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Boron and nitrogen co-doped sodium alginate-based porous carbons
for durable and fast Zn-ion hybrid capacitors
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Abstract:

In recent years, zinc-ion hybrid capacitors (ZIHCs) have attracted increasing attention due to their environmental

friendliness and excellent electrochemical properties. However, their performance is mainly limited by the electrochemical perform-
ance of the cathode, so it is necessary to develop an advanced cathode material. N, B co-doped sodium alginate-based porous carbon
(NBSPC) was prepared by one-step co-carbonization using sodium alginate as the matrix and NH,B;Oy as the N and B source. This
N, B co-doping strategy improves the pore structure of the carbon materials and increases the number of surface functional groups,
greatly improving the capacitive behavior of the raw materials and thus improving their electrochemical performance. When used as
the cathode in ZIHCs, the NBSPC had an excellent rate performance (85.4 mA h g™’ even at ultra-high current density of 40 A g™
and good cycling stability (15 000 cycles at 20 A g™ with a capacity retention rate of 94.5%).
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1 Introduction

In the past two decades, energy storage techno-
logy has developed rapidly, resulting in the increas-
ingly excellent performance of electric vehicles and
portable mobile devices ! . This is all due to the rap-
id development of batteries and supercapacitors.
Among numerous electrochemical energy storage
devices (EESDs), lithium-ion batteries (LIBs) have
occupied most of the commercial market owing to
their superior energy density* *. However, the lack of
lithium resources, safety issues of organic electrolytes
and environmental pollution limit the further develop-
ment of LIBs" "%, Therefore, it is necessary to devel-
op a novel high-performance aqueous electrolyte
EESD. As an emerging EESD with aqueous electro-
lyte, Zn-ion hybrid capacitor (ZIHC) has higher en-
ergy density and similar power density compared to
aqueous supercapacitors. Thus, it has attracted many
scholars to conduct research in recent years.

In terms of device structure, a typical ZIHC is
mainly composed of a zinc metal anode and an ad-
vanced material cathode™'". Therefore, the perform-
ance of a ZIHC mainly depends on the performance of
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the cathode material'”. Porous carbon is an ideal ma-
terial for the ZIHC cathode because of the strong
structural designability, low-cost and environmentally
friendliness'"*'*. At present, high-quality porous car-
bon electrode materials can be prepared through both
the hard template and soft template methods'?.
However, the complicated removal process of hard
templates and the high price of soft template agents
limit the large-scale preparation of porous carbons!®.
Consequently, it is imperative to explore a method for
synthesize porous carbons without adding templates.
In addition, modification of porous carbon materials is
also a key step to improve their electrochemical per-

formance in ZIHCs!"”

. The more commonly used
modification method is to introduce defects and act-
ive groups by doping heteroatoms into the carbon
matrix to improve the zinc storage capacity and rate
performance of porous carbons!'®. For instance, Chen
et al. prepared a N-doped biomass porous carbon with
one step carbonization, which exhibits 140 mAh g' at
02 Ag'and 86.2 mAh g'at64 A g'ina ZIHCY.
Qiu et al. synthesized O, S co-doped porous carbon

nanosheets, which shows a high capacity (194 mAh g’
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at 0.5 A g'") in ZIHC". Yang and his co-workers de-
veloped a N/P co-doped hierarchical porous carbon
for ZIHCs, which also exhibits good electrochemical
performance'®. There are many types of heteroatoms
(such as N, S, O and B), and there are also some won-
derful synergistic effects between different het-
eroatoms, which have a great impact on the zinc stor-
age performance of carbon materials””. Therefore, it’s
necessary to develop a high-performance heteroatom-
doped porous carbon.

In this work, the N, B co-doped sodium alginate-
based porous carbons (NBSPCs) are prepared by one-
step co-carbonization (Scheme 1). Due to the self-
template of sodium alginate (SA)”® and the large
amount of gas generated by the decomposition of am-
monium borate, NBSPCs have an improved hierarch-
ical porous structure. In addition, this co-carboniza-
tion method can efficiently doped N and B into the
carbon skeleton. This N, B co-doped strategy can im-
prove the wettability and electric double layer electro-
chemical behavior of the materials. When used as the
cathode in zinc-ion hybrid capacitor (ZIHCs), the op-
timized NBSPC shows excellent rate performance
(85.4 mAh g ' even at ultra-high current density of
40 A g') and cycling stability (15000 cycles at
20 A g with a capacity retention rate of 94.5%). This
efficient strategy provides a new idea for developing

high-performance cathode materials for ZIHCs.

2 Experimental

2.1 Preparation of NBSPC-X

First of all, 2 g SA (AR, the average molecular
mass of 12000-40000, purchase of purchased from Da
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Mao Chemical Reagent Factory in Tianjin) and differ-
ent mass of NH,B,O4-4H,0 (3 g, 4 g, 5 g) were added
into 140 mL deionized water in a beaker and stirred at
room temperature overnight. The solution was then
transferred into a Teflon sealed autoclave chamber for
hydrothermal reaction at 160 °C for 12 h. After com-
pletely cooling in a refrigerator and freeze drying for
48 h, the target product, SA-derived carbon precurs-
ors, was obtained. Subsequently, the sample under-
went additional pyrolysis in a tube furnace at 700 °C
under N, protection, with a heating rate of 5 °C min™'
for 2 h. Then, in a tube furnace, under the protection
of N, at 700 °C, further pyrolysis was conducted at a
heating rate of 5 °C min' for 2 h. The products were
washed by 1 mol L™' HCI solution and deionized wa-
ter to remove the templates. The final samples were
denoted as NBSPC-X (nitrogen and boron co-doped
SA derived porous carbon material), where X repres-
ented mass of NH,B;O4-4H,0.
2.2 Characterization

The structure of samples was tested by transmis-
sion electron microscopy (TEM, Hitachi 7700), scan-
ning electron microscopy (SEM, ZEISS SUPRATM
field emission microscopy) and high-resolution trans-
mission electron microscopy (JEOL 3010, Japan). X-
ray photoelectron spectra (XPS, ESCALAB250 elec-
tron spectrometer), X-ray diffraction (XRD, Rigaku
D/max-2500B2+/PCX, Cu Ka), Raman spectroscopy
(Aramis, Jobin Yvon, using 532 nm laser excitation)
were used to study the composition of the material.
The specific surface area and pore volume size were
studied by N, adsorption—desorption (Micromeritics
ASAP 2020), and calculated by density functional the-

ory method and the Brunauer-Emmett-Teller model.

Template removing

NBSPC

Scheme 1  An illustration of the preparation of NBSPC
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2.3 Electrochemical measurements

The electrochemical performance of NBSPC-X
was studied in symmetric two-electrode systems using
6 mol L' KOH (99.999%, purchased from Aladdin
Industrial Corporation) electrolyte. The active materi-
al was mixed with acetylene black and polytetra-
fluorethylene (PTFE, purchased from Alading Indus-
tries) at a ratio of 8 : 1 : 1 on nickel foam to prepare
the working electrode (the thickness of the active ma-
terial was = 0.026 mm), and the electrode was dried
under vacuum at 120 °C for 12 h. The ZIHCs were
prepared by zinc anode (7.14 g cm™® of density and 80
mm of thickness) and NBSPC-X cathode in 2 mol L™
ZnSO0, electrolyte. The cathode was prepared by mix-
ing NBSPC-X, acetylene black and polyvinylidene
fluoride (PVDF)(=98%, purchased from Aladdin In-
dustrial Corporation) at a ratio of 8 : 1 : 1, uniformly
coated on carbon cloth, and dried under vacuum at
120 °C for 12 h, with an area of 1.131 cm 2. The sur-
face mass load is about 1.0 ~ 1.3 mg cm°, and the
total mass of active substances in the cathode is about
1.1 ~ 1.5mg. All electrochemical tests are per-
formed at the CHI660E Electrochemical workstation.
CV curves are tested at scan rates ranging from 10 to
500 mV s'. Galvanostatic charge/discharge was per-
formed from 0.2 to 50 A g'. The electrochemical im-
pedance spectroscopy (EIS) was performed in the fre-
quency ranging from 0.01 to 10 000 Hz with the amp-
litude of 5 mV.

3 Results and discussion

Fig. 1 shows the morphology of NBSPC-4.
Figs. 1a-b shows that the NBSPC-4 has lamellar hon-
eycomb porous structure. In Fig. S1, NBSPC with dif-
ferent ammonium borate dosages also exhibit obvious
porous structures. The mechanism of this self-tem-
plated formation of porous carbon has been discussed
in detail in previous work of our research group’.
Fig. S1 shows the carbon matrix of NBSPC samples
was severely etched, the pores collapsed, and the pore
structure was mainly micropores. However, the car-
bon skeletons of samples doped with N and B atoms

are stable, and most of them are mesoporous. As

shown in Fig. 1c-e , many poles can be observed, in-
dicating that this preparation strategy can effectively
synthesize porous carbon. From the yellow circular
marks in Fig. le, it can be seen that NBSPC-4 has a
large number of mesoporous and macroporous sur-
faces, which is conducive to creating more diffusion
channels to optimize ion transport, thus effectively
improving the kinetic properties of carbon materials.
Fig. 1f shows chaotic lattice stripes of NBSPC, which
indicates NBSPC is a typical amorphous carbon struc-
ture. The illustration shows the carbon layer spacing
obtained by Fourier transformation of lattice fringes is
0.45 nm, higher than the graphite carbon layer spa-
cing of 0.335 nm, which is conducive to the embed-
ding and removal of Zn*". Consistently, the ambigu-
ous SEAD diffraction rings in Fig. 1g can also prove
that NBSPC is amorphous carbon, the disordered
structure can increase the pore space utilization of the
electrode and improve the capacitive performance.
The results of HAADF analysis and mapping test are
shown in Fig. 1h-i. This result shows C, N, O and B
are evenly distributed on the surface of NBSPC, indic-
ating that this co-carbonization strategy successfully
doped N and B elements into the sample.

As shown in Fig. 2a, there are obvious differ-
ences between the nitrogen adsorption-desorption
curves of NBSPC and NBSPC-X. NBSPC shows typ-
ical type II isotherms, indicating its pore structure is
mainly composed of micropores, which mainly due to
the SA-template pore-making mechanism. However,
B, N co-doped samples exhibit type IV isotherms, in-
dicating the coexistence of mesopores and micro-
pores. Mesoporous pores contribute to the rapid diffu-
sion of ions, and large pores can be used as ion buffer
pools. Consistently, the pore size distribution shows
the same results (Fig. 2b). The BET test shows that
this B, N co-doping strategy reduce the specific sur-
face area of the material (Table S1), and shows that
there is a synergy between B atoms and N atoms. In
the Raman spectrum of carbon materials, the ratio of
I, and I;; is usually used to measure the defect content
of carbon materials™". In Fig. 2c, the ratio of 7, and I,

of NBCPS-4 is the largest compared to other samples.



Fig. 1 (a-b) SEM images of NBSPC-4. (c-d) TEM images of NBSPC-4. (e-f) HRTEM images of NBSPC-4. (g) SAED patterns.
(h-1) HAADF analysis and mapping

This result shows that as the B, N doping amount in-
creases, the defects of the sample increase, but when
the doping is excessive, the material defects begin to
decrease again. XRD patterns shows the NBSPC and
NBSPC-X are all amorphous carbon (Fig. 2d). In
FTIR spectrum (Fig. 2e), diffraction peaks appear at
1175 and 1000 cm', representing B—C and B—O
bonds respectively, indicating the successful doping
of B element™. Fig. 2f, Fig. S2 and Table S2 exhibit
the results of XPS test. As shown in Fig. 2f and Table
S2, as the amount of ammonium borate increases, the
content of N and B elements increases. In addition, as
shown in Fig. S2, there is a significant increase in
C—N—B and C—B bonds. These results illustrate

the successful doping of N and B elements™. The
NBSPC-4 sample has a relatively high proportion of
N-5 and N-6 atoms, both of which provide a higher
electrochemical activity for the material. Compared to
other samples, the NBSPC-4 sample contains the most
C-N-B bonds (28.8%), which can optimize the un-
stable defects in the carbon network and promote the
structural stability of the carbon material.

As shown in Fig. 3, the electrochemical perform-
ance of NBSPC and NBSPC-X as symmetric superca-
pacitor electrodes in 6 mol L™' KOH were evaluated in
detail. In Fig. 3a, NBSPC-4 exhibits the longest dis-
charge time, suggesting that NBSPC-4 has the largest
specific capacity®. Consistently, Fig. 3b shows that
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Fig. 2 Characterization of NBSPC samples: (a) Nitrogen adsorption-desorption curves. (b) Pore size distribution. (c) Raman spectroscopy. (d) XRD diffrac-

NBSPC-4 also has the largest CV pattern area, which
also indicates that NBSPC-4 has the highest specific
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ditional pseudocapacitance to increase the specific ca-
pacity. However, excess B reduce the specific capa-
city because the excess B elements reduce the con-

ductivity of the electrode™

. As shown in Fig. 3c,
NBSPC-4 exhibits the largest linear slope in the low
frequency region, indicating the fastest diffusion be-
havior. This is because the B, N functional group im-
prove the wettability of the material surface to the
electrolyte. Fig. 3d shows that NBSPC-4 has the
highest specific capacity and rate performance, which
is also attributed to the above conclusions. As shown
in Fig. 3e, NBSPC-4 exhibits an isosceles triangle-like
shape under different current densities, indicating the
energy storage mechanism of coexistence of pseudo-
capacitance and electric double layer capacitance.
Fig. 3f shows that NBSPC-4 exhibits a quasi-rectan-
gular shape at different scan rates, which also illus-

trates the coexistence mechanism of pseudocapacit-

anceandelectricdouble-layercapacitance®. Asshownin
Fig. 3g, NBSPC-4 demonstrates excellent cycle stabil-
ity, and can be cycled stably for 30 000 times at
10 A g with a capacity retention rate of 97.8%. The
calculated energy and power density are shown in
Fig. 3h, which is 6.35 Wh kg (125 W kg') and
3.35 Whkg™' (5000 W kg™).

As shown in Fig. 4, NBSPC-4 exhibits excellent
electrochemical performance of ZIHCs. ZIHCs are as-
sembled with NBSPC as cathode and Zn metal as an-
ode (Fig. 4a). As shown in Fig. 4b, NBSPC-4 exhib-
its the highest discharge time compared with other
which the highest
capacity™. It is proved that the synergistic effect of N

samples, indicates specific
and B co-doping plays an important role in capacity
enhancement. Consistently, in Fig. 4c, NBSPC-4 has
the largest CV curve area, which also shows that

NBSPC-4 has the highest specific capacity. In addi-

(a) - ® 5, (c) al
Nbsp&3| T
i - T3t
SOz 9 @ Zn? 1.6 —NBSPC-4 <U)
9 & > —NBSPC-5| £ 27
e s 12 =
° g - s 1T
9 o S c [
> ° 2 08 g0
e © L & E -
0.4 £ -2l NBSPC
@ e - T NBSPC-3
O -3l NBSPC-4
—NBSPC-5
NBSPC-4 Zn anode -4 . . . .
00 04 08 12 16 20
(d) () Voltage (vs.Zn?*/Zn)/V
~ = 120
T o X
> <
= 100 < 160 100 3
£ L . < NBSPC o
5; > 120 unit: Ag™ NBSPC-4 80 e
2 g 2..5.10 20 4090 3
g 10 NBSPC S 80 w 5
5 ~~ NBSP&d o 5
2 —~ NBSPG-5 S 40 20 3
g1 . . & o o ©
100 1000 10000 . h . . 0 20 40 60 80
Power density (W kg™') 0 10 20 30 40 50 Cycle number
o E (Wh kg™)
(:92 100 3 () g —o— This work
o I[ — 100 2 ﬂikﬂg/?M 0
< -1 = A no,
g 80 20Ag lso € ——LDC
= " 94.5% 2 —+—AC
%, 60 ] Initial 5 cycles s Last 5 cycles 160 e . PSCA
g S 2 o HMCs
g 40 %12 %12 140 -E PONS
Q 206 §06 o
£ 20 120 3
;’.)_ O 0 20 .40 60T|me§sn 100 1.20 140 0 ?0 40 Sgnme/BSU 1.00 120 140 0 o 20
0 3000 6000 9000 12000 15000 Cycle life!5000 P (kW kg™')

Cycle number

Fig. 4 Electrochemical performance of Zn-ion hybrid capacitor: (a) Schematic illustration of ZIHCs. (b) GCD curves. (c) CV curves. (d) Energy/power dens-

ity comparison. (e) Nyquist plots. (f) Rate performance. (g) Cycling stability. (h) Comparison of energy density, power density,

and cycling stability of NBSPC-4 and other types of advanced carbon materials
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tion, the curves of NBSPC samples show a relatively
regular quasi-rectangular shape, while the curves of
doped samples show obvious hump and distortion,
which is due to the redox reaction triggered by the in-
clusion of N and B heteroatoms. By calculation,
NBSPC-4 delivers the highest energy density
(Fig. 4d), which are 162.9, 127.1, 110.2, 100.7, 90.8,
83.9, 75.0, and 63.5 Wh kg ™" at 200, 500, 1 000, 2 000,
5000, 10 000, 20 000 and 50 000 W kgfl, respect-
ively. As shown in Fig. 4e, NBSPC-4 has the smallest
semicircle in the high frequency region and the
straight line with the largest slope in the low fre-
quency region, indicating that it has the smallest
charge transfer resistance (R,) and the fastest diffu-
sion behavior, which benefits from the reasonable
pore structure and sufficient functional groups of
NBSPC-4. Combining these advantages, NBSPC-4
shows a rate performance (Fig. 4f) of 102.4, 100.2,
97.5, 96.7, 94.1 and 85.4 mA h g' when the current
densities are 0.5, 1, 2, 5, 10, 20 and 40 A g', respect-
ively, which far exceeds that of NBSPC. As shown in
Fig. 4g, NBSPC-4 can stably cycle 15 000 times at an
ultra-large current density of 20 A g' with a capacity
retention rate of 94.5%. It is worth mentioning that the

GCD curves in the first 5 cycles are almost the same

as those in the last 5 cycles, which also shows the ex-
cellent stability of NBSPC-4*!. In Fig. 4h, compared
with other recently published ZIHCs cathode materi-
als, NBSPC-4 is at a higher level in terms of energy
density, power density and cycle life.

The kinetic analysis of NBSPC-4 is shown in
Fig. 5. GCD tests with different current densities are
used, as shown in Fig. 5a. The curve shows a similar
quasi-triangular shape, indicating that the material has
good reversibility and electrical conductivity®”. The b
values of the oxidation peak and the reduction peak
are calculated from the CV curves at different scan
speeds in Fig. 5b. The closer the b value is to 0.5, the
electrochemical behavior is dominated by diffusion,
and the closer the b value is to 1, the electrochemical
behavior is dominated by capacitive behavior. As
shown in Fig. 5c, the b values of both peaks are close
to 1, which once again confirms that NBSPC-4 is
dominated by capacitive behavior®”. This is because
the porous structure and abundant functional groups
on the surface promote the material’s adsorption beha-
vior of Zn ions. The results of capacitive and diffu-
sion-controlled contribution are exhibited in Fig. 5d
and Fig. Se. Consistent with the previous results,

NBSPC-4 is mainly based on capacitive behavior. As
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Fig. 5 (a) GCD curves at different current densities of NBSPC-4. (b) CV curves at different scan rates of NBSPC-4. (c) b values. (d) Capacitive and diffusion-

controlled contribution to Zn storage of NBSPC-4 at 10 mV s '. (¢) Normalized contribution ratio of capacitive and
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the scanning speed increases, the proportion of capa-

citance gradually increases”'**.

4 Conclusion

In this work, the N, B co-doped sodium alginate-
based porous carbon (NBSPC) has been successfully
synthesized. The electrochemical properties of raw
materials can be well improved through this efficient
doping strategy of N and B. This N, B co-doped
strategy can improve the materials wettability and
electric double layer electrochemical behavior. When
used as the cathode in zinc-ion hybrid capacitor (ZI-
HCs), NBSPC shows excellent rate performance
(85.4 mA h g' even at ultra-high current density of
40 A g') and cycling stability (15000 cycles at
20 A g with a capacity retention rate of 94.5%). This
efficient strategy provides a new idea for developing
high-performance ZIHCs cathode.
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