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Nitrogen-doped activated carbons (NACs) were prepared through
a one-step process. The obtained NACs show high surface area up
to 2900 ng'l with a moderate N content up to 4 wt%.
Electrochemical evaluation of the NACs show a high specific
capacity of 129 mAhg'1 (185 Fg'l) in organic electrolyte at a current
density of 0.4 Ag'l, as well as excellent rate capability and cycling
stability. The hybrid-type supercapacitor assembled using the
NACs and Si/C electrode exhibites a high material level energy
density of 230 thg’1 at 1747 Wkg'l. The hybrid device achieved
76.3% capacity retention after 8000 cycles tested at 1.6 Ag'l.

In recent years, rapid growing commercial electrical device
market evokes high demand of novel energy storage systems
that can provide higher energy and power than traditional
systems.l’2 Besides lithium-ion batteries, supercapacitor has
been recognized as promising system for power-based
applications. Comparing with traditional dielectric capacitors,
supercapacitors can provide higher energy density while
maintaining the high power output.3 However, although
providing extremely long cycling life, their relatively low
energy-to-power ratio hindered their further application in
some area where both energy and power are required, such as
hybrid electrical vehicles (HEV). In order to further improve the
performance, novel capacitor systems utilizing different
surface chemistry and device configuration has been proposed
and investigated. Recently, hybrid-type supercapacitors (HS),
or called supercapacitor-battery hybrid system, attracted
attention due to their high energy/power ratio, comparing
with traditional electron double-layer capacitors (EDLC). Such
systems utilize traditional capacitor electrode as one electrode
via sorption of ions, and lithium-ion battery (LIB) electrode as
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counter electrode via Li ion insertion/intercalation.4’5 The
application of promising high energy LIB electrode materials
help improve the performance of the hybrid system
significantly. Several examples have been reported with
exciting results.> ™ Among those, the configuration using high
energy LIB anode materials, such as silicon, could provide
higher energy density and power density.8 However, the
energy and power density of the device are determined by the
cathode part due to the asymmetrical configuration and huge
difference in specific capacity of cathode and anode.
Therefore, a further improvement of the system level
performance is still prohibited by the cathode materials, which
always have much lower specific capacity (or capacitance) than
those of anode materials.! The same issue has been
emphasized in the LIB studies.’*? Thus, development on
cathode material for the HS with improved electrochemical
performance is highly necessary.

Activated carbons (ACs) have been widely used as active
material in many types of supercapacitors, due to their high
surface area and porous structure which are important to final
power and energy storage capacity.”’>'* Other advantages
such as low cost and industrial large-scale production which
are also superior to other types of porous materials, are critical
for their application in commercial capacitor devices, too.™

Unfortunately, common physical or chemical activation
methods always produce a wide range of pore size
distribution, ranging from micro-size to macro-size.”> The

specific capacitance of such kind of ACs is thus limited,
although having high surface area up to 3000 ng'l. Therefore
novel activation or preparation methods providing narrow
pore size distribution and controllable pore structure is
necessary for further development of AC materials.

Besides structure tuning, proper surface functionality also
help improve the performance of AC materials. Recently,
nitrogen-doping was found help increase the specific
capacitance of AC materials effectively.wi20 Possible
explanations for the capacitance increase are the faradaic
reaction of the nitrogen-containing functional groups and
improving wettability of the pore walls. Some recent research
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results also suggest that the heteroatom doping can increase
the conductivity of porous carbon materials.”**

Herein we report a novel one-step process for nitrogen-
dope ACs (NACs) preparation utilizing agricultural waste
(corncob) as precursor. The obtained NACs had a narrow
micro- to meso- pore distribution and showed a high specific
surface area of up to 2859 ng'l with a moderate N content of
up to 4 wt%. The NACs delivered a high specific capacity of up
to 129 mAhg'1 (185 Fg'l) in organic electrolyte at a current
density of 0.4 Ag'l, as well as an excellent rate capability and
much improve cycle stability. The HS assembled using the
NACs and Si/C electrode materials showed an energy density
of 230 thg'1 at power density of 1747 Wkg'l. Even at
elevated working power density of 30127 Wkg'l, such a
supercapacitor can still provide an energy density of 141
thg'l. To our knowledge, this is the highest value among
previously reported literature results. Such HS device also
showed a good cycling stability with 76.3% capacity retention
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after 8000 cycles at 1.6 Ag'l.

Figure 1 (A) SEM image of NAC-400, TEM image of (B) NAC-0, (C) NAC-400,
and (D) NAC-600.

Results and discussion
Synthesis

In this work, corncobs were utilized as the precursor for
NACs preparation. The corncobs were pre-dried at 120 °C for
12 hours before being grounded and sieved. The powders
were mixed with KOH followed by heat treatment at different
temperature under N, flow with NH3 as nitrogen source. Three
NACs, namely NAC-x where x is the heat treatment
temperature, were prepared further
characterization and electrochemical performance evaluation.
Characterizations

and used for

The bulk particle of NACs is micron-sized ranging from 5 to
30 um, as shown in Figure 1A and Figure S1. There was no
observable macro-sized pore and large meso-sized pore based
on the TEM images of all NACs shown in Figure 1 B-D. Nitrogen
content of all samples were determined by elemental analysis.
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As the heat treatment temperature increases, the nitrogen
content increases form 2.97 wt% for NAC-400 to 3.98 wt% for
NAC-600. Oxygen content was also found accompanied with
nitrogen. NAC-400 shows oxygen content of 9.8 wt%, while
NAC-600 had oxygen content of 9.05 wt%. All NACs show
similar C and O signals (Cls, O1s) in XPS spectra (Figure 2A,
Figure S2). Typical Cls, Ols and N1s of the synthesized carbon
(NAC-400) are shown in Figure 2 A. The C1s peak is dominated
by C-C bond (diamond and graphite type) at 248.8 eV. Small
amount ethereal carbon (C-OH, 286 eV) and carbonyl carbon
(C=0, 290 eV) can also be detected from both the Cls and Ols
XPS (531.5 eV and 532.5 eV).Zs'26 This type of surface
functional groups is well known to increase the capacity of the
engineered carbon for their fast reaction with lithium.?” The
N1s peak is mainly composed of pyridinic N (399.7 eV),
together with small amount of N-oxides (402 eV).14’28’29 In
contrast, the NAC-600 has two peaks in the same range
instead of one, as shown in Figure S2. The contribution from N-
oxides was more than that of NAC-400. Raman spectra of
NACs show intensive G bands, suggesting partially graphication
of all activated carbon materials (Figure ZB).30 With higher
heat treatment temperature, much more graphication is
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obtained for NAC materials, as shown in Figure 2B.

Figure 2 (A) XPS spectra of NAC-400, (B) Raman spectra of all NACs, (C)
nitrogen adsorption isotherms at 77K, and (D) pore-size distribution of
NACs.

The pore structure of NACs was analyzed by N2-sorption at
77K. The isotherms plots in Figure 2C clearly show type |
isotherm curves with well-defined plateaus, suggesting a
microporous nature of the NACs. The pore size distributions
were calculated by Density Functional Theory (DFT) method
and were shown in Figure 2D. All samples have pore
distribution peaks between 0.5 and 5 nm, which suggests the
formation of both micropores and small mesopores. As the
heat treatment temperature increases, the pore size
distribution peaks at mesopore range become broader,
suggesting formation of slightly larger size mesopores. All
NACs show similar high BET specific surface area of 2759, 2859
and 2787 ng'l for NAC-0, NAC-400 and NAC-600, respectively.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3 (A) Cycling performance of all NACs, (B) CV diagram of all
NACs at scan rate of 5 mV/s, (C) rate performance of all NACs, and (D)
Voltage profile of NAC-400 at different current densities.

The electrochemical performance of NACs were evaluated
using coin format cell. The capacities were read from the
instrument by galvanostatic charge/discharge method.
Corresponding specific capacitance was calculated based on
the capacity (see supporting information). Figure 3A shows the
cycling performance of all NAC materials at current density of
0.4 Ag'l. Both NAC-0 and NAC-400 show high initial specific
capacity of 129 mAhg'1 (185 Fg'l) and 127 mAhg'1 (182 Fg'l),
respectively. In contrast, the NAC-600 has lower initial capacity
of 110 mAhg'l. All NAC materials show good cycling stability
and Coulombic efficiency (CE). NAC-400 shows the best
capacity retention of about 86% (110 mAhg'l) after 500 cycles
among all samples. The cycling CE is above 99.2% after initial
cycles. The Cyclic voltammetry (CV) profiles of NACs maintain
quasi-rectangular shape at 5 mV/s scan rate, indicating the
capacitive behavior of all samples (Figure 3B). Figure 3C shows
the performance of NAC materials under varies current
densities. The difference in specific capacities of all samples
becomes more and more distinct with increased current
density. At low current densities of 0.4 Ag'l, all three NACs
show similar specific capacity at above 110 mAhg'l. However,
at elevated current density of 0.8 Ag'1 and 1.6 Ag'l, the specific
capacity of NAC-600 drops significantly lower than the other
two materials. At a high current density of 12.8 Ag'1 (128 C),
the NAC-400 provides a capacity of 73.7 mAhg’l, which is 15%
and 33% higher than those of NAC-0 (63.8 mAhg'l) and NAC-
600 (55.3 mAhg™).

The electrochemical performance of the NAC materials is
considered depending on the N-doping of the materials. Both
the specific capacity and cycling stability were improved by
increasing the N amount from 0 wt% of NAC-0 to 2.97 wt% of
NAC-400. However, when the N-doping further increased to
3.98 wt% for NAC-600, the electrochemical performance
including reversible capacity, capacity retention, and rate
performance become worse comparing with those of NAC-
400. The much increased oxidized pyridinic N found in NAC-
600 is considered as one key factor resulting in capacity drop
due to the positive charge on N which will affect the ion

This journal is © The Royal Society of Chemistry 20xx

adsorption.20 A slightly reduced BET surface area of NAC-600
also affect the specific capacity drop.

The N-doping of NACs also help improve the conductivity,
as supported by electrochemical impedance spectroscopy (EIS)
(Figure S3). In particular, the diameter of the kinetic loop
corresponds to charge transfer resistance of the NAC-400,
which has a strong impact on the specific capacity, was much
smaller than that of the NAC-0. The linear galvanostatic
charge/discharge profiles of NAC-400 were tested at 0.4 - 12.8
Ag'l, meaning capacitive behavior with the
adsorption/desorption of ions on the electrode surface, as
shown in Figure 3D.
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Figure 4. (A) CV diagram of NAC-400-Si/C HS full cell at different scan rate,
(B) voltage profile of NAC-400-Si/C HS, (C) long cycling performance of NAC-
400-Si/C HS at 0.4 Ag'l, specific capacity is normalized to NAC-400, and (D)
Ragone plot of the NAC-400-Si/C HS.

HS full cell was assembled using NAC-400 as the cathode
and Si/C as the anode materials (see supporting information).
During the charge process, PF g were absorbed in the porous
structure of NAC, while Li* from electrolyte were alloyed with
the Si/C. Discharge process was in reverse of the charge
process. Mass ratio of the electrode active materials was
optimized to 2:1 for the best electrochemical performance and
energy/power density (see supporting information).

The CV profile of the HS showed a gradual deviation from
the ideal rectangular shape with increasing scan rate, which is
owing to the overlapping effects of two different energy-
storage mechanisms (Figure 4A). This observation is consistent
with the voltage profile of the HS using galvanostatic
charge/discharge method, which showed little deviation from
the linear slop (Figure 4B). The HS showed good cycling
stability of 76.3% capacity retention in 8000 cycles at a high
current density of 1.6 Ag'1 (Figure 4C). The Coulombic
efficiency of the full cell is relative high, with an average of
99.8 %. The Ragone plot (power density vs. energy density,
material level) of HS is shown in Figure 4D. The energy density
and power density were calculated based on the total mass of
active materials on both the cathode and the anode. The
detailed calculation method of the energy and power density
is in supporting information. The HS showed a high energy
density of 230 thg'1 at 1747 Wkg'l, which also remains of
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141 thg'1 even when power density elevated to 30127 Wkg’
! Table S2 listed some Li-ion hybrid systems with typical
energy and power densities for an approximate comparison,
such as AC//hard carbon31, AC//soft carbon32, AC//LTO33,
AC//B-Si/SiOZ/CS, 3D graphene//Fe304/graphene7,
CNS//MnO/CNS9, as well as an example of Na-ion hybrid
system PSNC//PSOC-A**. The performance of this work is still
quite promising and is among the best reported hybrid type of
supercapacitors.

We also found that a narrower voltage window help
increase the long cycling stability, although sacrificing the
energy density. When the voltage window changesto 2 -4.0V,
energy density reduces 30% at the same power density, while
the cycling performance improved with a capacity retention of
88% after 8000 cycles (Figure S4 and Table S1).

Conclusions

In summary, novel N-doped activated carbons
synthesized via one-step method. The obtained NACs showed
excellent electrochemical performance with a specific capacity
up to 129 mAhg'1 and capacity retention of 86% in 500 cycles.
The N-doping of the NACs was found to help improving the
performance. The Hybrid-type supercapacitor was further
assembled and evaluated utilizing NACs and Si/C
nanocomposite. With the optimized N/P ratio, the hybrid
system showed a high energy densities of 230 — 141 thg"1 at
power density from 1747 to 30127 Wkg"l, which are among
the highest numbers of reported hybrid-type systems. Good
long cycling stability was also obtained with a capacity
retention of 76.3 % after 8000 cycles for the hybrid-type

supercapacitor.
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Broader Context

The present work provide a novel one-step synthesis for nitrogen-doped activated carbon. The
excellent performance of the N-doped AC allows their further application in hybrid-type
supercapacitor, which utilizes a combination of the capacitor electrode and Li-ion battery anode. The
special configuration can much improve the energy density, which could be several times of
traditional electric double-layer supercapacitor, without sacrificing the power density. The N-doped
AC and corresponding hybrid supercapacitor presenting in this work can provide a good example for
novel material and system design for advanced energy storage system



