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A high-energy sodium-ion capacitor enabled by
a nitrogen/sulfur co-doped hollow carbon
nanofiber anode and an activated carbon cathodet
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Nonaqgueous Na-ion capacitors (NICs) have been recently regarded as potential sustainable power devices
due to their high specific energy/power and the abundant distribution of sodium resources on the Earth.
However, the power performance of current NICs is usually restricted by the kinetics imbalance between
sodium deintercalation/intercalation in the anode and surface ion adsorption/desorption in the cathode.
Herein, we demonstrate superior sodium-ion storage properties of nitrogen/sulfur co-doped hierarchical
hollow carbon nanofibers (N/S-HCNFs) for their application as an ideal anode material for NICs. The N/
S-HCNFs are fabricated through in situ gas sulfuration of a hollow polyaniline nanofiber precursor, which
is obtained with the aid of citric acid templates. Benefiting from the positive synergistic effects of both N
and S co-doping in carbon and the hierarchical hollow one-dimensional structure, the sodium-storage
performance of N/S-HCNFs half-cell versus Na/Na® exhibits a high capacity (~447 mA h g™ at
50 mA g7}, excellent rate capability (~185 mA h g~ at 10 A g~3), and outstanding cycling stability (no
capacity decay after 3000 cycles at 5 A g~3), which is among the best sodium-ion storage performances
of carbonaceous Na-storage anodes. Furthermore, a dual-carbon NIC device is constructed with N/S-
HCNFs as an anode and activated carbon (AC) as a cathode, and it has a large energy density of
116.4 W h kg%, a high power density of 20 kW kg~* (at 48.2 W h kg™ and a long cycle life of 3000
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Introduction

With the increasing demand for new-generation electronics,"?
such as portable electronic devices, electric vehicles, scalable
grid storage, etc., future energy-storage systems are required to
possess both high energy and large power densities as well as
excellent cycling performance.* Li-ion batteries (LIBs) are
regarded as the most popular energy-storage devices, which
show obvious superiority in terms of specific energy.* However,
LIBs usually suffer from their low power density and poor
cycling stability owing to inherently slow solid-state diffusion
and agglomeration of active materials during cycling.® There-
fore, it is important and urgent to find a substitute battery
system. Recently, sodium-ion batteries (SIBs) have been
considered to be one of the most important battery devices due
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cycles, which is superior to most reported AC-based NICs.

to not only the abundant sodium resources on the Earth but
also the similar physical and chemical properties of sodium and
lithium.*® However, like LIBs, SIBs also have the drawbacks of
low power performance and poor cycle life due to slow Na*
diffusion in bulk electrodes. Conversely, electrochemical
capacitors (ECs) show high power characteristics, fast charge/
discharge rate and long-term cycling performance, while their
energy density is relatively low.°™ Thus, designing a hybrid
energy system that can integrate the merits of both batteries
and ECs has become an important research hotspot in high-
performance energy storage. In this regard, hybrid metal
(such as Li and Na) ion capacitors are becoming more and more
popular in the energy storage field.

Since the first report in 2001," the research on Li-ion
capacitors (LICs) has made great progress. In a LIC, activated
carbon (AC) is usually applied as the cathode material, while the
anode materials include Li,Ti;O4,,** Nb,Os,** TiO,,"> MnO* and
so on. By contrast, the charge-discharge curves of many Na'-
storage materials have no obvious charge/discharge plateau,
which is a capacitor-like feature.” This feature makes Na-ion
capacitors (NICs) more suitable for high-rate energy storage.
In addition, the cost of NICs will be lower compared with that of
LICs. In the NIC configuration, two different storage mecha-
nisms occur at the electrodes, where the anode provides large

This journal is © The Royal Society of Chemistry 2019
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capacities and the cathode guarantees fast charge-discharge
capability and long-term cyclability. In early 2012, research on
NICs began. Until now, most NICs are reported with AC as the
cathode and various materials, such as V,0;,"®* Na,Ti;O,,"
TiO,,* Ti,C-MXene,** and so on, as the anode. However, high
energy densities (>100 W h kg™') of these reported NICs are
achieved only at low power densities, and their cycling/rate
performances need further improvement. This is mainly due
to the kinetics mismatch between the battery-type anode and
the capacitive cathode, in which the electrode kinetics of Na"
insertion/deintercalation in the anode is rather slower than
that of electronic double layer capacitance (EDLC)-based
adsorption/desorption in the cathode. To solve this problem,
researchers currently focus on enhancing the rate capability of
the anode by shortening the path length or constructing
conductive electrode configurations, to match the fast kinetics
of capacitive cathodes. In comparison to various metal (such
as 'V, Fe, Co, Ni, S, and P)-based materials, which usually show
poor electrical conductivity and structural degradation during
the discharge-charge processes, hard carbon materials are
considered to be promising anode materials for sodium inser-
tion due to their excellent electrical conductivity and high
structural stability.”>>* When highly conductive carbon with
sufficient sodium-ion storage channels is used as an anode for
NICs, it is expected to greatly reduce the kinetics mismatch
between the two electrodes. For instance, peanut shell nano-
sheet carbon (PSNC),*® bacterial cellulose-derived carbon
nanowebs (HP-CNWs),>” and sodium citrate-derived 3D frame-
works (3DFC)* have been reported as anodes for NICs with both
higher energy and power densities. Nevertheless, the Na-ion
storage capacity of these carbon anodes is relatively low at
high rates, such as ~75 mA h g ' at 6.4 A g ' (PSNC),
~95mA hg'at5Ag " (HP-CNWs) and ~99 mA h g™ ! at
10 A g ' (3DFC). Therefore, constructing a high-capacity
carbon-based anode material that possesses fast Na®
insertion/extraction ability is particularly critical for NICs.

In this work, we developed a facile and controllable method
for fabricating N/S co-doped hollow carbon nanofibers (N/S-
HCNFSs). It is proved that the S, N dual-doping can efficiently
increase the surface area, enlarge the interlayer distance, expose
the active sites, and thus result in fast electrode kinetics of N/S-
HCNFs.>! Interestingly, the N/S-HCNF electrodes deliver
outstanding sodium-storage performances.*>** In Na'-half-
cells, the as-obtained N/S-HCNF electrode delivers a high
reversible capacity (447 mAh g " at 50 mA g '), an excellent rate
capability (185 mA h g™" even at 10 A g ') and outstanding
cycling stability (290 mA h g™* after 800 cycles at 0.5 A g *,
200 mA h g~ " after 3000 cycles at 5 A g~ ). On the basis of the
suitable matching characteristics in terms of rate capability and
structural stability between N/S-HCNFs and AC, a dual-carbon
NIC has been constructed. The as-obtained N/S-HCNFs//AC
NIC device shows excellent energy-storage properties among
the current NICs with respect to high energy and power densi-
ties (116.4 W h kg™* and 20 kW kg™ ') and about 81% capacity
retention after 3000 cycles tested at 2.0 A g~' in the voltage
window of 0-4.0 V.

This journal is © The Royal Society of Chemistry 2019
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Experimental
Synthesis of the samples

The polyaniline nanofiber precursor was synthesized according
to the following method. First, 20 mmol of aniline and 10 mmol
of citric acid monohydrate were vigorously stirred in deionized
water (100 mL) for 1 h at room temperature. Then the mixed
solution was cooled in an ice-water bath for 1 h. After cooling,
50 mL of ammonium persulfate aqueous solution (5 mmol L™")
was slowly added dropwise to the above solution followed by
12 h reaction in the ice-water bath. Finally, the resulting solid
product was washed with water and ethanol several times. The
N/S-HCNFs were obtained by annealing the above product with
sulfur powder at 700, 800 or 900 °C for 2 h under an Ar atmo-
sphere. For comparison, a control sample, “N-HCNFs”, under-
went the same thermal treatment as N/S-HCNFS but
without sulfur powder. In addition, another control sample,
“N-n-HCNFs”, was synthesized using the same procedure as
that of N-HCNFs in the absence of citric acid.

Materials characterization

The samples were characterized using scanning electron
microscopy (SEM) (JEOL, Model JSM-7600F), transmission
electron microscopy (TEM) (JEOL, Model JEM-2100), X-ray
diffraction (XRD) (RigakuD/Max-2550 with Cu-Ke radiation)
and nitrogen adsorption/desorption isotherms at 77 K (Tri-star
11 3020 model). Raman data were collected with a wavelength of
532 nm on a Renishaw inVia Reflex Microprobe. X-ray photo-
electron spectroscopy (XPS) was carried out on a VG ESCALAB
220i-XL.

Electrochemical measurements

Na-ion half cells: the working electrodes were prepared by
pressing mixtures of the as-prepared active materials, acetylene
black and polyvinylidene fluoride (PVDF) binder (with a weight
ratio of 8:1:1) with the aid of N-methyl-2-pyrrolidone onto
a copper foil current collector. The as-prepared electrodes were
dried under vacuum at 100 °C for 12 h. The loading mass of the
active material was weighed to be about 1-1.5 mg cm 2. Half-
cell configurations were assembled using Na-metal foil as
counter and reference electrodes in an argon-filled glove box
using coin-type half-cells (CR2032) with 1 M NaClO, in ethylene
carbonate (EC) and dimethyl carbonate (DMC) (1 : 1, v/v) with
5 wt% fluoroethylene carbonate (FEC) as the electrolyte, and
a glass fiber membrane (GF/D, Whatman) was used as the
separator.

NIC devices: to fabricate the cathode, AC, Super P and pol-
ytetrafluoroethylene with a weight ratio of 8 : 1 : 1 in NMP were
mixed and then coated on aluminum foil. Then, the AC cathode
was dried at 100 °C for 12 h. Finally, NIC devices were assem-
bled in a button cell using a pre-activated N/S-HCNF electrode
(for 10 cycles at 0.1 A g~ " in a half-cell and then discharged to
a cutoff voltage of 0.01 V vs. Na/Na") as the anode
(1.5 mg ecm™?), AC as the cathode (4.5 mg cm™>) and the same
separator/electrolyte as those in Na-ion half cells.

Nanoscale Adv., 2019, 1, 746-756 | 747
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All the tests were performed at room temperature. Cyclic
voltammetry (CV) and galvanostatic charge/discharge (GCD)
measurements were carried out using electrochemical work-
stations (CHI660E, Shanghai, China). Cycling and rate perfor-
mances were tested using a battery test system (Land CT2001A
model, Wuhan Land Electronics Ltd). Electrochemical imped-
ance spectra (EIS) were measured with an amplitude of 5.0 mV
in the frequency range of 10> to 10° Hz.

The Ragone plots of the as-fabricated NIC device were ob-
tained by calculating the energy density (E) and power density
(P) from the galvanostatic discharge curves according to the
equations:

P=Vxi (1)
E =P x /3600 @)
V= (Vmax + Vmin)/2 (3)

where 7 is the current density based on the total mass of the
anode and cathode (A g™'), ¢ is the discharge time (5), Viax and
Vmin correspond to voltages at the beginning and end of the
discharge (V), respectively.

Result and discussion
Preparation and characterization

The fabrication process of the N/S-HCNFs involves two major
steps as illustrated schematically in Fig. 1a. Firstly, the hollow
polyaniline nanofibers (PNFs) were synthesized by a self-
assembly method.** During the polymerization process, citric
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acid molecules first spread into one-dimensional (1D) micelles
to serve as a soft template. According to the molecular formula
of citric acid (HOOCCH,C(OH)(COOH)CH,COOH), it is
reasonable to think that the micelles formed by the citric acid
molecules first spread into one-dimensional (1D) micelles to
serve as a soft template during the polymerization process due
to its hydrophobic alkyl chain and hydrophilic COOH groups.
Since the aqueous ammonium persulfate is hydrophilic, the
polymerization of aniline can only be performed at the water—
micelle interface. After that, the aniline molecules undergo
polymerization along the 1D template and further grow on the
surface. After removing the template molecules, hollow nano-
fibers were finally obtained. In addition, since the surface of the
citric acid template is not smooth, there will be additional small
nanodots or nanorods on the resulting nanofibers. In the
second step, the as-prepared polyaniline nanofibers were mixed
with sulphur with a mass ratio of Mmpqyanitine : Msulphur = 1 : 4,
and thermally treated in a tubular furnace at 800 °C under an
argon atmosphere for 2 h at a heating rate of 5 °C min™' to
obtain the N/S-HCNFs. For comparison, N-doped hollow carbon
nanofibers (denoted as N-HCNFs) were also obtained by the
same process as that of N/S-HCNFs in the absence of sulphur.
Meanwhile, bulk N-doped carbon (denoted as N-n-HCNFs) was
also prepared by a similar process to that of N-HCNFs without
using the citric acid template. As shown in Fig. 1b, in compar-
ison with pristine carbon, N-doped carbon has been demon-
strated to display much improvement as anode material for
sodium storage. Compared to nitrogen, doped sulfur atoms
have larger size and smaller electronegativity, which further
enlarge the interlayer distance, generate active sites, and
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Fig. 1

(a) Schematic illustration of the synthesis of N/S-HCNFs, and (b) the sodium storage behavior of the pristine, N-doped, and N, S co-doped

carbon with different geometric configurations and different interlayer distances.
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significantly enhance electronic properties of carbonaceous
materials.®® As a result of the positive synergistic effect of
binary-heteroatom doping, N/S co-doped-HCNFs will achieve
high electrical conductivity and large interlayer distance, which
finally provide excellent Na-storage performance.

The morphology and microstructure of the samples were
investigated by SEM and TEM. Fig. 2a and b show the typical
SEM images of the PNF precursor. It can be clearly observed that
the PNFs show a very regular 1D structure of nanofibers, with
many polyaniline nanodots uniformly dispersed on the external
surface of the nanofibers. The TEM image (Fig. 2¢) indicates
that PNFs exhibit a hollow fiber structure several micrometers
in length with an outside diameter of ~180 nm and an inside
diameter of ~30 nm. Meanwhile, the walls of the polyaniline
nanofibers are rough and their surface is decorated with
continuous nanodots, which is in line with the results of SEM.
However, in the absence of citric acid monohydrate, the as-
obtained polyaniline formed bulk particle aggregates (Fig. Sla
and b in the ESIY). This result demonstrates the importance of
citric acid molecules as a soft template for constructing the 1D
morphology.*® After high-temperature sulfuration at 800 °C, the
as-obtained N/S-HCNFs still retained the hierarchical hollow
fiber structure with a slightly rougher surface. From the end or
damaged section of the nanofibers (Fig. 2d and e), the hollow
architecture can be clearly observed. Similarly, the N-HCNFs
have the same microstructure as N/S-HCNFs (see Fig. S2a and
b in the ESI}). The unique structure of N/S-HCNFs can offer

View Article Online
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more electrochemically active sites for sodium ion insertion. On
the other hand, it also offers sufficient contact between the
active material and the electrolyte, and further shortens the
transport path of ions. In addition, the high-resolution TEM
image (Fig. 2h) indicates that N/S-HCNFs exhibit an amorphous
structure and few-layer-stacked graphene crystallites with
a large interlayer distance of 0.39 nm. This disordered carbon
structure is also demonstrated by the selected-area electron
diffraction (SAED) pattern (Fig. 2i).

In order to further understand the crystal phase and the pore
structure of N/S-HCNFs, XRD, Raman spectroscopy and
nitrogen adsorption/desorption measurements were per-
formed. The XRD patterns of PNFs, N/S-HCNFs, N-HCNFs, and
N-n-HCNFs are shown in Fig. 3a. The PNFs show broad peaks
centered at 26 = 20.5°, 25.6° and 30.1°, which are ascribed to
(011), (020) and (200) crystal planes of polyaniline with the
emeraldine salt structure, respectively.”” Furthermore, two
broad diffraction peaks of (002) and (100) planes are observed
for N/S-HCNFs, N-HCNFs, and N-n-HCNFs, which are charac-
teristic of their disordered carbon structure. No diffraction
peaks of sulfur are found in the XRD patterns of N/S-HCNFs,
indicating a total carbonization of polyaniline. Based on the
specific position of the (002) diffraction peak, the peaks for N/S-
HCNFs and N-HCNFs are centered at 23.09° and 24.06°,
respectively, indicating more lattice distortion and defects.
According to Bragg's equation, the calculated interlayer spacing
increased from 0.3481 to 0.3674 nm, proving that S-doping can

5 nm

Fig. 2 SEM images of the hierarchical PNF precursor (a and b) and N/S-HCNFs (d and e). TEM images of polyaniline nanofibers (c) and N/S-

HCNFs (f—h). SAED pattern (i) of the N/S-HCNFs.
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Fig. 3 XRD patterns (a), Raman spectra (b), nitrogen adsorption—
desorption isotherms (c) and pore size distribution (d) of the as-
synthesized N/S-HCNFs, N-HCNFs, PNFs and N-n-HCNFs.

enlarge the interlayer distance of carbon. Since sulfur has
a larger covalent diameter than that of carbon, the replacement
of carbon by sulfur will lead to an increase in the spacing
between adjacent carbon sheets.”® Raman spectra (Fig. 3b) show
the characteristic peaks of typical carbon materials at
~1350 cm ' (D band) and =1590 cm ™' (G band). The N/S-
HCNF sample exhibits a higher intensity ratio of D vs. G
bands (Ip/Ig = 0.93) compared with N-HCNFs (Ip/Ig = 0.90) and
N-n-HCNFs (Ip/Ig = 0.89). This can be reasonably due to the
appropriate doping with S for generating more defects in the
carbon material. The N, adsorption/desorption isotherms of the
samples are shown in Fig. 3c. Comparatively, the N/S-HCNFs
show a high surface area of 397.7 m® g, while the N-HCNFs
and N-n-HCNFs show relatively smaller surface areas of 138.3
and 13.6 m* g~ ', respectively. Obviously, the high surface area
of N/S-HCNFs results from the 1D hollow structure and the
sulfur treatment. Fig. 3d shows the pore size distributions of all
samples, demonstrating the existence of abundant micropores
in N/S-HCNFs. The large surface area and high pore volume of
N/S-HCNFs will provide abundant and enough transport chan-
nels for fast Na' insertion/extraction, and ensure adequate
contact between the electrolyte and the active material.

The XPS data were used to analyze the chemical bonding
configuration of the N/S-HCNFs. The full survey spectra of the
as-prepared N/S-HCNFs clearly indicate the presence of C, N, O,
and S elements on the surface (Fig. 4a). As illustrated in Fig. 4b,
the C 1s peak of N/S-HCNFs is disintegrated into four peaks at
284.7, 285.7, 287.4, and 290.5 eV, corresponding to C=C,* C-
N,** C-S,* and O-C=0,* respectively. Moreover, the N 1s peak
is decomposed into three peaks centered at 397.8,* 399.7,** and
400.9 eV,* which are consistent with pyridinic N, pyrrolic N,
and quaternary N (Fig. 4c). The total N content is about 7.01% in
the N/S-HCNF sample, which is lower than that (about 7.87%) of
N-HCNFs (see Table S1 and Fig. S4 in the ESIT). It is well known
that N-doping can generate some extrinsic defects and increase
reactivity and electron conductivity.*® Fig. 4d shows the high-
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Fig. 4 XPS survey spectra of N-HCNFs and N/S-HCNFs (a); C 1s (b), N
1s (c), and S 2p (d) spectra of N/S-HCNFs.

resolution S 2p spectrum of N/S-HCNFs. It can be found that
the sulfur in N/S-HCNFs exists in three different chemical states
with a content of 3.15% (Table S1, ESIT), which are attributed to
C-Sn-C (n = 1 or 2) bonds, conjugated -C=S- bonds, and
oxidized (-SOn-) bonds.*” This result confirms that sulfur has
been successfully embedded into the hollow carbon nano-
fibers.** Meanwhile, compared with N-HCNFs, N/S-HCNFs will
generate more external defects and active sites. Such topological
defects as well as active sites can adsorb more sodium ions,
thereby improving sodium storage capacities.

Electrochemical performance

Sodium-ion half-cell performance

To further describe the electrochemical behavior of N/S-HCNFs,
CV and GCD tests were performed. In order to demonstrate the
advantage of N/S-HCNFs, the Na-storage performance of N-
HCNFs and N-n-HCNFs is also tested under the same mass
loading. Fig. 5a—c reveal the first three CV curves of N/S-HCNFs-
800, N-HCNFs and N-n-HCNFs at a scan rate of 0.1 mV s *
between 0.01 and 3.0 V (vs. Na/Na"). During the first negative
scan, the peaks were present at 0.8 and 1.2 V for all samples,
which were attributed to the decomposition of the electrolyte,
the irreversible reaction of Na* ions with the surface functional
groups and the formation of a solid electrolyte interface (SEI)
film. After the initial cycle, these peaks could disappear.*® The
peaks in the potential range of 0.01 to 0.1 V can be ascribed to
Na® insertion/extraction in the carbon materials. However, the
CV curves of N/S-HCNFs-800 are quite different from those of N-
HCNFs and N-n-HCNFs. There is an additional reduction peak
at 1.1 V from the beginning of the 2nd cycle of N/S-HCNFs,
indicating a reduction reaction between Na and S, and there
is a corresponding anodic peak at 1.85 V in the reverse
process.*>*® This phenomenon is in agreement with that of the
previously reported S-doped carbon in Na-storage and Na-S
batteries.* In the subsequent cycles, the CV curves of the N/S-

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 CV curves of N/S-HCNFs (a), N-HCNFs (b) and N-n-HCNFs (c)
at a scan rate of 0.1 mV s~ the first three GCD profiles of N/S-HCNFs
(d), N-HCNFs (e), and N-n-HCNFs (f) at 0.05 A g%,

HCNFs-800 electrode almost overlapped, which shows excellent
reversibility of the N/S-HCNF electrodes. Fig. 5d-f show the first
three GCD profiles of the three samples at a current density of
0.05 A g~'. During the first discharge cycle, the GCD profiles of
the N-HCNFs and N-n-HCNFs are typical of hard carbon. In
contrast, a discharge plateau at ~1 V is clearly seen for the N/S-
HCNFs-800. As shown in Fig. 5d, an obvious sloping platform
located at ~1.5 V can be observed in the charge curves, which
indicates that the partial capacity for N/S-HCNFs is contributed
by faradaic reactions of Na" with the covalently bonded S. The
first discharge (charge) capacities of N/S-HCNFs-800, N-HCNFs,
and N-n-HCNFs anodes were 1286 (452), 912 (255), and 669
(151) mA h g ', respectively, corresponding to an initial
coulombic efficiency (ICE) of 35.1%, 27.9%, and 22.5%,
respectively. The low ICE is caused by the formation of the SEI
layer and the irreversible side reactions between Na' and
surface functional groups. After several cycles, the coulombic
efficiency could be completely increased and could approach
100%.

Fig. 6a shows the rate performance of N/S-HCNFs-800, N-
HCNFs and N-n-HCNFs, tested at different current densities
from 0.05 to 10 A g~ " for 5 cycles. Compared with the other two
samples, N/S-HCNFs-800 show an excellent rate performance,
with reversible capacities of 446.9, 349.2, 312.6, 275.8, 237.8,
215.6, 198.3, and 185.1 mA h g~* obtained at 0.05, 0.1, 0.2, 0.5,
1,2,5and 10 Ag~ ' with 5 cycles at each step. After the high-rate
measurement, a high specific capacity of 348.3 mA h g™ " at
0.1 A g~ " could still be recovered for the N/S-HCNFs-800 elec-
trode. For N-HCNFs without S doping, when the current density

This journal is © The Royal Society of Chemistry 2019
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increased to 10 A g ', the N-HCNF electrode delivers a low
specific capacity of about 95.7 mA h g~'. Comparatively, the
capacity of the N-n-HCNF electrode is only 58.7 mA h g~ at
10 A g '. The GCD curves at different current densities further
confirm these rate results (Fig. 6¢ and S5 in the ESI}). Thus, the
N/S-HCNF electrode exhibits much better rate performance
than other control samples. Further, compared with the already
reported carbon materials in the literature®*-* (Table S2, ESIT),
the N/S-HCNFs have an excellent sodium-storage performance.

Generally, the N and S contents and the graphitization
degree in N/S-HCNFs will be significantly changed with
annealing temperature (see Table S1, ESIT), which can further
affect the electrochemical performance. Here we also compare
the sodium-storage performance of the N/S-HCNF samples at
different annealing temperatures (700, 800, and 900 °C). Fig. 6b
presents the specific capacities of N/S-HCNFs-700, N/S-HCNFs-
800 and N/S-HCNFs-900 at different current densities. Obvi-
ously, the N/S-HCNFs-800 electrode showed relatively higher
capacities (185.1 mAh g~ "at 10 A g~ ") than those of N/S-HCNFs-
700 (1479 mA h g ' at 10 A g ') and N/S-HCNFs-900
(111.6.1 mA h g ' at 10 A g™ "). In addition, N/S-HCNFs-700
and N/S-HCNFs-900 are superior to N-HCNFs without S
doping. These results indicate that the optimal temperature for
the formation of N/S-HCNFs is 800 °C.

Fig. 6d shows the cycling performance of the N/S-HCNFs-
800, N-HCNF and N-n-HCNF electrodes at a current density of
0.5 A g~ *. After 800 cycles, the N/S-HCNF electrode still exhibits
a high specific reversible capacity of 224.7 mA h g~ '. Moreover,
N-HCNFs and N-n-HCNFs retain reversible capacities of 182.5
and 104.6 mA h g~ ', respectively. Apparently, N/S-HCNFs-800
has a much higher reversible capacity than N-HCNFs and N-n-
HCNFs, due to the synergy effects of the hollow nanofiber
structure and N/S co-doping. The GCD curves at the 1st, 300th,
and 800th cycle at 0.5 A g~ ' further demonstrate these cycling
results (ESIt). To further clarify the significant Na-storage
performance at relatively high current densities, all samples
were evaluated at 5.0 A g~ " for long cycling. As shown in Fig. 6e,
the N/S-HCNFs-800 shows outstanding cycling performance,
and the capacity is maintained at 202.3 mA h g~ " even after 3000
cycles. The overall capacity decay can be neglected. The
coulombic efficiency approaches 100%, indicating stable
reversibility. The N-HCNF and N-n-HCNF electrodes also exhibit
good cycling ability, but their specific capacities after 3000
cycles are relatively low in comparison to that of N/S-HCNFs. In
Fig. 6e, the capacity increase for N-HCNFs may be caused by the
activation and the formation of a stable SEI film.

In order to evaluate the electrochemical kinetics of N/S-
HCNFs, the electrode was further explored by CV using
different scan rates ranging from 0.5 to 10 mV s ', and the
capacitive contribution to the charge storage was evaluated. The
original shape of the CV curves of the N/S-HCNF electrode was
well maintained with increasing the scan rate to 10 mV s~'
(Fig. 7a). This result also reveals the fast diffusion of Na ions
into the N/S-HCNFs. The degree of the capacitive effect can be
qualitatively calculated based on the relationship between the
measured current (i) and the scan rate (v) from the CV curves: i
= av’, where a and b are adjustable parameters.” The b value
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can be obtained from the slope of the log i vs. log v plot (Fig. S7
in the ESI}). Fig. 7b shows the separation of the diffusion
controlled and the capacitive contribution of the N/S-HCNF
electrode. The diffusion-type contribution reduced gradually
with increasing scan rate (Fig. 7c), but the capacitive-type
contribution was enhanced. At a scan rate of 10 mV s, 88%
of the total capacity is identified as the capacitive contribution
for the N/S-HCNTF electrode, which is higher than 83% for the N-
HCNF sample (Fig. 7d-f). This high capacitive contribution may
be ascribed to the S-doping-induced larger interlayer distance,
lower Na' diffusion barrier and higher electronic conductivity
facilitating the Na'-ion insertion/extraction. This result indi-
cates that the N/S-HCNFs are beneficial to fast kinetics of Na-ion
storage.

In order to further indicate the structural merits of N/S-
HCNFs, the electrochemical impedance spectroscopy (EIS) of
N/S-HCNFs-800, N-HCNFs and N-n-HCNFs is shown in Fig. S8
in the ESL.t The three EIS curves have a common feature, in
which the intercept at the high-frequency end is equal to the
electrolyte resistance (R;), the semicircle size at the medium-
frequency response is the charge-transfer resistance, and the

752 | Nanoscale Adv., 2019, 1, 746-756

low-frequency line is indicative of the Warburg impedance
related to Na* diffusion. Apparently, the diameter of the semi-
circle for N/S-HCNFs in the high-frequency region is signifi-
cantly smaller than that for N-HCNFs and N-n-HCNFs.
Specifically, the values of the charge-transfer resistance for N/S-
HCNFs, N-HCNFs and N-n-HCNFs are about 125, 203 and 248 Q,
respectively, and the SEI film resistance is about 5.88, 12.68,
23.53 Q, respectively. This result indicates that the N/S-HCNF
electrode possesses lower charge-transfer impedance and SEI
film resistance because of S-doping, which can result in rapid
electron transport during the electrochemical sodium
insertion/extraction reactions.

The excellent Na-storage properties of the N/S-HCNF elec-
trode can be reasonably attributed to: (1) its hierarchical 1D
hollow nanofiber structure, which reduces the mass-transfer
resistance and provides sufficient active sites. (2) N, S-
codoping in carbon, which results in the lowest Na* adsorp-
tion energy compared to that of the pristine and N-doped
carbon (see Fig. 1b), as previously confirmed by first-
principles calculations.*®*” This indicates that the adsorption
of Na" onto the N/S-HCNFs is thermodynamically spontaneous.

This journal is © The Royal Society of Chemistry 2019
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(3) The N/S codoping will increase the fermi level, which leads to
a higher electronic conductivity facilitating electron transport.
This was further demonstrated by EIS results (Fig. S8 in the
ESIt). More importantly, S doping will enlarge the interlayer
distance of carbon (Fig. 1b), which decreases the Na diffusion
barrier and further contributes to the enhanced Na-adsorption
stability. Therefore, N/S-HCNFs exhibit high Na-ion storage
capacity and excellent rate/cycling stabilities. With this excel-
lent anode candidate for hybrid NICs, the typical kinetics
mismatch with the capacitive carbon cathode can be efficiently
decreased.

Hybrid Na-ion capacitors

As shown in Fig. 8a, a NIC device is constructed using N/S-
HCNFs as the anode and commercial AC as the cathode in
1 M NaClO, in EC-DMC electrolyte solution. During the charge
process, ClO,™ ions are absorbed in the porous structure of AC,
while Na ions from the electrolyte are inserted into N/S-HCNFs.
The discharge process is the reverse of the charge process.
Before fabricating the NIC, the N/S-HCNF electrode was pre-
activated for 10 cycles at 0.1 A g~' in a Na-ion half-cell to
obtain high efficiency and then discharged to a cut-off voltage of
0.01 V. In addition, the electrochemical performance of AC as
the cathode was investigated to evaluate the charge balance
between the cathode and the anode in the NIC. The specific area
of AC is up to 1357 m> g '. The detailed results of the AC
cathode are shown in Fig. S3 and S9, ESL.{ The typical linear
GCD curves also confirm the EDLC mechanism. In the voltage
window of 2.5-4.5 V (vs. Na/Na"'), the discharge capacity of the
BPC cathode is 75 mA h g™* at a current density of 0.1 A g™ .

This journal is © The Royal Society of Chemistry 2019

Even at 10 A g ', the specific capacity is still as high as
23 mA h g™, After 2000 cycles at 5 A g, the capacity retention
is up to 92%. According to the specific capacity values of the AC
cathode and N/S-HCNF anode, the mass ratio of AC to N/S-
HCNFs in the NIC is 3:1. The as-optimized “dual carbon”
NIC device can be tested in a relatively large voltage window
between 0 and 4.0 V.

Fig. 8b shows the CV curves of the AC//N/S-HCNF NIC device
at different scan rates from 1 to 100 mV s~ ' in the voltage
window of 0-4.0 V. The CV curves show a slight deviation from
the ideal rectangular shape owing to the synergistic effect of two
different charge-storage mechanisms. As the scan rate increases
to an ultrahigh scan rate of 100 mV s, the shape of the CV
curve is still maintained without serious distortion, which is
indicative of high reversibility and excellent rate performance,
respectively. The charge-discharge curves of the AC//N/S-HCNFs
at various current densities exhibit an approximately linear
slope as shown in Fig. 8c, indicating the combination of the
insertion/extraction of Na' ions in N/S-HCNFs and the capaci-
tive AC cathode. The corresponding specific capacities (based
on the total mass of active materials in both the cathode and
anode) are 58.2, 42.5, 39.5, 36.2, 33.9, 28.2 and 24.1 mA h g~ " at
0.1, 0.2, 0.5, 1, 2, 5, and 10 A g, respectively (Fig. S10, ESI{).
The capacity loss at a high current density is mainly due to the
insufficient accessibility of electrolyte ions and the relatively
large IR drop. Furthermore, relatively good cycling stability is
obtained with 81% capacity retention after 3000 cycles at
a current density of 2 A g, corresponding to a high coulombic
efficiency of nearly 100% (Fig. 8d).

The Ragone plot (energy vs. power) of the AC//N/S-HCNF NIC
device is presented in Fig. 8e. The specific values of energy

Nanoscale Adv., 2019, 1, 746-756 | 753
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(a) Schematic representation of the NIC device made of the as-prepared N/S-HCNFs as the anode and commercial AC as the cathode. (b)

CV curves at various scan rates from 1 to 100 mV s~ (c) GCD curves of the as-assembled NIC at different current densities based on the total
mass of N/S-HCNFs and AC. (d). Cycling performance of the AC//N/S-HCNF NIC between 0 and 4.0 V at a current density of 2 A g%, (e) The
Ragone plot (energy density vs. power density) of the present AC//N/S-HCNF NIC and comparison with the results of other reports, and lighting

a blue LED (inset) using the AC//N/S-HCNF NIC.

density and power density are calculated according to the gal-
vanostatic discharge curves. As expected, our NIC could deliver
a high energy density of 116.4 W h kg™ " at a power density of
200 W kg~ . Even at a high power density of 20 kW kg, the NIC
can still achieve 48.2 W h kg™ '. It should be noted that the
power density of 20 kW kg™ " (at 48.2 W h kg™ ") corresponds to
a full charge-discharge within 38 s, similar to capacitor
features. In comparison, our NIC also exhibits better energy-
storage performance than other AC-based NICs reported in
ref. 19 and 58-65 (Table S3, ESIt). In addition, a light-emitting
diode (LED) panel can be successfully powered by a single AC//
N/S-HCNF NIC device (inset of Fig. 8e). The outstanding elec-
trochemical performance of our dual-carbon NIC device fabri-
cated here by using N/S-HCNFs as the anode and AC as the
cathode can be attributed to the following aspects: (1) the N/S-
HCNF anode possesses an interlayer spacing due to N/S co-
doping, which promotes the fast diffusion of sufficient Na"
ions. (2) The large surface area and high pore volume as well as
the 1D hollow fiber structure of N/S-HCNFs can greatly increase
the transfer of ions and the contact of the electrolyte. (3) The
dual-carbon configuration in the NIC may be beneficial for
kinetics matching and structural stability, which lead to the
improvement of electrochemical performance of the hybrid
device.

Conclusions

In summary, N/S co-doped hollow carbon nanofibers have been
synthesized successfully via a facile and controllable strategy,
and their superior sodium-storage performance as an anode for
NICs has been presented. N/S co-doping in carbon and the

754 | Nanoscale Adv., 2019, 1, 746756

unique hierarchical hollow 1D fiber structure can lead to major
capacity contribution. More importantly, N/S dual doping
greatly decreases the mismatch of electrode kinetics between
the cathode and anode of NICs, resulting in both high energy
density and high power density. Ultimately, a high-performance
dual-carbon NIC (AC//N/S-HCNFs) has been fabricated, which
presents a high energy density (116.4 W h kg™ at 200 W kg™ ),
a high power density (20 kW kg™ " at 48.2 W h kg™ "), and
a reasonably long cycling life (81% capacitance retention after
3000 cycles).
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