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A B S T R A C T

Sodium metal hybrid capacitors (SMHCs) are a new type of energy storage device (ESD) composed of metal
anodes and capacitive cathodes. In this study, an SMHC consisting of a nanostructure-engineered pyropolymer
electrode pair is fabricated, which exhibits significantly high specific power and energy and exceptionally long
lifetime. The critical obstacles of metal anodes such as the low Coulombic efficiencies (CEs) and safety problems
originating from the dendritic metal growth are overcome using a stereoscopic pyropolymer thin layer including
multitudinous sodiophilic sites, which can function as both electrolyte-intimate spot and nucleation catalyst. The
well-designed metal anode exhibits a remarkably high average CE of ~99.95%, high rate capabilities up to
4 mA cm−2, and stable cycling over 1000 cycles. In addition, the nanopore-controlled pyropolymer containing
nanopores with diameters mainly of ~2 nm exhibits outstanding rate capabilities with a capacity retention of
~60% of the initial capacity at a high current rate of ~50 A g−1 in a cathodic voltage region of 1.0–4.2 V in a
diglyme-based electrolyte. The nanostructure-engineered pyropolymer-based electrodes are assembled as a pair
of Faradic and non-Faradic electrodes in an SMHC, which exhibits the highest specific power of ~85,300 W kg−1

at 143.3 W h kg−1 and specific energy of ~347.7 W h kg−1 at 1241.8 W kg−1 among those of the reported
sodium-based ESDs. Considering the simple chemistry, cheap components, and mass-producible process, the
high-performance SMHC is a very promising device for use as a power source in electric vehicles and large-scale
ESDs.

1. Introduction

Non-aqueous alkali-ion hybrid capacitors (AIHCs), such as the Li-
and Na-ion hybrid capacitors, are hybrid types of energy storage device
consisting of pairs of typical capacitive and Faradic electrodes as
asymmetric configurations [1–5]. The combined electrode system has
been proposed to achieve high supercapacitor-like power and high re-
chargeable-battery-like energy density. However, the kinetic and en-
ergy imbalances between the different types of electrode lead to sig-
nificant energy losses and low rate capabilities, which hinder the
applications of AIHCs [6–10]. In a Faradic electrode, the charge
transport rate of conventional active host materials based on an inter-
calation reaction is limited by the poor solid-state-diffusion kinetics of
the guest ions, which is several orders of magnitude lower than that of

the surface-driven physisorption on the capacitive electrode [11,12].
Although the diffusion rate can be improved by reducing the charge
delivery pathway through a nanostructured design, the active nano-
materials lead to other critical obstacles such as the large irreversible
side reaction and absence of plateau capacity, and thus to a critical loss
in energy density [13–15]. Alternatively, high-rate active materials
based on intercalation pseudocapacitance and cointercalation have
been developed as Faradic electrodes [16–19]. These types of host
materials can accept solvated charges very quickly in their internal
active sites, leading to well-balanced kinetic performances with the
capacitive electrode counterpart. Nevertheless, the high-rate materials
with insufficient capacities and operation voltages have yet to provide
large improvements in energy densities compared with those of elec-
trochemical double-layer capacitors. Therefore, a new type of high-
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performance Faradic electrode is required for the hybrid energy storage
system.

The sodium metal anode (SMA) has attracted large interest as the
Faradic electrode, because of its high theoretical capacity of
~1166 mA h g−1, low redox potential of −2.71 V vs. standard hy-
drogen electrode, and abundant sodium resources in the nature
[20–23]. Although the SMA suffers from a low Coulombic efficiency
(CE) and safety issues owing to the dendritic metal growth, these ob-
stacles have been addressed by extensive studies [20–30]. In particular,
the use of a catalytic carbon layer with a glyme-based electrolyte is
highly effective to mitigate the dendritic metal growth [21,23]. The
sodiophilic carbon layer with a large active surface area enabled a rapid
metal deposition/dissolution (at ~4 mA cm−2), while the glyme-based
electrolyte effectively provided stable cycling loops with a high average
CE over 99.9%, yielding considerably high rate performances, large
cycling lifetimes over 1000 cycles, and high energy densities [21,23].
Therefore, the SMAs are promising Faradic electrodes for a new type of
energy storage device, sodium metal hybrid capacitors (SMHCs), which
could be more practicable with the use of a well-engineered and na-
nostructured material obtained by a simple fabrication.

Activated carbons (ACs) with microporous structures are well-
known capacitive electrodes for AIHCs, because of their large specific
surface areas, good intra- and interparticle electrical conductivities,
electrolyte accessibility, simple chemistry, and mass scalability [2]. In a
conventional carbonate-based electrolyte, they can deliver specific ca-
pacities of approximately 50–100 mA h g−1 [1,5]. The specific capa-
cities can be increased by expanding the operation voltage window into
the more anodic voltage range below the open-circuit voltage (OCV) by
amphi-charge storage effects [31]. However, the pseudocapacitive alkali
cation storage exhibits a large voltage hysteresis between charge and
discharge profiles, leading to a low energy efficiency [31–33]. In ad-
dition, the relatively low kinetic performance of chemisorption can

reduce the rate capabilities of the capacitive electrode. The charge
storage behaviors of ACs are dependent on the solvent system, owing to
the different solvation energies according to the solvent molecules
[34–36]. Kang et al. reported that linear ethers such as diethylene
glycol dimethyl ether (DEGDME) strongly solvate Na ions because they
contain multiple oxygen atoms in their structures, which can simulta-
neously stabilize the Na ions [36]. The higher desolvation energies of
the Na-ion–DEGDME complexes than those of carbonate-based Na-ion
complexes could hinder the pseudocapacitive behaviors in the voltage
region below the OCV, leading to a different charge storage mechanism.
However, in contrast to the well-established charge storage behaviors of
ACs in a carbonate-based electrolyte, their electrochemical perfor-
mances in the ether-based electrolyte system are not well understood.

In this study, we designed a new type of high-power SMA based on a
nanoembossing pyropolymer catalytic layer (NE-P-CL) coated on a Cu
foil. Pyropolymer is a highly functionalized carbonaceous material
obtained using a polymer precursor upon a simple heating process [31].
The pyropolymer material properties can be largely tuned according to
the precursor polymer and pyrolysis conditions. We designed NE-P-CL
using a nitrogen-rich polyvinylpyrrolidone (PVP) by spin coating and
following low-temperature heating. The resulting NE-P-CL had a large
number of sodiophilic sites and stereoscopic morphology, providing
stable sodium metal deposition/dissolution cycling behaviors with CEs
of almost 100% in a wide current rate range of 0.5 to 4.0 mA cm−2. In
addition, as a high-performance counterpart electrode, a nanopore-en-
gineered pyropolymer (NE-PP) composed mostly of ~2-nm pores was
fabricated by a controlled heating process. In a diglyme-based elec-
trolyte, NE-PP exhibited high electrochemical performances, particu-
larly rate capabilities in the range of 0.5–50 A g−1. The nanostructured
pyropolymer electrode pair was used to fabricate an SMHC having
considerably high electrochemical performances including a specific
power of ~85,300 W kg−1 at 143.3 W h kg−1 and specific energy of

Fig. 1. Material properties of NE-P-CL. (a) FESEM and (b) FETEM images (inset: selected-area electron diffraction pattern), (c) Raman spectrum, and (d) C 1s, (e) N
1s, and (f) O 1s XPS spectra.
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~347.7 W h kg−1 at 1241.8 W kg−1, with a long-term cycling stability
over 1000 cycles.

2. Results and discussion

A smooth PVP layer approximately 1 µm thick was spin-coated onto
a Cu foil, as shown in Fig. S1(a, b). With the increase in heating tem-
perature, the thin film melted in the temperature range of 150–200 °C,
yielding a very rough surface, which could be attributed to the poor
interaction between the PVP melt and Cu substrate (Fig. S1(c–e)). The
following pyrolysis of the PVP melt at 600 °C provided a rougher sur-
face topology, where a stereoscopic nanostructure with semicircle na-
noprotuberances embossed on the surface was eventually formed, as
shown in the field-emission scanning electron microscopy (FESEM)
image of NE-P-CL (Fig. 1(a)). In contrast to the considerable change in
microscopic topology, the macroscopic photograph of NE-P-CL coated
on the Cu foil shows only a slight color change to darker brown,
compared with the bare Cu foil (Fig. S2). To characterize the micro-
structure of NE-P-CL using transmission electron microscopy (TEM), the
Cu foil was removed in a 0.1-M ammonium persulfate solution and the
floated NE-P-CL was mounted on a holey TEM grid (Fig. S3). The high-
resolution TEM image shows an amorphous structure without a long-
range ordering (Fig. 1(b)). The inset selected-area electron diffraction
pattern confirms the amorphous carbon microstructure. The Raman
spectrum further supports the TEM results, where very broad and fused
D and G bands are observed (Fig. 1(c)). The D and G bands originate
from the disorder in the A1g breathing mode of the six-membered
aromatic ring near the basal edge and hexagonal structure related to the
E2g vibration mode of the sp2-hybridized carbon atoms, respectively
[37]. The similar D and G intensities suggest that the defective sp2

carbon domain has in-plane dimensions of a few nanometers.
The chemical structure of NE-P-CL is investigated by X-ray photo-

electron spectroscopy (XPS) (Fig. 1(d–f)). In the deconvoluted C 1s
spectrum, a large sp2 carbon–carbon double bonding peak is observed at
284.4 eV (Fig. 1(d)). In addition, distinct sp3 carbon–carbon bonding
and carbon–nitrogen/carbon–oxygen bonding structures are observed
at 284.7 and 285.9 eV, respectively. The nitrogen groups are composed
of three different structures, pyridinic-N, pyridonic-N, and N-oxide,
having peaks centered at 398.7, 400.6, and 403.0 eV, respectively
(Fig. 1(e)). The oxygen groups are present mainly as carbon–oxygen
single and double bonding configurations, with peaks at 533.1 and
531.8 eV, respectively (Fig. 1(f)). The calculated atomic ratios of
oxygen and nitrogen to carbon (C/O and C/N ratios) are 5.7 and 19.4,
respectively. These results indicate that NE-P-CL has a large number of
extrinsic defects in the carbon structure, which can be sodiophilic cat-
alytic sites guiding a homogeneous metal deposition [38]. The forma-
tion of a defective carbon structure is a plausible result, because is
obtained by a relatively low temperature pyrolysis (< 1000 °C) of a
polymer precursor. PPs have large numbers of intrinsic carbon defects
such as Stone–Wales, mono-/di-vacancy, and edge defects as well as
extrinsic defects, which distort the planar polyhexagonal carbon
structure into irregular three-dimensional shapes. Therefore, the highly
amorphous and complex disordered structure is a characteristic mi-
crostructure of the PP-based NE-P-CL. As the sodium ion can penetrate
the amorphous carbon structure, the defect sites of NE-P-CL can be a
redox host in the anodic voltage region. The sodium-ion storage capa-
city of the amorphous carbon is approximately 300 mA h g−1, which
corresponds to Na0.8C6 and ~0.26 Msodium g−1 [39,40]. If the NE-P-CL
loading mass is ~0.01 mg, the calculated content of active catalytic
sites is approximately 1.57 × 1018 ea. The considerable augmentation

Fig. 2. Electrochemical sodium metal deposition/dissolution performances of the NE-P-CL-based anode characterized with a cut-off capacity of 0.5 mA h cm−2. (a)
Galvanostatic sodium metal deposition profiles of the NE-P-CL- and Cu-foil-based anodes at 0.05 mA cm−2 (inset: initial discharge profiles of the NE-P-CL-based
anode at different current densities), (b) galvanostatic sodium metal deposition/dissolution profiles of the NE-P-CL-based anode at different current densities, (c)
current rate–CE bar graph of both NE-P-CL- and Cu-foil-based anodes at different current densities, and (d) Sodium metal deposition/dissolution cycling behaviors of
the NE-P-CL-based anode over 1000 cycles at different current densities and Cu-foil-based anode at 1 mA cm−2 over 100 cycles.
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of metal nucleation sites could enable kinetically controlled metal de-
position, providing homogeneous (film-like) metal deposition/striping
cycles. In addition, the numerous nanoscale trenches formed by the
stereoscopic morphology can act as an electrolyte reservoir, supplying
sodium ions immediately to the subcontiguous metal nucleation sites.
Fig. S4 shows contact angle images of electrolyte droplets on the sur-
faces of NE-P-CL and Cu foil. Upon the contact with the surface, the
droplet permeated into NE-P-CL, indicating a high affinity (Fig. S4(a)).
In contrast, on the surface of the Cu foil, the electrolyte droplet ex-
hibited a contact angle of 52.8°, indicating a low wettability (Fig.
S4(b)).

The electrochemical performances of NE-P-CL coated on the Cu foil
for a sodium metal deposition/dissolution cycling were evaluated in an
electrolyte of 1 M of NaPF6 dissolved in DEGDME with a cut-off capa-
city of 0.5 mA h cm−2 (Fig. 2). In the galvanostatic discharge profile at
a current density of 0.05 mA cm−2, the NE-P-CL-based anode exhibited
a voltage overshooting (VO) of ~3 mV in the early stage of metal de-
position, approximately seven times lower than that (~20 mV) of the
bare Cu-foil-based anode (Fig. 2(a) and Fig. S5). The VO originates from
the nucleation overpotential of metal seeds, which can be con-
ventionally construed by the relationship between the thermodynamic
nucleation energy and spherical nucleus radius, as shown by the
equation for homogeneous nucleation, ΔGnucleation = −4/
3πr3ΔGV + 4πr2ϒ, where ΔGnucleation is the Gibbs energy for the for-
mation of a spherical nucleus having a radius of r, ΔGV is the free energy
change per volume, and ϒ is the surface energy of the Na–electrolyte
interface [41,42]. In the electrochemical system at a given current
density, the nucleus size is governed by the kinetic conditions, leading
to a change in critical nucleus size. The interrelation between the
overpotential and critical nucleus radius was reported by Pei et al., who
demonstrated the cubic relationship between the areal nuclei density
and critical nucleus radius [43]. According to the reported results, the
large increase in content of catalytic nucleation sites could induce an
infinite decrease in critical nucleus size, leading to a very large increase
in overpotential. However, unlike the expectation, NE-P-CL including
numerous nucleation sites significantly reduces the nucleation over-
potential. In addition, a homogeneous metal deposition as a film-like
shape is observed in the ex-situ SEM characterization with different cut-
off capacities of 0.5, 1.0 and 1.5 mA h cm−2 at different current den-
sities of 1.0 and 2.0 mA cm−2 (Fig. S6). Morphologies of the deposited
metals are clearly differentiated from them with dendrite-like shapes on
Cu foil-based anode (Fig. S7). These results suggest that the metal nu-
cleation and growth on the NE-P-CL-based anode proceed in a different
manner from that of the conventional nucleus theory that presupposes a
(semi)spherical-particle-shape growth. Wang et al. reported that a high-
lithium-ion-affinity sponge can lead to a higher local concentration of Li
ions in the interfacial area than in the bulk solution, which promotes
their electrokinetic surface conduction and electro-osmosis during Li
plating/stripping [44,45]. The improved Li ion transport capability
effectively reduces the concentration polarization and overcomes the
diffusion-limited current, enabling a uniform Li-ion distribution. NE-P-
CL also has a high sodium ion affinity, owing to the large numbers of
sodiophilic heteroatoms. Therefore, there is a high probability that NE-
P-CL guides a film-like sodium metal growth along with its sodiophilic
surface rather than a spherical particle shape. Therefore, it is likely that
the deposited metal on NE-P-CL is homogeneously coated on the carbon
layers, which then grow as a bulk-film-like shape minimizing the sur-
face energy (ϒ). In the homogeneous coating model, ΔGnucleation is de-
pendent mainly on ΔGV as a negative value, leading to the lower nu-
cleation overpotential. In addition, when the current rate is
systematically increased to 0.1, 0.2, 0.5, 1.0, 2.0, and 4.0 mA cm−2, the
minimum voltage peak gradually decreases to −4, −11, −16, −20,
−27, and −35 mV, respectively. The large change in overpotential
with the current rate originates from the reduction in Ohmic polariza-
tion rather than from the metal nucleation overpotential. As shown in
Fig. 2(b), the voltage hysteresis of the plateaus between the discharge

and charge profiles increases with the current rate, while the VO is not
considerably changed (inset of Fig. 2(a)). This result supports the claim
that the gradual increase in polarization with the current rate originates
mainly from Ohmic drops. In contrast, the lowest voltage peak
(−35 mV) at the 80 times higher current rate (4.0 mA cm−2) than the
initial value (0.05 mA cm−2) still corresponds to a very low polariza-
tion. This implies that, at the higher current rate, the sodium metal
deposition kinetics are slightly affected, which can maintain the kine-
tically controlled metal deposition.

A significant result is observed in the current rate–CE graph
(Fig. 2(c)). In the galvanostatic sodium metal plating/striping cycles
(20th–100th), the NE-P-CL-based anode exhibited considerably high
average CE values, affected by the current rate. In particular, the
highest CE of ~99.95% was observed at the current density of
1.0 mA cm−2. The CE slightly decreased with the increase in current
rate; a CE of 99.7% was achieved at 4.0 mA cm−2, indicating the high
rate-cycling performances (Fig. 2(c)). In contrast, the bare Cu-foil-based
anode exhibited low CEs of 83–87% at all current rates (Fig. 2(d)).
Further, the specific cycling performances of the NE-P-CL-based anode
were evaluated over 1000 cycles at a current rate of 1.0 mA cm−2 with
a cut-off capacity of 0.5 mA h cm−2 (Fig. 2(d)). In the consecutive
cycling, NE-P-CL–Cu maintained the highly stable metal deposition/
dissolution cycles with an average CE of ~99.9% in the 20th–1000th
cycles (Fig. 2(d)). At 1000th cycle under 1 mA cm−2, the galvanostatic
discharge profile of NE-P-CL-based anode shows VO of ~9 mV which is
still below half of the initial VO value of the Cu-based anode at
0.05 mA cm−2, and its plateau overpotential is below 8 mV (Fig. S8). In
addition, the voltage hysteresis between discharge/charge profiles at
1000th cycle was maintained as ~15 mV (Fig. S8). We further con-
firmed the cycling performances of NE-P-CL-based anode in symmetric
devices characterized at different current densities (Fig. S9). The cycle
number vs. voltage curves of symmetric devices exhibit stable cycling
behaviors during 1200 cycles at different current densities of 1.0, 2.0
and 4.0 mA cm−2, demonstrating great cycling performances. The
stable cycling could be attributed to the dendrite-free film-like metal
deposition behaviors on the sodiophilic NE-P-CL. The XRD pattern ob-
tained after 1000 repetitive cycling process exhibited no sodium metal
peak, indicating that there was no sodium metal-based byproduct ori-
ginating from dendritic metal growth (Fig. S10). In contrast, a clear
sodium metal peak was observed after the subsequent sodium metal
deposition process, indicating a reversible sodium metal deposition/
stripping cycling process (Fig. S10). Hence, the results suggest dendritic
metal-free cycling behaviors of the sodiophilic NE-P-CL. To confirm the
heteroatom effects on the electrochemical performances, NE-P-CL was
further heated at 800 °C under H2 atmosphere, and electrochemical
performances of the H2-treated NE-P-CL (H-NE-P-CL)-based anode were
tested (Fig. S11). The H-NE-P-CL-based anodes showed higher VO va-
lues in all the current densities from 0.2 to 4 mA cm−2 than values of
NE-P-CL-based anodes in the galvanostatic discharge profiles, in-
dicating relatively poor catalytic effects (Fig. S11(a, b)). In addition, CE
values of H-NE-P-CL-based anodes are lower than those of NE-P-CLs,
and their CEs sharply decreased at 4 mA cm−2 (Fig. S11(c)). Moreover,
the H-NE-P-CL-based anode showed relatively low CE values corre-
sponding to ~99.6% during cycling tests (Fig. S11(d)). These results
demonstrate that the heteroatom-rich NE-P-CLs are more useful as a
catalytic sodium metal anode. Additionally, the surface-driven charge-
storage behaviors of NE-P-CLs were tested in the voltage range of
0.01–2.7 V vs. Na+/Na under a galvanostatic discharge/charge process
(Fig. S12). Because the NE-P-CL was a thin film, the areal capacity was
~2 μA h cm−2, indicating that the capacitive charge-storage capacity
was insignificant.

As capacitive electrodes, NE-PPs were prepared using waste green
tea (WGT) by controlled pyrolysis and activation, as illustrated in Fig.
S13. The contents of activation agents considerably affected their pore
structures (Fig. 3(a), Table 1). The fabricated NE-PPs are denoted as 4-
NE-PP, 6-NE-PP, and 8-NE-PP, having KOH contents of 400, 600, and
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800% with respect to the WGT, respectively. Activation of the poly-
meric precursor with KOH occurs via two main mechanisms. The first
step is the consumption of carbon by oxygen, which is catalyzed by
alkali metals below 700 °C, producing carbon monoxide and carbon
dioxide. The second activation mechanism occurs above 700 °C and is
accompanied by the formation of metallic potassium. This metallic
potassium penetrates the graphitic layers formed by pyrolysis and re-
sults in numerous topological defects and the expansion of the graphitic
lattice via the rapid removal of the intercalated potassium. We found
that the porous structure of carbon materials can be tuned by changing
the KOH content.31 However, when excessive KOH is used, a large
amount of carbon is consumed in the first step, resulting in a poor yield.
Therefore, an engineering process is crucial for developing nanopores in
the resulting carbon materials. In this study, the optimal KOH contents
were determined to be 400–800% (relative to the precursor material).
The nitrogen adsorption and desorption isotherms of 4-NE-PP show a
large increase in nitrogen adsorption at relative pressures (RPs) smaller
than 0.01, followed by a plateau and low adsorption in the RP range
above 0.2. The isotherm shape indicates a typical International Union of
Pure and Applied Chemistry (IUPAC)-type-I microporous structure. The
monolayer adsorption of nitrogen molecules occurs in the lower-RP
region (< 0.01) on the open surface. The following multilayer ad-
sorption of nitrogen molecules in the pores with sizes of 2–50 nm leads
to pore filling, yielding hysteresis between the adsorption and deso-
rption isotherms. However, unlike the typical mesopore-filling beha-
viors, the isotherms of NE-PPs exhibit distinctive changes without
hysteresis in the RP range of 0.01–0.4. In particular, the isotherm of 8-
NE-PP shows a very large increase in nitrogen adsorption at an RP of
0.5, with an insignificant hysteresis. The change in the isotherm is

closely related to the pore size alteration, as shown in Fig. 3(b). The
pore size distribution of NE-PP is shifted into the larger-pore-diameter
region with the addition of activation agents. 8-NE-PP has few nan-
ometers larger pore sizes than those of 4-NE-PP and 6-NE-PP. Never-
theless, the pore sizes of 8-NE-PP are still mainly ~2 nm; most of them
are smaller than 4 nm. The increase in few-nanometer pore content
could lead to a change in the isotherm, differentiating it from the ty-
pical isotherms observed for mesoporous structures. Specific textural
properties of NE-PPs and commercial activated carbons (C-ACs) are
shown in Table 1.

Contrary to the large differences in pore structures, the carbon
microstructures of NE-PPs are similar. The X-ray diffraction (XRD)
patterns are similar with no distinct peaks (Fig. 3(c)), indicating the
amorphous carbon structures. The high-resolution FETEM images of
NE-PPs further confirm the amorphous structures without long-range
graphitic ordering (Fig. S14). The Raman spectra of NE-PPs are also
similar with broad and fused D and G bands (Fig. 3(d)). The D to G
intensity ratio (ID/IG) is approximately 1.0. The D and G bands indicate
that NE-PPs are composed of polyhexagonal sp2 carbon structures. The
ID/IG value close to 1.0 suggests that the polyaromatic ring structure has
a domain size of a few nanometers. The surface properties of NE-PPs
were characterized by XPS. In the deconvoluted C 1s spectra, signals of
several chemical structures such as sp2 and sp3 carbon bondings and
carbon–oxygen bonding groups are observed (Fig. 3(e)). The deconvo-
luted O 1s spectra show two broad peaks of the carbon–oxygen single
and double bonding groups (Fig. 3(f)). The C/O ratios of NE-PPs are
11.0–11.5. The XPS data demonstrate that NE-PPs have similar surface
properties including oxygen functional groups. The hydrophilic func-
tional groups could lead to a better wettability of the electrolyte and
improved quantum capacitance.

The electrochemical performances of NE-PPs were evaluated in an
electrolyte of 1 M of NaPF6 dissolved in DEGDME in a voltage window
of 1.0–4.2 V vs. Na+/Na (Fig. 4). Because the DEGDME-based elec-
trolyte system is optimal with regard to the electrochemical perfor-
mance of the SMA anode, it is used for the cathode part. The galva-
nostatic charge/discharge profiles of NE-PPs are linear in the operation
voltage window, with a small voltage hysteresis between the charge
and discharge curves. The capacitive charge storage behaviors are si-
milar for all samples, while their specific capacities are considerably
different (Fig. 4(a–c)). 8-NE-PP exhibits a specific capacity of
156 mA h g−1 at a specific current rate of 0.5 A g−1 (Fig. 4(c)), while 4-
and 6-NE-PPs exhibit specific capacities of 95 and 101 mA h g−1

(Fig. 4(a, b), respectively). In addition, the rate capabilities of 8-NE-PP
are superior to those of the other samples. At 10, 30, and 50 A g−1,

Fig. 3. Material properties of NE-PPs. (a) Nitrogen adsorption/desorption isotherms, (b) pore size distributions, (c) XRD patterns, (d) Raman spectra, and (e) C 1s and
(f) O 1s XPS spectra.

Table 1
Textural properties of NE-PPs and C-AC.

Sample aSBET bVTot
cSMic

dSMeso
eVMic

fAPS gAPR

4-NE-PP 2491.4 1.1 2299.6 191.8 0.98 18.3 4.1
6-NE-PP 2577.3 1.3 2082.4 494.9 0.92 19.9 5.1
8-NE-PP 2939.9 1.9 101.6 2838.3 0.04 26.2 6.4
C-AC 1692.5 0.8 1618.4 74.1 0.67 18.3 3.7

a Brunauer–Emmett–Teller surface area (m2 g−1).
b Total pore volume (cm3 g−1).
c Micropore surface area (m2 g−1).
d Mesopore surface area (m2 g−1).
e Micropore volume (cm3 g−1).
f Average particle size (Å).
g Average pore radius (V/A) (Å).
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values of 128, 107, and 92 mA h g−1 were obtained, corresponding to
capacity retentions of ~82, ~69, and ~60%, respectively (Fig. 4(d)).
For comparison, C-AC was evaluated in the same electrochemical
system. As shown in Fig. S15, the microporous C-AC having a low
content of mesopores exhibits relatively low capacity and rate cap-
abilities compared with those of all NE-PPs. The highest capacity and
rate performance of 8-NE-PP could be attributed to the different pore
structure including the few-nanometer pores. The Na-ion–DEGDME
complexes are considerably larger than the Na ion, which can limit
their adsorption/desorption behaviors in ultramicropores (< 0.7 nm).
Therefore, 8-NE-PP with the larger pore size could exhibit a con-
siderably larger effective active surface area than those of the other
samples, enabling more accessible charges on the active carbon surface
(Table 1). Meanwhile, the charge/discharge profiles exhibit a linear-
increase tendency of the initial charge/discharge points, which origi-
nates from the ohmic drop with the increasing current rate. The linear
relationship between the ohmic drop and current rate suggests that the
charge-storage mechanism is based on capacitive behavior. Further
specific electrochemical tests were performed for 8-NE-PP. The cyclic
voltammograms of 8-NE-PP in different voltage ranges show capacitive
charge storage behaviors without voltage hysteresis, indicating a slight
pseudocapacitive charge storage behavior (Fig. 4(e)). In addition, the
specific capacitances in the voltage range of 1.0–3.2 V (cation charge
carriers) are smaller than those in the voltage range of 3.2–4.2 V with
anion charge carriers (Fig. 4(e)). This suggests that the Na-ion–-
DEGDME complex is larger than the anion because the anion is slightly
solvated by solvent molecules [46]. With the increase in scan rate, the
cation- and anion-derived specific capacitances are slightly changed,
indicating a high rate performance (Fig. 4(f)). To examine the charge-
storage mechanism of the 8-NE-PPs, an in situ impedance spectroscopy
analysis was conducted for the second discharge/charge cycle (Fig.
S16). The Nyquist plots for different charge states exhibited similar
shapes, with a solution resistance (Rs) of ~3 Ω and one small semicircle
corresponding to a charge-transfer resistance (Rct) of ~5 Ω, followed by
a linear-increase section. The equivalent series resistance values of the
Nyquist plots were< 10 Ω. These results indicate that the charge-sto-
rage behaviors of the 8-NE-PPs were based on a capacitive mechanism
involving the physical adsorption/desorption of charges. For compar-
ison, the charge storage behaviors of 8-NE-PP were also evaluated in a
different electrolyte system, 1 M of NaPF6 dissolved in a mixture solvent
of ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 v:v) (Fig.
S17). In the voltage window of 1.0–4.2 V vs. Na+/Na, a relatively high
specific capacity of ~235 mA h g−1 was observed at 0.1 A g−1, while
the rate capabilities were inferior to those in the DEGDME-based

electrolyte (Fig. S17(a, b)). This could be attributed to the slow kinetics
of the pseudocapacitive charge storage in the carbonate-based elec-
trolyte. In a cycling test, the Faradic reaction causes a gradual capacity
fading, yielding a capacity retention of ~65% after 300 cycles (Fig.
S17(c)). In contrast, in the DEGDME-based electrolyte, 8-NE-PP exhibits
a highly stable cycling behavior, maintaining its initial capacity after
1200 cycles (Fig. 4(g)). Additionally, effects of mass loading densities
on the electrochemical performances of 8-NE-PPs were tested by pre-
paring 2 and 4 times higher mass loading samples (2 and 4 mg cm−2).
With an increase in the mass loading density, the specific capacities of
8-NE-PPs decreased by ~78 and ~55% for 2 and 4 mg cm−2, respec-
tively, which could be due to the increase in ohmic drop induced by
thicker active material packing (Fig. S18). Because the scale-up tech-
nologies with high active mass loading are an important issue for the
feasible application, future research should focus on the mass loading
effects.

SMHCs were fabricated using the pair of NE-P-CL- and NE-PP-based
electrodes as anode and cathode, respectively. The electrode was pre-
cycled with sodium metal as a half-cell configuration for 20 cycles,
which was then disassembled from the half-cell and reassembled as a
full cell. The precycling of NE-PP-based cathode was conducted for two
important purposes, which were improvement of CE values and charge
injection for tuning onset potential. Using excessive sodium metal as an
anode is helpful in terms of cycling behaviors because the excessive
metal can compensate consumed sodium ions in electrolyte during a
long-term cycling process. In contrast, the large amount of sodium
metal decreases specific energy density of the full cell device because it
is calculated by dividing the weight of all the components including the
metal anode. Therefore, in order to reduce metal contents in anode
part, high CE performances should be attained in both anode and
cathode. As shown in Fig. 4(c), 8-NE-PP-based cathode shows not en-
ough CEs in the initial cycling behaviors, which is settled by precycling
over 20 cycles. The mass balance between the anode and the cathode is
one of the most important factors in SMHCs. We tested several SMHCs
with various mass loading contents in SMA. With the increasing so-
diated metal content, the total weight of the SMHCs increased, reducing
the specific energy and power densities, as shown in Fig. S19. In con-
trast, an insufficient amount of SMA did not ensure a long cycle life.
Therefore, the proper presodiated sodium metal content is crucial for
achieving high electrochemical performance of SMHCs. Accordingly, in
the precycling, sodium metal plating (sodiation) was carried out on the
NE-P-CL anode to a specific capacity of 80% of that of the cathode. The
active mass of the NE-P-CL anode was calculated including the de-
posited sodium metal. The precycling process can be an efficient

Fig. 4. Electrochemical performances of NE-PPs characterized in the electrolyte of 1 M NaPF6 dissolved in DEGDME in the voltage window of 1.0–4.2 V vs. Na+/Na.
Galvanostatic charge/discharge profiles of (a) 4-NE-PP, (b) 6-NE-PP, and (c) 8-NE-PP at different current rates ranging from 0.5 to 50 A g−1, and (d) their rate
capabilities. Cyclic voltammograms of 8-NE-PP (e) at different voltages at a scan rate of 5 mV s−1 and (f) at different scan rates of 10–100 mV s−1 for the two
different voltage ranges. (g) Cycling performance of 8-NE-PP over 1200 cycles at 2 A g−1.
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method to inject sodium metal and to improve the CE value of SMHCs,
while the fastidious process is difficult to be applied in commercial
fields. Therefore, the alternative presodiation process is needed in the
following researches.

The schematic shows the voltage profiles of the NE-P-CL anode and
NE-PP cathode in the full-cell SMHC (Fig. 5(a)), where the NE-P-CL
anode is operated in the voltage range smaller than 0.1 V, while the NE-
PP cathode in the voltage window of 1.0–4.0 V. To secure more stable
cycling behaviors, the operating voltage window of 1.0–4.0 V rather
than 1.0–4.2 V is used for the full cell system. The onset voltage of the
full cell is tuned to 1.0 V by charge injection in the respective precycling
processes of anode and cathode, and the full cell is operated in the
voltage window of 1.0–4.0 V (Fig. 5(a)). The galvanostatic charge/
discharge profiles of the SMHC exhibit an isosceles-triangle-like shape,
typical for electrochemical capacitors (Fig. 5(b)). The profiles corre-
spond to the voltage profile in the schematic (Fig. 5(a)). Notably, high
rate capabilities of the SMHC are obtained (Fig. 5(c)). As the active
anode mass is only below 10%, the full cell exhibits similar electro-
chemical performances to those of the NE-PP cathode. The initial spe-
cific capacity at 0.5 A g−1 is ~140 mA h g−1, while those at 20 and 100

times higher current rates are ~120 and ~85 mA h g−1, respectively
(Fig. 5(c)). The high rate capabilities of the SMHC indicate its high
power performance. The specific power–energy relationships of several
energy storage devices including the NE-P-CL//NE-PP SMHC are shown
in Fig. 5(d) [4,6,47–50]. The SMHC exhibits a high specific energy of
~347.7 W h kg−1 at a high specific power of ~1241.8 W kg−1. The
specific power is considerably improved with a slight reduction in
specific energy. When the specific power reaches ~35,000 W kg−1, a
specific energy of 263.8 W h kg−1 is retained. In addition, the max-
imum specific power of ~85,300 W kg−1 is attained at 143.3 W h kg−1.
The specific power performances of the SMHC are superior to those of
previously reported sodium-based full-cell energy storage devices
(Fig. 5(d)). Moreover, the SMHC exhibits a highly stable cycling per-
formance in a repetitive galvanostatic charge/discharge cycling test
(Fig. 5(e)). During 1000 cycles, the stable cycling behavior with a CE of
almost 100% is well maintained except the early capacity reduction of
~5%. After the 1000 cycles, the highly stable cycling is retained with a
specific capacity of ~94% of the initial capacity (Fig. 5(e)).

Fig. 5. Electrochemical performances of the SMHC consisting of the precycled NE-P-CL-based anode and NE-PP-based cathode in the voltage window of 1.0–4.0. (a)
Schematic of the voltage profiles of both NE-P-CL-based anode and NE-PP-based cathode in the full cell system, (b) galvanostatic charge/discharge profiles at 0.5, 1.0,
and 2.0 A g−1, (c) rate capabilities of the SMHC in the current range of 0.5–50 A g−1, (d) Ragone plots of several energy storage devices including the SMHC, and (e)
cycling behaviors of the SMHC (capacity retention and CE) over 1000 cycles at 2 A g−1.
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3. Conclusion

The nanostructured PPs, NE-P-CL and NE-PP, were fabricated using
the polymer precursors by the controlled pyrolysis and simple en-
gineering processes as an electrode pair for the SMHC. NE-P-CL was an
amorphous-carbon-based thin layer with a stereoscopic topology in-
cluding a large number of catalytic sites. The NE-P-CL-based anode
significantly reduced the sodium metal nucleation overpotential and
provided the homogeneous metal deposition as a film-like shape. This
improved the CE values in a wide current density range. In particular, a
high CE of ~99.95% was achieved at 1.0 mA cm−2. The average CE of
~99.9% was maintained during the 20th–1000th cycles. In contrast,
NE-PP had a large surface area of ~2940 m2 g−1, while its nanopore
sizes were mainly ~2 nm. The highly nanoporous NE-PP stored charges
by the capacitive mechanism in the DEGDME-based electrolyte, where
it exhibited a specific capacity of ~156 mA h g−1 at 0.5 A g−1. The
capacity of approximately 92 mA h g−1 (60% of the initial capacity)
was maintained at the 100 times higher current rate, indicating the high
rate capability. The high-performance PP-based electrode pair was as-
sembled as Faradic and non-Faradic electrodes in the SMHC after the
precycling and presodiation. The SMHC exhibited a very high specific
power of ~85,300 W kg−1 and high specific energy of
~347.7 W h kg−1. In addition, the very stable cycling behavior was
maintained over 1000 cycles with a capacity retention of 94% and CE of
almost 100%.

4. Experimental section

4.1. Fabrication of NE-PCL and NE-PPs

For the fabrication of NE-P-CL, PVP (Mw = ~360,000, Sigma-
Aldrich) was dissolved in ethanol (2 wt%) under vigorous stirring. The
polymer thin film was prepared through the spin coating of polymer
solution droplets onto the Cu foil at 4000 rpm for 30 s. The PVP-thin-
film-coated Cu foil was then heat-treated in a tubular furnace at 800 °C
for 2 h under an Ar gas flow at a rate of 5 °C min−1. After cooling to
room temperature, the resulting NE-P-CL was stored in a vacuum oven
at 30 °C. For the preparation of NE-PPs, the WGT residue was dried in a
convection oven at 30 °C for 3 days. The dried precursor (6 g) was heat-
treated in the furnace at 600 °C for 2 h under the Ar gas flow at a
heating rate of 5 °C min−1. The pretreated sample (2 g) was then mixed
with 400-, 600-, or 800- wt% KOH in a mortar, which was activated in
the furnace at 800 °C for 2 h under Ar gas flow. A heating rate of
5 °C min−1 was employed in the activation process. The resulting
products, NE-PPs, were washed with distilled water and ethanol several
times by vacuum filtration and stored in a vacuum oven at 30 °C.

4.2. Characterization

The sample morphologies were observed by FESEM (S-4300SE,
Hitachi, Japan) and FETEM (JEM2100F, JEOL, Japan). XRD (Rigaku,
DMAX 2500) was carried out using a Cu Kα radiation generator
(λ = 0.154 nm) at 40 kV and 100 mA in the 2θ range of 10–60°. The
chemical structures of NE-P-CL and NE-PPs were investigated by XPS
(PHI 5700 ESCA, Chanhassen, USA) using monochromatic Al Kα ra-
diation. The Raman spectra of NE-P-CL and NE-PPs were acquired using
a continuous linearly polarized laser with a wavelength of 514.5 nm
and 1200-groove/mm grating. The spot diameter of the Raman laser
was approximately 1 nm. A 100× objective lens was used. The pore
structures of NE-PPs were calculated using the nitrogen adsorption/
desorption isotherms (ASAP 2020, Micromeritics, USA) measured at
−196 °C.

4.3. Electrochemical characterization

The electrochemical performances of the bare Cu-foil- and NE-P-CL-

based SMAs, C-AC- and NE-PP-based cathodes, and their full SMHCs
were analyzed using a Wonatech automatic battery cycler and CR2032-
type coin cells. For the half-cell experiments, coin cells were assembled
in a glove-box filled with argon using the corresponding material as the
working electrode and metallic Na foils as the reference and counter
electrodes. NaPF6 (1 M; Sigma-Aldrich, 98%) was dissolved in a solu-
tion of DEGDME and used as the electrolyte for the half-cell tests. A
glass microfiber filter (Whatman) was used as a separator. The working
electrode for the SMA was prepared by mechanically producing a
working electrode cylinder having a diameter of 0.5 in. In addition, the
working electrode for the capacitive cathode was prepared by mixing
the active material (80 wt%) with conductive carbon (10 wt%) and
polyvinylidene fluoride (10 wt%) in N-methyl-2-pyrrolidone. The re-
sulting slurry was uniformly introduced onto an Al foil. The electrodes
were dried at 120 °C for 2 h and roll-pressed. The loading contents of
NE-PPs were ~1 mg cm−2. SMHCs were prepared after the precycling
of both NE-P-CL-based anode and NE-PP-based cathode for 20 cycles in
corresponding half-cell configurations. In the precycling, sodium metal
(approximately 0.1 mg cm−2) was loaded on NE-P-CL and the voltage
of NE-PP was tuned to 1.0 V vs. Na+/Na. After assembling the full cell
using the precycled electrode pair, we operated the SMHC, which had a
total active loading content of ~1.1 mg, in the voltage window of
1.0–4.0 V at different current rates for all the electrochemical char-
acterizations (including its cycling performance). Specific energy den-
sity and power density of the full cell were calculated from the galva-
nostatic discharge profiles by the followed formula: Es = n∙F∙V/Wtotal

and Ps = n∙F∙V/T∙Wtotal, where E, P, F, V, T, n and Wtotal are specific
energy density, specific power density, faraday constant, thermo-
dynamic equilibrium voltage, time, number of the charge and total
weight of both anode and cathode, respectively.
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