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Abstract: Three-dimensional (3D) carbon networks have been explored as promising capacitive materials thanks to
their unique structural features such as large ion-accessible surface area and interconnected porous networks, thus
enhancing both ions and electrons transport. Here, sustainable bacterial cellulose (BC) is used both precursor and
template for facile synthesis of free-standing N, S-codoped 3D carbon networks (a-NSC) by the pyrolysis and acti-
vation of polyrhodanine coated BC. The synthesized a-NSC shows highly conductive interconnected porous net-
works (24 S« cm '), large surface area (1 420 m” * g~ ') with hierarchical meso-microporosity, and high-level
heteroatoms codoping (N: 3.1 % in atom, S: 3.2 % in atom). Benefitting from these, a-NSC as binder-free elec-
trode exhibits an ultrahigh specific capacitance of 340 F + g ' (24 pF * cm ™ ?) at the current density of 0.5 A+ g !
in 6 M KOH electrolyte, high-rate capability (71% at 20 A » g~') and excellent cycle stability. Furthermore, the
assembled symmetrical supercapacitor displays a much short time constant of 0. 35 s in 1 M TEABF, /AN electro-

1

lyte, obtaining a maximum energy density of 32. 1 W « h * kg™ ' at power density of 637 W « kg™'. The in situ

multi-heteroatoms doping enables biocellulose-derived carbon networks to exploit its full potentials in energy stor-
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age applications, which can be extended to other dimensional carbon nanostructures.
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0 Introduction

Electrochemical = double-layer capacitors
(EDLCs), also known as supercapacitors, store
electrical energy at the electrode/electrolyte inter-
face through reversible ion adsorption/ desorp-

[1-3]

tion""*', Compared with rechargeable lithium bat-

teries, EDLCs boast higher power density and

longer lifespan""’,

However, the low energy den-
sity is a major barrier for the practical applica-
tions. Considerable efforts have been committed
to developing high-capacitance electrode materials

or broadening the cell voltage with different elec-
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trolytes that can enhance the energy density with-
out sacrificing their existing advantages”®™. Por-
ous carbons represent the most attractive class of
EDLCs electrode materials owing to large specific
surface areas (SSA), high electrical conductivity
and chemical stability®®!*).  The commercial
EDLCs are mainly constructed using activated
carbon electrodes, but only with inferior rate ca-
pability because of the sluggish ion diffusion
within tortuous microporosity'"?. Thus, engi-
neering hierarchical meso-micropores structure is

favorable. The mesopores supply fast ion-diffu-

sion channels with improved rate capability,
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whilst micropores contribute to abundant active
sites for ion adsorptiont?**,

During the last decades, many efforts have
been devoted to develop high-performance porous
carbons for EDLCs. Especially, the design and
preparation of 3D carbon networks assembled
from nanofibers are highly desirable owing to
their structural advantages as follows: (I) inter-
connected continuous networks facilitate fast ion/
electron transport along 3D directions and ensure
structure-buffering space; (IID 1D fiber structure
possesses a high surface-to-volume ratio to in-
crease the utilization of SSA for charge accommo-
dation; and (III) nanosized subunits guarantee
sufficient contact areas between the electrolyte

S8 David et al. proposed an ef-

and active sites
ficient strategy for carbonization of electrospun
ZIF-8@PAN nanofibers to prepare 3D carbon net-
works, exhibiting a specific capacitance of
307 Fegtatl A«g'in H,SO, electrolyte-™.
The interconnected graphene fibers were synthe-
sized by hydrothermal treatment of graphene ox-
ide ribbons and consequent laser irradiation™'*!.
The 3D graphene networks structure effectively
eliminates the self-restacking of 2D graphene,
maintaining fast axial/radial ion diffusion. Unfor-
tunately, graphene or ZIF-derived carbons were
used to construct 3D carbon networks, which u-
sually involved expensive/complicated preparation
processes and environmentally unfriendly™?",
From the viewpoint of practical application, it is
highly desirable to develop a simple and cheap
way for fabricating porous carbons in large scale.
Currently, many researchers tend to fabricate
carbon nanomaterial from biomass, which is low-
cost, ecofriendly and easy fabrication"**'. Bacte-
rial cellulose (BC), a typical biopolymer, can be
obtained by an industrial-scale microbial fermen-

tation process?"

. In terms of microstructure, BC
has interconnected porous networks, which con-
sist of random cellulose nanofibers with a diame-
ter of 20100 nm, thus providing high SSA and

5] Consequently, it can be an ideal plat-

porosity
form for design of value-added carbon-based

nanomaterials. Our group recently reported a sili-

ca-assisted method for fabrication of carbon nano-
fiber networks by confining nanospace pyrolysis
of BC with a self-activation process?®!. Benefit-
ting from its mesopores-dominated porosity and
good conductivity, the as-prepared carbon films
display excellent rate performance. Nevertheless,
in situ release gas as activator only creates a limit-
ed SSA of 624 m® + g~', leading to an inferior ca-
pacitance. The chemical activation has been in-
tensively used to synthesize high-SSA porous car-

bons'¥?. The hierarchical porous carbonaceous

aerogels with a large SSA of 2 200 m® « g~ ' were
synthesized through KOH activation of renewable
seaweed, achieving multiple energy storage?*.
The capacitance property could be further en-
hanced by the introduction of heteroatoms into
the sp’-hybridized carbon lattice®!. It has been
demonstrated that the incorporation of nitrogen
(N) into carbon matrix could not only enhance
the conductivity of carbon frameworks, but also
significantly increase interface wettability of elec-
trode/electrolyte and induce the additional pseud-
ocapacitance®***), The N-doped ordered meso-
porous carbon was prepared by Ni-assisted chemi-
cal vapor deposition, manifesting a gravimetric

capacitance as high as 855 F+ g7'at 1 A » g~ 'and

high-rate performance in aqueous electrolyte-.

Similarly, doping sulfur (S) into carbon matrix
also can decrease charge transfer resistance™.
Compared to single-atom doping, codoping could
take advantage of synergetic effects, thereby ben-
overall electrochemical

efitting the perform-

ancel®" . Qiao et al. revealed a synergistic per-
formance enhancement of N and S dual-doping re-
sulted from the redistribution of spin and charge
densities by the experimental and theoretical cal-
culations™*.

Guiding by these, we propose a facile and
green route to prepare free-standing N, S-codoped
3D carbon networks by direct pyrolysis and acti-
vation of BC @ polyrhodanine nanocomposites.
The polyrhodanine provides in situ codoping
source for both N and S, derived from oxidation
polymerization processes. The synthesized carbon

nanofibers (a-NSC) present a large SSA with hi-
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erarchical meso-micropores structure, intercon-
nected porous networks, high-level N, S-codop-
ing and good electronic conductivity (24 S -
cm '), With these features, a-NSC as binder-free
EDLCs electrode achieves a remarkable specific
capacitance and high-rate capability in aqueous e-
lectrolyte. Moreover, the assembled symmetric
EDLCs obtain a high energy density and power
density in organic electrolyte. This work offers a
low-cost and green route for the design and large-
scale preparation of high-performance porous car-

bons in the energy storage field.

1 Experiment

1.1 Materials synthesis

Polymerization of polyrhodanine on bacterial
cellulose: FeCl; (30 mM) dissolved in 30 mL dei-
onized water, followed by vigorous stirring for
1 h. The BC films were immersed into the well-
dispersed oxidant solution and stirred slowly for
6 h at room temperature. The obtained BC-Fe
(IID) films were viscous, displaying a yellow col-
or. Rhodanine monomers (50 mM) were dis-
solved in 50 mL of deionized water and heated to
60 °C under vigorous stirring to ensure the mono-
mer dissolved completely. The BC-Fe (I1D) films
were added into the prepared rhodanine mono-
mers solution. The in situ oxidative polymeriza-
tion of rhodanine with BC-Fe (III) was conducted
at 60 Cfor 24 h under magnetic stirring. Finally,
the obtained nanocomposite, called as BC@ PR,
was washed with ethanol and distilled water and
freeze-dried overnight.

Preparation of a-NSC, NSC and carbon nano-
fibers (CNF): The BC@PR was heated with the
heating rate of 2 °C *» min ' to 400 ‘C for 1 h, and
then with 5 °C » min™' to 800 °C for 2 h under a
flowing N, atmosphere, and was called NSC. The
NSC and KOH were mixed and heated up with
the heating rate of 5 C * min ' to 700 C for 1 h
in the N, atmosphere. The mass ratio of KOH to
NSC was 1 & 1.
were washed thoroughly with HCI solution (1 M)

After activation, the products

and lots of distilled water for several times, and

dried overnight at 70 °C. The obtained carbons

were denoted by a-NSC. For comparison, BC was
direct pyrolyzed under the same condition of
NSC, which was noted as CNF.

1.2 Characterizations

The morphologies of samples were character-
ized by field-emission scanning electron microsco-
py (SEM) and transmission electron microscopy
(TEM) with a Hitachi S-48001 and FEI Tecnai
G2F20, respectively. Thermogravimetric analysis
was conducted on a TG-DSC
(NETZSCH STA 409 PC) under N, protection at

heating rate of 10 C + min~' from 30 C to

instrument

900 °C. The N, adsorption/desorption technique
was carried out using an ASAP 2020 accelerated
surface area and porosimetry instrument (Micro-
meritics BK122T-Banalyzer), equipped with au-
tomated surface area, at 77 K using Brunauer-
Emmett-Teller (BET) calculations for the surface
area. The total pore volume and pore size distri-
bution (PSD) were obtained from the adsorption
isotherms using non-local density functional theo-
ry (NLDFT) model. The X-ray photoelectron
spectroscopy (XPS) analysis was performed on a
Perkin-Elmer PHI 550 spectrometer with Al K,
(1 486.6 eV) as the X-ray source. Raman spectra
were conducted on the HORIBA Scientific La-
bRAM HR Raman spectrometer system with a
532. 4 nm laser. Fourier transform infrared spec-
troscopy (FTIR) measurements were recorded on
a Nicolet 750. Contact angles of samples were ob-
tained on a video contact angle instrument
(JC2000D7M).

sample was measured by a standard four-point

The electrical conductivity of

probe system with a Kiethley 2700 multimeter.
1.3 Electrochemical measurements

All the electrochemical measurements were
carried out on a CHI 660D electrochemical work-
station. In the three-electrode system, a saturat-
ed calomel electrode (SCE) and a platinum plate
electrode served as reference and counter elec-
trodes, respectively. The free-standing carbon
film (3 mg * em™?) with thickness of 100 pm was
used as working electrode. No binder and addi-

tional conductive additive were added. The two
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symmetrical working electrodes were separated
using membrane (GF/A, Whatman) soaked with
electrolyte of 1-ethyl-3-methylimidazolium tet-
rafluoroborate (1 M TEABF,/AN) in a 2016 type
cell. The electrochemical impedance spectroscopy
(EIS) measurements were performed at open cir-
cuit potential in the frequency range of 10 % to
10° Hz at an AC amplitude of 5 mV. GCD cycles
were tested using a LAND CT2001A electro-
chemical workstation.

In the three-electrode system, the specific
capacitance of electrode calculated based on the
discharge curves is according to the following
equation

C=UUAD/(mAV) D
where I is the current loaded (A), At the dis-
charge time (s), m the active material mass (g),
and AV the potential window (V).

In the two-electrode system, the specific ca-
pacitance of the electrode was calculated from the
discharge curve as

C.=WUIAD /(mAV) (2)
where I is the current loaded (A). At the dis-
charge time (s), m the total mass for both carbon
electrodes (g), and AV the potential window
(V).

The gravimetric energy density E and power
density P against two electrodes in device was

calculated as

S

E=CV*/2 3)
P=E/At 4)
where C is the capacitance of the symmetric
EDLC (based on the total mass of electroactive
materials in two electrodes), V the operating
voltage (deduct the voltage drop), and Az the dis-

charge time (s).

2 Results and Discussion

The preparation processes for free-standing
N, S-codoped carbon are schematically illustrated
in Fig. 1 (a). The pristine BC pellicle exhibits a
gel-like and water-rich macroscopic morphology.
The BC was used as template and coated with
polyrhodanine (PR) to form the BC(@ PR nano-
composite with a chemical oxidation polymeriza-
tion process. Typically, rhodanine monomer fully
infiltrates into the 3D networks of BC along the
nanofibers through the strong hydrogen bonding.
Polymerization of rhodanine onto the surface of
BC was induced using Fe(III) ion as the initiator
and oxidant. The Fe (III) ion adsorbed on the
porous surface of negatively charged BC driven by
electrostatic interaction. After carbonization and
further KOH activation, a porous N, S-codoped
carbon (a-NSC) film was obtained. For compari-
son, pristine BC-derived
(CNF) and N, S-codoped carbon (NSC) without

activation were synthesized in the same way.

carbon nanofibers

\V Pyrolysis
_—
Polymerization - Activation
Bacterial cellulose Polyrhodanine coating BC N.S-doped carbon
B0 (BC@PR) (@NSC)

(a) The schematic illustration for fabricating free-standing N, S-codoped carbon with corresponding digital photographs
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500 nm

(b) BC pellicle

(c) BC@PR pellicle

(d) a-NSC

Fig.1 The schematic illustration for fabricating free-standing N, S-codoped carbon with corresponding digital photo-
graphs and SEM images of BC pellicle, BC@PR pellicle and a-NSC

As revealed in scanning electron microscopy
(SEM) images, BC@PR maintains 3D networks
architecture with randomly coadjacent nanofibers
of pristine BC (Figs. 1(b—c¢)), displaying a rela-
tively rough surface after the PR coating. After
pyrolysis and activation, the resulting a-NSC in-
herits the structural characteristics of 3D inter-
connected nanofibrous networks with a slight
shrinkage of the frameworks (Fig. 1(d)). The di-
ameter of carbon nanofibers is 2050 nm, as de-
termined by the transmission electron microscopy
(TEM) image (Fig. 2(a)). And CNF and NSC
also preserve an analogous morphology. Notably,
the unique interconnected porous networks not
only provide a large interfacial area for charge ac-
commodation but also accelerate ion diffusion/e-
lectron transfer along 3D directions”*”. As ob-
served from high-resolution TEM (Fig. 2(b)), a-

NSC mainly consists of relatively disordered
structure and partial orientated graphitic layers
(002) with an interlayer spacing of about 0. 34
nm, which is beneficial to enhance electrical con-

81 X-ray diffraction

ductivity of carbon materials
(XRD) further verifies the structure of CNF,
NSC and a-NSC. To a-NSC, two broadened dif-
fraction peaks locating at 24° (002) and 44° (100)
imply dominant features of amorphous carbon,
which is well-matching the TEM observations™®.
Moreover, there are no other perks (apart from
24° (002) and 44° (100)) which can be observed
in the XRD. This case proves that CNF, NSC
and a-NSC are pure carbon materials. Typical ele-
mental mapping images of a-NSC (Fig. 2(¢)) con-
firmed that homogeneous incorporation of N and

S elements into the entire carbon networks.

(b) HRTEM image of a-NSC

(c) Scanning TEM image of a-NSC and corresponding elemental mapping images of C, N, S
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Fig. 2 TEM image of a-NSC, HRTEM image of a-NSC (inset: the magnifed graphitic layers), scanning TEM image of

a-NSC and corresponding elemental mapping images of C, N, S, N, adsorption/desorption isotherms and the cor-

responding PSDs of a-NSC, NSC and CNF.

The functional groups of samples were char-
acterized by Fourier transform infrared spectros-
copy (FTIR) spectra. The main characteristic
peaks of BC at around 1 150 cm ' (C = 0O),
2 950/1 450 em ™! (C—H) and 3 450 em ™' (O—
H) were observed”*’. The BC@PR displays sim-
ilar absorption peaks but with lower intensity.
Simultaneously, the emerging peaks of C—S
(637 cm '), C=S8 (1 240 cm '), C—N (1 380
cm ') and C =0 (1 710 ¢cm ') contributed by
PR™™, manifesting that BC was successfully coa-
ted with PR.
(TGA) were used to investigate the carbonization
process. Both BC @ PR and BC mainly decom-

posed below 400 “C along with the release of ga-

Thermogravimetric analyses

ses (H,O, CO,), resulting in the formation of
many pores. The residual mass of about 28. 5%
and 10. 8% was obtained at 800 “C for BC @ PR
and BC, respectively.

The pore characterization of carbon networks
was investigated by the N, adsorption/ desorption
experiments. The a-NSC exhibits a hybrid I/1V-

type isotherm curve with a distinct hysteresis loop

of type H4 in the medium/high pressure region
(0.4<<P/P,<1), indicating existence of meso-
pores (Fig. 2(d)). It is clear that the significantly
high uptake of a-NSC at low pressure region (P/
P,<<0. 1) is indicative for the abundant micropo-
rosity. The Brunauer Emmett Teller (BET) SSA
of a-NSC is calculated to be 1 420 m® » g ' with a
total pore volume of 0. 848 cm® « g ' (Table 1),
which is larger than that of NSC (934 m* » g ',
0.359 cm® « g ') and CNF (302 m” - g ',
0.218 ecm® « g'). The increased SSA and pore
volume can be attributed to KOH activation and
heteroatoms doping. The pore size distribution
(PSD) is further verified by the NLDFT analysis
on the adsorption isotherm as shown in Fig. 2(e).
As compared to microporous distribution of NSC,
a reasonable meso-microporous dominant PSD
was observed in a-NSC. Furthermore, for a-
NSC, notable feature of high ratio of micropore
volume to total volume up to 63% was noticed.
The integration of large SSA and hierarchical me-
so-microporosity is extremely favorable for charge

accumulation and rapid diffusion of ions™" !,

Table 1 BET surface area, pore structure parameters, conductivity tests and XPS elemental analysis of carbon materials
Samples : G 8 Mic‘rofsnf,-/ V:Jf@d /7 Micl‘rofv‘im]/ Conducti\:ity/ Elemental analysis/ % (in atom)
(m?+g ") (m*+g " (m®Peg ) (cm®eg " (S+cm™ D) C N S 0]
CNF 302 250 0.218 0.118 1.2 87.1 — — 12.9
NSC 934 914 0.359 0.350 31 85.5 2.3 5.4 6.8
a-NSC 1420 1 060 0. 848 0.539 24 79. 4 3.1 3.2 14.3

Note: (a) Specific surface area determined according to BET method; (b) Total pore volume.
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The chemical composition of codoped carbon
was investigated by X-ray photoelectron spectros-
copy (XPS). In survey spectra, both a-NSC and
NSC exhibit typical N 1s, S 2s and S 2p peaks a-
long with C 1s and O 1s, indicating effective do-
ping of N and S into carbon lattice. The codoping
level of two elements in a-NSC, N and S, reaches
3.1 % in atom and 3.2 % in atom, respectively
(Table 1). Note that KOH treatment leads to an
increase in oxygen content. The high-resolution C
1s spectrum for a-NSC (Fig. 3(a)) can be fitted
to four subpeaks at around 284.5, 286. 3, 288. 2
and 290. 1 eV, which corresponds to C =C/C—
C, C—0, C=0 and O =C—0, respectively™™.
The percentage of C =C/C—C was up to 81%,
implying high graphitization degree:*”!. In addi-
tion, high-resolution N 1s spectrum of a-NSC
(Fig. 3(b)) reveals the existence of pyridinic N
(N—6, 398. 6 eV), ( N—5,
400.1 eV), graphitic N (N—Q, 401. 1 eV) and
pyridine-N-oxide (N-—O, 403. 2 eV)M ., The
N—6 (42. 8%) and N—5 (13. 6%) are able to

enhance the capacitance due to their pseudo-ca-

pyrrolic N

2
<
=y
[72]
8
|
292 290 288 286 284 282 280
Binding energy / eV
(a) High-resolution C 1s spectrum of a-NSC
S 2p
s
<
By
g
g

170 168 166 164 162 160
Binding energy / eV

(c) High-resoulution S 2p spectrum of a-NSC

pacity contributions, and N—Q (40.2%) can de-
crease intrinsic resistance of carbon electrode and

facilitate electron transfert!!: 2 12

. Moreover, the
deconvoluted spectrum of S 2p (Fig. 3(c)) sug-
gests that the binding states of sulfur are carbon-
bonded  thiophene-type ( C—S—C.
164.0 eV for S 2py,» 165.2 eV for S 2p,,,) and
highly oxidized sulfur species (SO, , 168.2 eV)H!,
The dominated C—S—C (86%) plays a signifi-

cant role in modifying the conductivity of carbon

sulfur

material**, The electrical conductivity of a-NSC
and NSC was estimated to be 24 and 31 S » cm '
(Table 1), respectively, measured by a four-
probe method, which is far higher than that of
undoped CNF (1.2 S cm™'). Significantly, sur-
face functionalities also can enhance wettability of

1 1t was con-

carbon electrode for electrolyte
firmed by the contact angle tests that a-NSC and
NSC has more superior electrolyte wettability
than CNF, easily allowing ions permeation into
microporosity structure of electrode. The struc-
tural characterizations of samples were further

confirmed Raman spectra (Fig. 3(d)). The ratios of

N s
2
<
g
|72
8
|
406 404 402 400 398 396 394
Binding energy / eV
(b) High-resolution N 1s spectrum of a-NSC
D G
5 1,/1,=0.93
< | a-NSC DiSG ==
z
g
g
1,/1,=0.91
CNF 1,/1,=0.87

1000 1500 2000 2500
Raman shift / cm™

(d) Raman spectra of a-NSC, NSC and CNF

Fig. 3 High-resolution C 1s spectrum of a-NSC, high-resolution N 1s spectrum of a-NSC. high-resolution S 2p spectrum
of a-NSC, and Raman spectra of a-NSC, NSC and CNF



No. 4

Zhu Jiajia, et al. Biomass-Derived Nitrogen and Sulfur Co-Doped 3D Carbon Networks-:- 597

D band (disordered/defect carbon, 1 350 cm ')
to G band (graphitic carbon, 1 580 ecm '), calcu-
lated by the integrated areas, are higher for a-
NSC and NSC than CNF (Ip/Is: 0.93 and 0. 91
vs 0. 87), suggesting the presence of more defects
created by the N, S-codoping and KOH activa-
tion " 12,

The as-prepared a-NSC features unique char-
acteristics such as large SSA with hierarchical po-
rosity, interconnected 3D networks morphology
and N, S-codoping, which make it an ideal candi-
date for EDLCs. To investigate capacitive proper-
ties, a three-electrode configuration was fabrica-
ted with 6M KOH as electrolyte, and carbon film
was directly used as binder-free working elec-
trode. As shown in Fig. 4(a), both cyclic voltam-
metry (CV) plots of a-NSC, NSC and CNF dis-
play nearly symmetrical rectangular shapes at the
scan rate of 10 mV + s™', demonstrating the for-
mation of ideal electric double-layer (EDL). And
the codoped carbon electrodes also showed some
redox hump peaks, indicating the pseudocapaci-

tive contribution from N doping. Apparently, the

~ 300F

oD

B 150+

3

§ Or

g

§ -150 |

& NSC

h=R | —a

g 300 —— NSC

2 CNF
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(a) CV plots of a-NSC, NSC and CNF electrodes at

ascanrate of 10 mV * s
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(c) Specific capacitance of a-NSC, NSC and CNF

electrodes at different current densities

area of CV plot for a-NSC is much larger than the
NSC and CNF, suggesting a better EDL behav-
ior. As increasing the scan rate to 200 mV « s ',
a-NSC still keeps a rather good rectangular-like
Galvanostatic charge/discharge (GCD)

curves of the a-NSC show highly symmetry and

shape.

nearly linear slopes at different current densities.
Comparing with NSC and CNF, a larger dis-
charge time was observed for a-NSC (Fig. 4(b)),
suggesting a higher capacitance. The specific ca-
pacitances were calculated according the discharge
of GCD curves (Fig. 4(c)). The a-NSC possesses

1

a high specific capacitance of 340 F « g ' at the

' with superior rate ca-

current density 0.5 A« g~
pability of 240 F-g ' at 20 A « g ' (711%),
which is much higher than that of the NSC
(254 F«gtat 0.5 A« g', 66% at 20 A -
g '), CNF (219 F+g'at0.5A«g !, 50% at
20 A+ g '), and most other BC-derived carbons
for EDLCs applications. Apparently, the en-
hanced micropore SSA and N, S-functionalization
upon doping improve the rate performance and

capacitance of NSC electrode; further activation

0.0 r
——a-NSC
—— NSC
—— CNF

Potential / V (vs SCE)

0 100 200 300 400 500 600
t/s

(b) GCD curves of a-NSC, NSC and CNF electrodes
at the current density of 1A * g

300

200F

100 |

0 1 L I L I
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(d) Cycling stability of a-NSC, NSC and CNF electrodes

Fig. 4 Electrochemical performances using 6 M KOH as electrolyte in a three-electrode configuration



598 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 35

achieved a large SSA with hierarchical meso-mi-
croporosity, ensuring the high capacitance and
excellent rate characteristic of a-NSC electrode.
The BET area-normalized capacitance of a-NSC
can achieve a maximum of 24 pF + cm . The
improved ion-transport kinetics of electrodes were
evidenced by electrochemical impedance spectro-
scopic (EIS) over a frequency range from
100 kHz to 10 MHz. a-NSC shows a smaller di-
ameter of the semicircle in high-frequency ranges
and shorter Warburg region with typical 45° slope
than NSC and CNF, proving excellent ion diffu-
sion/charge transfer process. And nearly vertical
plot in low-frequency ranges suggests the good
accessibility of electrolyte ions into porous car-
bon. The cycling performance of electrodes were
evaluated by 5 000 GCD cyclesat 2 A« g 'at6 M
KOH electrolyte in Fig. 4 (d). Both a-NSC and
NSC exhibit high stability with 98% and 99% ca-
pacitance retention, respectively, which is far su-
perior to the CNF (80%).

Such excellent capacitive performance can be
attributed to unique structural advantages. First-
ly, large SSA guarantees sufficient active sites for
charge storage and hierarchical porosity can accel-
erate ion accumulation/diffusion, thus improving
both capacitance and rate capability; secondly,
interconnected 3D networks can construct conduc-
ting backbones for fast electron transfer and also
provide multiple channels for the migration of
ions. Moreover, the better wettability and con-
ductivity owing to N, S-codoping further enhance
the ion-accessible surface area and facilitate elec-
tron transport, and N—Q incorporated into the
graphitic carbon plane (aromaticity C—N frame-
work) can enhance the electrical conductivity of
carbon electrode, significantly increasing the ca-
pacitance and rate capability. The presence of
N—6 and N—5 C(electrochemically active) also
can introduce pseudocapacitance in the alkaline a-
queous solution through the following faradaic re-

actionst'"

"CH—NH,+20H =="C=NH+2H,0+2e
"C—NH,+20H =="C—NHOH+H,0O+2e

where * C stands for the carbon network.

To further evaluate supercapacitor perform-
ances, we constructed a symmetrical EDLCs cell
of a-NSC in 1M tetraethylammonium tetraflu-
oroborate (TEABF,) in acetonitrile (AN) with a
wide voltage range of 0—2.5 V. Both quasi-rec-
tangle CV plots with scanning rates increasing
from 20 to 500 mV * s~ ' (Fig.5(a)) and the sym-
metry and linear GCD curves even at a high cur-
rent density of 20 A « g~ ' (Fig. 5(b)), suggesting
an ideal EDL behavior. The high specific capaci-
tance of 148 F ¢ g ! for a-NSC is obtained from
the GCD curve at 0.5 A « g ' (Fig. 5(¢)). In-
creasing current density up to 20 A » g~ !, the ca-
pacitance maintains 100 F « g ', indicating high
rate capability. The great performances can be as-
cribed to large ion-accessible surface area and op-
timized pore structure. As NLDFT analysis above
(Fig. 2(e)), the meso-microporous PSD is effec-
tive for ions accumulation/transport in the TE-

ABF,/AN system solvated TEA"' of
1. 30 nm and solvated BF, of 1. 16 nm)'. The

( size:
interconnected porous networks also provide
short ion-transport pathways. The Nyquist plot
(Fig. 5(d)) shows a vertical curve at low-frequen-
cy region, indicating a nearly ideal capacitive be-
haviour. The high-frequency region for porous
electrode is typically divided into two ranges by
the knee frequency (265 Hz):. The critical fre-
quency at which all SSA is accessed, meaning
that total EDL capacitance is reached. The a-NSC
exhibits a frequency of 2. 86 Hz at a phase angle
of — 45° corresponding to a time constant of
0.35 s (Fig.5(e)). The high knee frequency and
much short time constant induced by the good ac-
cessibility of the ions into 3D porous networks
demonstrate the excellent power capability of the
device. The Ragone plot for symmetrical EDLCs
of a-NSC depicts that the energy density is about
32.1 W+ h-+kg ' at power density of 637 W -
kg™', while the energy remains as high as 21. 7
W+ he+ kg 'at power density of 28. 8 kW « kg '
(Fig. 5(f)), which are significantly higher than

symmetrical EDLCs of a-NSC in aqueous electro-
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lyte and other carbon materials synthesized from

.[26, 36, 44-48]

biomass There is an excellent circula-

tion with 94% retention after 10 000 cycles at
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3 Conclusions

We have successfully synthesized free-stand-
ing interconnected N, S-codoped 3D carbon net-
works (a-NSC) with large SSA and hierarchical
meso-microporous structure, This is achieved by

the pyrolysis of bacterial cellulose (@ polyrhoda-

aPCNE®, PCNS-6M", PCN/CNF™/, N, S-

nine derived from oxidation polymerization
processes. These structural features not only pro-
vide a large ion-accessible surface area for ions ad-
sorption, but also ensure efficient electron and
ion transport along 3D directions. As a result,
the prepared a-NSC exhibits a high specific capac-

itance of 340 F » g ' at 0.5 A + g ' in aqueous
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electrolyte with high-rate capability. Moreover, a
symmetrical EDLCs device displays a short time
constant of 0. 35 s in 1 M TEABF,/AN electro-
lyte, obtaining a maximum energy density of
32.1 Weh-kg 'atapower density of 637 W -
kg™'. We believe that the in situ multi-heteroa-
toms doping can be extended to other carbon
nanostructures (0D, 2D), achieved by using
nanosphere or nanosheet precursors as polymeri-
zation templates. This versatile method enables
biomass-derived porous carbon to exploit its im-

mense potentials in energy storage applications.
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From the XRD pattern (Fig. Slc), bacterial cellulose (BC) shows a typical profile of cellulose T with three typical dif-
fraction peaks occurring in the region of 10—25°. Besides, BC possesses abundant surface hydroxyl groups (—OH) along
its networks with negatively charged sites. which can be determined by the FTIR spectra (Fig. S4).

The high proportion of activator will destroy the nanofiber morphology of NSC, thus the applicable mass ratio of KOH

to NSCis 1 1.

Fig. S2  SEM images of different mass ration of KOH to NSC: (a)1 : 1, (b)2: 1, ()4 : 1.
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Fig. S3 SEM images of (a) CNF and (b) NSC
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Supporting Information: Biomass-Derived Nitrogen and Sulfur Co-Doped 3D--+ V

Electrochemical Measurements

.
(/SA -

The BET area-normalized capacitance Csy (pF * cm™?) was estimated from:

X 100

where Sger is the specific surface area (m* + g ') derived from the N, adsorption and Cs is the specific

capacitance (F s g '),
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