disappeared, indicating (i) that the distance between
layers was increased above approximately 3 nm and (ii) that
oxygen functional groups were efficiently removed during the
spark reaction (red line, Figure 2a). Additionally, the physical
adsorption−desorption analysis of N2 was performed to
investigate the change in pore structure for each sample
(Figure S10). The hysteresis in the adsorption−desorption
isotherms of all samples was of the H3 type according to the

International Union of Pure and Applied Chemistry (IUPAC)
classification and indicated a plane-parallel structure.40−42 The
sparked rGO had a larger Brunauer−Emmett−Teller (BET)
specific surface area (292.83 m2/g, Figure S10a) compared
with that of the GO (5−50 m2/g, Figure S10b and Table S1)
and the heated rGO (5.70 m2/g, Figure S10c).40,41,43,44 The
pore-size distribution (PSD) analysis revealed that majority of
this vast surface area of the sparked rGO originated from
interlayer gaps with a size of approximately 4 nm (Figure
S10d); further, a wide range of pore size (pores from 3 nm up
to 80 nm) of sparked rGO film indicates irregular stacking of
rGO sheets relatively.45 The interlayer space of sparked rGO
sheets provides a horizontal path for liquid Na, and irregularity
of stacking provides higher transverse path for liquid Na
(Table S2). However, the GO (Figure S10e) and heated rGO
(Figure S10f) films did not show the PSD periodicity, which
was observed in sparked rGO; this was due to the relatively
ordered and close-packed structure. Second, this thermal
reduction was confirmed by Raman spectra. As shown in
Figure 2b, the intensity ratio between the D band and the G
band (ID/IG) was reduced after heating or the spark reaction
owing to the removal of functional groups and the recovery of
the sp2 hybridization. The G band of pristine GO (black line,
Figure 2b) was located at 1609 cm−1, whereas the G bands of
heated rGO (blue line, Figure 2b) and sparked rGO (red line,
Figure 2b) were red-shifted to 1603 and 1589 cm−1,
respectively, providing further evidence of the recovery of
the sp2 structures via the removal of oxygen functional
groups.46 Up to this point, the sparked rGO film possessed
more graphitic domains and less oxidized domains than the
pristine GO and heated rGO films.
Additionally, we characterized the reductions in hydroxyl

(−OH) and epoxy (C−O−C) groups due to the spark
reaction. Given that the absorption of Na atoms on these
oxygen functional groups through the transfer of their valence
electrons to oxygen was favorable, the sodiophilic nature of the
sparked rGO film is partially attributed to these oxygen
functional groups. However, hydroxyl group (−OH) can
chemically react with Na because of the high binding energy
with Na atoms (−2.84 eV), resulting in the generation of
NaOH as an unnecessary byproduct (top, Figure 2c).47 In
contrast, epoxy (C−O−C) has a lower binding energy with Na
atoms (−1.97 to −2.09 eV) and generally does not form
sodium oxide byproducts (bottom, Figure 2c).47 In the words
of an electrochemist, epoxy groups are redox-active; therefore,
the presence of epoxy on GO is more desirable with regard to
both wetting and the absence of impurities. As shown in Figure
2d, the hydroxyl group was almost removed by the spark
reaction, according to Fourier transform infrared (FT-IR)
spectroscopy. Before the spark reaction, a strong peak
corresponding to −OH stretching (broad peak beyond 3000
and 1390 cm−1) was detected, which revealed the presence of a
large proportion of −OH (black line, Figure 2d).46

Simultaneously, characteristic peaks of other surface groups,
such as carbonyl (CO) (1716 cm−1) and epoxy (C−O−C)
(1249 and 1052 cm−1), were observed.46 In contrast, after the
spark reaction, the −OH peak became almost undetectable,
confirming the removal of both residual water and surface
−OH groups (blue shaded area, Figure 2d). However, the
peaks of the other more stable O-containing surface moieties
(e.g., C−O−C) were retained in both the pristine GO and
sparked rGO. Additionally, in X-ray photoelectron spectros-
copy (XPS), a significantly increased C/O atomic ratio was
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observed for sparked rGO (7.34) compared with GO (2.47),
indicating a significant reduction in O after the spark reaction
(Figure 2e). In the deconvoluted C 1s spectra, the intensity
corresponding to the C−OH peak (286.5 eV) was reduced by
52% of the original value (for GO) after the spark reaction
(Figure 2f).
We subsequently investigated the liquid Na wetting in the

sparked rGO. Figure 3a shows digital camera images, and
Figures 3b−e show corresponding cross-sectional (first and
second rows) and in-plane (third and fourth rows) field-
emission scanning electron microscopy (SEM) images of the
heated rGO, pristine GO, sparked rGO, and Na-infused
sparked rGO films, respectively. The pristine GO film
exhibited the typical densely stacked structure (Figure 3c). It
was difficult to observe the differences between the structures
of the heated rGO film (Figure 3b) and the pristine GO film
because the difference in the gap size between the heated rGO
(0.72 nm) and GO (0.84 nm) films was small. After the spark
reaction, significantly enlarged interlayer spacing was clearly
observed with uniform nanogaps between the sparked rGO
layers, which provided a scaffold structure for storing the liquid
Na (inset of second row, Figure 3d). This increased the surface
area of the sparked rGO (Figure S10a). An in-plane SEM
image indicated that the pristine GO had a wrinkled surface
(third and fourth rows, Figure 3c), and the heated rGO had a
smooth surface with fewer wrinkles (third and fourth rows,

Figure 3b). After the spark reaction, cracks and pores were
formed in the sparked rGO film (third and fourth rows, Figure
3d). The nanopores in the surface of sparked rGO sheets were
also observed by using high-resolution transmission electron
microscopy (HR-TEM) images (Figure S11). Once Na was
infused into the sparked rGO film through the cracks and
pores of the surface, as shown in Figure 3e, the nanogaps were
uniformly filled by liquid Na, as discussed previously, and the
surface of the sparked rGO film was covered with Na (for
details regarding the contact-angle measurements, see Figure
S12).
In light of the structural analysis and the observation of Na

infusion, we investigated the liquid Na wetting on graphene
(Gr), heated rGO, and sparked rGO using molecular dynamics
(MD) simulations. The simulation setup is shown in Figure 4a
and Table S3, where one of the Gr, heated rGO, and sparked
rGO channels bridged the feed reservoir (left) and permeate
reservoir (right). A fixed number (46 216) of Na atoms
(corresponding to a liquid Na density of 0.927 g/cm3) was
initially loaded in the feed reservoir, while the channel and the
permeate reservoir were empty. The movement of Na atoms
was triggered by the capillary-driven flow from the feed
reservoir to the permeate reservoir through Gr, heated rGO,
and sparked rGO channels. MD simulations were performed
for 10 different interlayer gaps (d) of the channel (d = 0.34−
3.92 nm), which were in the range of the interlayer gap of

Figure 3. Morphological analysis of GO films. (a) Photographs of heated rGO, GO, sparked rGO, and liquid Na-infused sparked rGO. Cross-
sectional SEM images (first and second rows) and in-plane SEM images (third and fourth rows) of (b) heated rGO, (c) GO, (d) sparked rGO, and
(e) liquid Na-infused sparked rGO. The inset of panel d represents a high-magnification SEM image, which reveals the nanogaps between sparked
rGO layers.
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graphite (d = 0.34 nm), heated rGO (d = 0.34−1.35 nm,
depending on the number of O functional groups), and the
sparked rGO (d = ∼4 nm, Figure S10d). We (i) assumed that
the oxygen functional groups of the heated rGO and sparked
rGO were hydroxyl groups (−OH) and epoxy groups (C−O−
C) on the C plane but that there were fewe oxygen functional
groups for the sparked rGO; (ii) ignored the carboxyl
(−COOH) and carbonyl (CO) groups predominantly
present at the edge of GO to focus on GO surface−liquid
Na surface interactions;48 and (iii) assumed that the oxygen
functional groups were randomly distributed to both sides of
the graphene C plane (bottom, Figure 4a). Detailed
configuration information (e.g., O concentration, functional-
group ratio) for both materials is presented in Table S4. The

number of Na atoms entering the permeate reservoir through
the Gr (d = 0.34 nm), heated rGO (d = 0.74 nm), and sparked
rGO (d = 3.92 nm) channels was monitored as a function of
time without the external pressure (Figure 4b). In the cases of
the Gr (black line, Figure 4b) and heated rGO (blue line,
Figure 4b), the noticeable permeation of Na atoms was not
observed. However, for the sparked rGO, the flow rate was
increased, indicating that the capillary force was dominant at
this scale. The amount of Na atoms that permeated through
the sparked rGO capillary (red line, Figure 4b) (13 193 atoms)
was significantly larger than that for the Gr (0 atoms) and
heated rGO capillaries (109 atoms) at 400 ps.
As well as a horizontal flow of liquid Na through the

interlayer gap, we also established the liquid sodium vertical

Figure 4. MD simulation of liquid Na transport in Gr (d = 0.34 nm), heated rGO (d = 0.74 nm), and sparked rGO (d = 3.92 nm) channels. (a)
Side-view illustrations of the simulated cell: C atoms (gray), O atoms (red), H atoms (white), and Na atoms (blue). The detailed structures of the
heated rGO and sparked rGO are presented at the bottom. (b) Numbers of Na atoms entering the permeate (right) reservoir through the Gr
(black line), heated rGO (blue line), and sparked rGO (red line) channels. (c) Front-view illustrations of the simulated cell for the vertical flow of
liquid Na. (d) Inlet flow−velocity profiles along the x-axis in the Gr, heated rGO, and sparked rGO sheets.
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flow through the porous structure of the Gr, heated rGO, and
sparked rGO sheet. The simulation setup for vertical flow is
shown in Figure 4c. At a similar total sheet thickness of 3.9 nm,
the Gr (d = 0.34 nm), heated rGO (d = 0.74 nm), and sparked
rGO (d = 3.92 nm) sheets consisted of 12, 6, and 2 layers,
respectively. For vertical transportation, the open edges were
formed between sheets in each case; these had a width (w) of
1.23 nm, corresponding to the size of 4 linear graphene
hexagons (Figure 4c). To maintain a steady state mass flux
across the sheets, a force (10 MPa) along the z-axis is applied
to all molecules located in the upper sodium slab. In the
sparked rGO sheets, the liquid Na flowed into the open edges
faster than that of the Gr and heated rGO sheets, as shown in

Figure 4d. The average vertical flow velocity in sparked rGO
sheet was also faster (0.116 m/s), compared to Gr (0.0751 m/
s) and heated rGO (0.0761 m/s) sheets. These results
originated from the lower resistance of the vertical flow of
liquid Na through the open edges of the sparked rGO sheets
due to a large interlayer gap (d = 3.92 nm). To investigate the
degree of resistance that a sodium atom undergoes during
flowing through the several open edges in each case, we
calculate the potential mean force (PMF) values of a sodium
atom along the z-coordinates (perpendicular to the open
edges, Figure S13). The average PMF values in each Gr,
heated rGO, and sparked rGO sheet were approximately 43.7,
39.8, and 27.2 kcal/mol, respectively. This result implies that

Figure 5. Electrochemical performance. (a) Schematic of the liquid Na filling process through the sparked rGO film in the anode during charging
(top) and the active area of the sparked rGO-treated β″-Al2O3 (left) as well as the bare β″-Al2O3 (right) during discharge (bottom). (b) Initial
charge and discharge profiles of the bare β″-Al2O3 (black line), heated rGO (blue line), and sparked rGO (red line) cells. The inset of panel b
represents initial charge profiles during the beginning of the liquid Na reduction process. (c) Charge and discharge profiles of the sparked rGO cell
for 30 cycles. (d) Charge and discharge profiles of the bare β″-Al2O3 cell for 50 cycles. (e) Charge (close circle) and discharge (open circle) profiles
(bottom) of the sparked rGO cell (red) and bare cell (black) with the corresponding Coulombic efficiency (top). (f) In-plane (left) and cross-
section (right) SEM images of sparked rGO films after first charge, and those after the first charge/discharge cycle can be observed in panel g. (h)
Voltage profiles of sparked rGO cell with different discharging currents (3−20 mA/cm2).
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the sodium atoms are subjected to less resistance when a
vertical transport occurs in the sparked rGO sheet rather than
in the other sheets. The lower resistance of sparked rGO is
most possibly caused by the fact that, from an atomic
perspective, the atomic density interacting with sodium atoms
is the smallest in the sparked rGO system; this is due to the
large interlayer gap.
Finally, we demonstrated the applicability of the sparked

rGO film as a “wetting sheet” at the liquid Na anode/solid
electrolyte (β″-Al2O3) interface in NBBs. During charging, Na

+

is transported across the β″-Al2O3 from the cathode to the
liquid Na anode. The transport, distribution, and nucleation
reaction are significantly affected by the wetting property (top,
Figure 5a), as indicated by Figure 1a. The wetting property
also impacts the discharging process, in that a low cell
resistance is obtained when sufficient Na wetting (large active
area) is realized (bottom, Figure 5a). We characterized the
charge/discharge behavior of Na-NiCl2 cells (Figure 5a) to
investigate the effect of the sparked rGO film at 175 °C. Three
different surface modifications of the anode sides of the β″-
Al2O3 were prepared: (i) bare β″-Al2O3, (ii) heated rGO/β″-
Al2O3, and (iii) sparked rGO/β″-Al2O3. These heated rGO
and sparked rGO films were placed between the current
collector and β″-Al2O3 during the cell assembly (left, Figure
1a). To investigate the initial wetting performance of the cells,
the voltage profiles of the initial cycle were compared in Figure
5b. At the beginning of the liquid Na reduction process on the
sparked rGO surface (third schematic at the top, Figure 5a), a
slightly higher voltage (2.688 V) was recorded (inset, Figure
5b) when compared with the voltage plateau (2.680 V). This
small increase in the voltage (0.008 V) was induced by the
nucleation overpotential.49−51 However, bare β″-Al2O3 and
heated rGO exhibited far higher voltages of 2.736 and 2.746 V,
respectively; this was observed at the beginning of the liquid
Na reduction due to the poor Na wetting and significantly
lower electrical conductivity compared with the sparked rGO.
Additionally, the sparked rGO cell exhibited a higher capacity
(40.7% state of charge (SOC); represented by the red curve in
Figure 5b) than the heated rGO cell (19.1% SOC; represented
by the blue curve in Figure 5b) and bare cell (14.7% SOC;
represented by the black curve in Figure 5b). This indicates the
presence of a larger active area of the sparked rGO cell. The
large interlayer gaps of the sparked rGO allowed the full
permeation of the liquid Na, as indicated by the MD
techniques and the wetting test. Similarly, in the initial
discharging process, the sparked rGO exhibited a far lower
overpotential than the heated rGO and bare β″-Al2O3 cell; this
was also induced by the sufficient Na wetting and the large
active area of the sparked rGO (bottom, Figure 5a and Figure
S14).
During a cycling test with a cutoff voltage between 1.8 and

2.8 V, the sparked rGO cell (Figure 5c, with a constant charge
current of 10 mA (3.3 mA/cm2) and different discharge
current of 10−60 mA (20 mA/cm2)) exhibited a low
overpotential and stable cycles; this was in contrast to the
bare β″-Al2O3 cell (Figure 5d, with a constant charge and
discharge current of 10 mA). Additionally, the charging
capacity of the sparked rGO cell increased during cycling
from 40.7% SOC (64.0 mAh/g) at the first cycle to 97.5%
SOC (153 mAh/g) at the 30th cycle (Figure 5c). The increase
in the capacity was probably due to an increase in the active
area caused by liquid Na infusion and spreading in the sparked
rGO film during cycling (inset, Figure 5c). The Coulombic

efficiency plot (red triangle, Figure 5e) indicated that almost
100% of the efficiency was retained after 32 cycles. The results
suggest that the sparked rGO film provided a stable channel for
liquid Na to flow during the charge/discharge process. The
initial cycle exhibited a lower Coulombic efficiency (93%)
because of the presence of residual liquid Na in the sparked
rGO film after discharge. During cycles, slight fluctuation of
Coulombic efficiency is induced from cycles 8−11 of the
sparked rGO cell by increasing the discharge current. However,
the bare β″-Al2O3 cell (Figure 5d) possessed small limited
irregular capacities with higher overpotential; this was due to
the poor Na wetting property, and consequently the small
contact area between the Na and β″-Al2O3 (inset, Figure 5d).
The high fluctuation in Coulombic efficiency (black triangle,
Figure 5e) was also observed due to the irregular contact area
of Na and β″-Al2O3 at each cycle (bottom, Figure 5a).
Additionally, to confirm the stability of the sparked rGO film

during charge and discharge, the microstructures of the
sparked rGO film were analyzed using SEM images after the
cell test (Figures 5f and 5g). After the first charge, the surface
of the sparked rGO sheet was homogeneous and smooth; this
was due to the uniform coating of the liquid Na (left, Figure
5f) and also because of the fact that majority of the interlayer
gaps were filled with liquid Na (right, Figure 5f and Figure
S15a). After the first discharge, the surface pores and interlayer
gaps originally occupied by liquid Na appeared again (right,
Figure 5g and Figure S15b); these comprised of a small
amount of residual liquid Na on the surface of sparked rGO
sheets (left, Figure 5g). After the cycling test (17 cycles), the
layered structure of the sparked rGO film was also preserved
(for details regarding the structure analysis, see Figure S16).
To test the rate capability of the sparked rGO cell, the cell

was cycled with different discharging currents of 10, 20, 30, 40,
and 60 mA (20 mA/cm2) and charging current of 10 mA. The
capacity of the cell decreased slightly with an increase in the
discharge current; however, the cell retained above 90% of the
theoretical capacity (157 mAhg−1) at each discharge current
(Figure 5h). For example, the discharge capacity was 95.8%
SOC (150.5 mAh/g) at a current of 10 mA. When the current
was increased to 60 mA (20 mA/cm2), the discharge capacity
of the cell retained was 90% SOC (141.3 mAh/g). As the
discharge current increased, the voltages at the beginning of
discharge (BOD) decreased linearly (inset, Figure 5h). These
results indicate that the stable contact area of liquid Na/β″-
Al2O3 was preserved at each discharge current in the range of
10−60 mA (20 mA/cm2).
These studies indicate that sparked rGO on the β″-Al2O3

surface can effectively enhance the wetting of liquid Na and the
cell performance, thus providing a facile approach for realizing
low-temperature NBBs. Compared with a bare β″-Al2O3
electrolyte, the sparked rGO coating, which is not limited by
the surface energy or solubility, provides better cell reaction
performance during charge/discharge cycling and thereby
stabilizes the cells of Na-NiCl2 batteries. Additionally, the
simple film assembly offers a practical cell fabrication approach
and is promising for large-scale production. However, the Na-
NiCl2 battery cycling performance must be further improved
by addressing the issue of allowing higher liquid Na flux in the
sparked rGO film for good rate capability, which is limited by
the thickness and structure of the sparked rGO film. Although
a simple methodology for fabricating batteries is unlikely to
offer highly competitive cell performance, sparked rGO on the
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β″-Al2O3 solid electrolyte is useful for the development of low-
temperature NBBs.
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(44) Ossonon, B. D.; Beĺanger, D. RSC Adv. 2017, 7, 27224−27234.
(45) Guo, F.; Creighton, M.; Chen, Y.; Hurt, R.; Külaots, I. Carbon
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