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Abstract: The hierarchical porous N/O co-functionalized carbon (HPNOC) was scalably prepared by using the low-
cost and renewable blighted grains as the raw material coupled with mild KHCOj activation for electrochemical ca-
pacitors (ECs). The elemental N was in situ doped in the obtained HPNOC without any N-containing additives.
Remarkably, the obtained HPNOC was endowed with a large specific surface area (about 2 624 m*+g '), high
pore volume (about 1. 35 cm®+g™!), as well as high-content N/O functionalization (about 1. 9% (in atom) N and
about 10. 2% (in atom) O. Furthermore, the as-resulted HPNOC electrode with a high mass loading of 5 mg-«
cm ? exhibited competitive gravimetric capacitances of about 373.6 Feg ' at 0.5 A*g ', and even about 260. 4 F+

g ! at a high rate of 10 A*g !; superior capacitance retention of about 98. 8% at 1 A+g ! over 10 000 consecutive

! ', when evaluated as a promising

cycles; and high specific energy of about 9.6 Wehekg™ ' at a power of 500 Wekg
electrode in 6 mol KOH for advanced electrochemical supercapacitors. More encouragingly, the green synthetic
strategy we developed holds a huge promise in generalizing for other biomass-derived carbon materials for versatile
energy-related applications.
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0 Introduction

Electrochemical supercapacitors, especially
electric double-layer capacitors (EDLCs), have
gained increasing attention for energy storage ap-
plications, particularly in high-power devices,
owing to their fast charge/discharge capability

031 However,

and long-span cycling stability
EDLCs still suffer seriously from low specific en-
ergy (SE), which greatly limits their practical

applications. According to the classic formula
(SE:%CVZ), SE can be improved by increasing

the specific capacitance C and/or broadening the

voltage window V of the cell. The intrinsic capac-
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itance of EDLCs entirely originates from the pure
charge accumulation at the electrode/electrolyte
sur-/interfaces, thus large specific surface area
(SSA) and suitable porous structure of the carbon
electrodes are mnecessary for high-performance
EDLCs electrodest .

tion of heteroatoms (N, P, S, etc.) is conducive

In addition, the introduc-

to improve the ultimate capacitances of carbon
materials. Elemental nitrogen and/or oxygen do-

further pseudocapacitance

through the redox reactions'®', and meanwhile

[5.6]

ping can provide

improve the electrode wettability Besides,
the N species can enhance the conductivity of car-
bon materials themselves by adjusting the sup-

ply/acceptance of electrons in C atoms™ . Nota-
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bly, the elemental oxygen is generally an ineluc-
tably concomitant species in the porous carbon
materials. As a contrast, the heteroatom of N
should be purposefully introduced. What counts
for practical applications of high-performance car-
bon electrodes is how to in situ dope the elemen-
tal N in the carbons without any extra N re-
sourcet™,

In common, biomass materials inherently
with different heteroatoms are renewable/eco-
friendly and abundant in nature, and can be fur-
ther converted into advanced carbons with in situ
doped heteroatoms. Until now, various biomas-

ses, including popcorn™, stiff silkworm™’,

[10] [11]
b

hexagonia apiaria-'®’, rose multiflora cash-
mere 2, shiitaket®, lignitel', and so on, have
been investigated for preparing high-performance
carbon materials. It is particularly worthy of no-
ting that the highly corrosive and expensive KOH
is always used as an activating agent for fabrica-
ting biomass-derived carbon-based materials™® '/,
which is not beneficial for commercial applica-
tions. As a result, the exploration of low-cost
and mild activating agents is still of great signifi-
cance, and hugely challengeable.

Herein, we purposefully synthesized a hier-
archical porous N/O functionalized carbon (HP-
NOC) from resourceful blighted grains by using
the KHCO; as a mild and eco-friendly activator.
Remarkably, the as-fabricated HPNOC electrode
delivered high-rate capacitances and good cycling
stability over 10 000 charge-discharge cycles in
6 mol KOH electrolyte, thanks to its unique por-

ous architecture and striking N/O functionaliza-

tion.

1 Experiment

1.1 Synthesis of HPNOC sample

Typically, the blighted grains were repeti-
tiously washed with distilled water and absolute
ethanol, and finally dried at 80 °C for 24 h. The
dried blighted grains were pre-treated in a tubular

furnace at 500 C for 1 h, and the whole process

was conducted under N, atmosphere. The ob-
tained black powder was further mixed with the
activation agent KHCO; with a mass ratio of
1: 3. Afterwards, the mixture was placed into a
horizontal tube furnace and annealed under N,
flow at 900 °C for 2 h, and then the sample was
cooled to room temperature (RT). Subsequently,
the resultant product was washed thoroughly
with a 0. 1 mol HCI solution and distilled water
until the pH value reached 7. The final samples
were gained after drying at 80 °C. For compari-
son, the sample without the KHCO; activation
was obtained via the same procedure as the HP-

NOC just with the absence of KHCO;.
1.2 Characterizations

The structure and morphology of samples
were confirmed by X-ray diffraction ( XRD,
Rigaku Ultima IV), scanning electron microscopy
(SEM, JEOL-6300F), transmission electron mi-
croscopy (TEM) and high-resolution TEM (HR-
TEM, FEI TECNAI-20). The Raman analysis of
the samples was recorded by LaserRaman
(T6400, Jobion Yzon Corp.). X-ray photoelec-
tron spectroscopy ( XPS) was obtained via a
VGESCALAB MKII X-ray photoelectron spec-
trometer. N, adsorption/desorption was deter-
mined by Brunauer-Emmett-Teller (BET) meas-
urements using a TriStar 1T 3020ASAP-2020 sur-
face area analyzer. BET equation was used to cal-
culate the SSA of samples. The pore size distri-
butions were evaluated by Barrett-Joyner-Halenda

(BJH) and Density-Functional-Theory (DFT)

methods.
1.3 Electrochemical measurements

The working electrodes were prepared with
the electroactive material HPNOC, acetylene
black and polytetrafluoroethylene (PTFE) in a
weight ratio of 8 + 1 ¢ 1. A small amount of dei-
onized water was then added to obtain a more
homogeneous mixture, which was pressed onto a

Ni foam (1 cm X 1 cm) under a pressure of

15 MPa for following electrochemical measure-
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ment in 6 Mol KOH solution. The typical loading
of the active HPNOC on each electrode was

5 —2
5 mgecm °.

Electrochemical characterization was
performed in a three-electrode system, where a
platinum plate (1 cm”) and a saturated calomel e-
lectrode (SCE) were separately applied as the
counter and reference electrodes at RT, or in two-
electrode configuration with two identical elec-
trodes face to face in 6 mol KOH electrolyte.

Electrochemical performances were conduc-
ted by cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD) measurements with an
IVIUM electrochemical workstation (the Nether-
lands). The cycling stability was evaluated with a
CT2001D tester ( Wuhan, China). The specific
capacitances (SCs) of the electrode or symmetric
ECs were estimated from the CP curves based on
the following equation

I
AV

where I, ¢t and AV are the discharging current

SC

density (A+g '), discharging time (s) and dis-
charging potential range (V) of the electrode or
symmetric EC, respectively. Of note, I is calcu-
lated based on the two identical electrodes in the
case of symmetric ECs. And the specific energy
density (SED) and the specific power density
(SPD) of the HPNOC-based symmetric ECs can

be calculated using the following equations
SED =L SC(AV)’

SPD =SED/:
where SC is the capacitance of the symmetric de-
vice calculated based on the mass of the electroac-
tive HPNOC in the two electrodes. The AV is for
the working potential window of the HPNOC-

based symmetric ECs.

2 Results and Discussion

2.1 Physicochemical characterization

Typical SEM image of the as-obtained HP-
NOC, as shown in Fig. 1(a), presents large in-
terlaced sheets in micrometer size. Further TEM

observations (Figs. 1(b), (¢)) are conducted to

examine the micro-structures of the HPNOC
more clearly. Fig. 1(b) depicts the TEM image of
the HPNOC. Obviously, a mass of highly inter-
connected pores and channels can be seen, in
which electrolyte ions can diffuse and transport
more easily. Furthermore, some structural de-
fects and lattice disorder are evidently observed in
the HRTEM image (Fig. 1(c¢)). Corresponding
energy dispersive spectrometry elemental map-
ping analysis for the HPNOC specimen, as pres-

ented in Figs. 1(d)—(g), verifies the co-existence

and uniform distributions of C, N and O species

in the HPNOC product.

Fig. 1 SEM, TEM and HRTEM images for elements C,
N and O of HPNOC sample

As observed in the XRD pattern of the HP-
NOC (Fig. 2(a)), two broad peaks of (002) and
(100) at 20 of about 22. 8° and about 43. 6° are re-
lated to disordered carbon and graphite (JCPDS
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card No. 41-1487)M%, respectively. The high
(002 ) peak intensity reveals the dominantly
amorphous feature for the HPNOC, which ac-
cords well with the above HRTEM observation.
As seen in the Raman spectrum (Fig. 2 (b)),
characteristic D and G bands centered at about
1356.3 and 1 597. 1 ecm ' are assigned to the
non-perfect carbon structure and the sp’-hybrid-
ized carbon framework® , respectively. The I/
I, value is well fitted as about 0. 43 for the HP-
NOC, which should result from the high-temper-
ature KHCQO, activation.

Figs. 2(c), (d) collected the high-resolution
element XPS spectra of the HPNOC, and fitted
profiles for the N and O species by the Gaussian
fitting method. Specific information about the
two elements is summarized in Table 1. As not-
ed, corresponding chemical compositions of the
HPNOC are estimated as about 87.9% (in atom)
of carbon, about 1. 9% (in atom) of nitrogen and
about 10.2% (in atom) of oxygen according to
the XPS measurement. Obviously, the N 1s spec-
trum (Fig. 2(c)) can be fitted into four typical
peaks, representing pyridinic N (N-6, 26. 2%,
about 398. 5 eV), pyrrolic N (N-5, 27. 3%,
about 399. 8 eV), graphitic N (N-Q, 22. 8%,
about 401. 5 eV) and oxidized N (N-X, 23. 7%,
about 402.5 eV) 7,
of the N-Q (about 0. 43% (in atom)) and N-X
(about 0.52% (in atom)) can hugely enhance the

The high-content existence

rapid electronic transfer through the carbon elec-
trode™ . As for the O 1s (Fig. 2(d)), three
configurations are determined, including the
ethers and phenols type groups (O,, 60. 9%,
about 533.1 eV), carbonyl groups (O,, 33.4%,
about 533.8 eV), and chemisorbed oxygen and/
or water bonded to the carbon surface (O,,
5.7%, about 538. 0 eV)L,
surface N/O-containing groups would enhance
the hydrophilicity and wettability of the HPNOC

electrode in aqueous KOH solution', which

Furthermore, these

makes the electrolyte easily impregnate into the

inner pore sur-/interfaces as large as possible for

even higher surface utilization towards improved

electrochemical behaviors.

/au.
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Fig. 2 XRD pattern, Ramam spectrum and XPS spec-
trum of HPNOC product
Table 1 Corresponding XPS of elements N and O and fitted
data for the HPNOC sample
Sample Binding energy / eV Content (in atom)/%
N-6 398.5 0.50
N N-5 399. 8 0.52
N-Q 401.5 0.43
N-X 402.5 0. 45
(OF 533.1 6.21
O O, 533.8 3.41
(OF 538.0 0.58

To get more information about the pore
structure of the HPNOC sample, we measured
N, sorption isotherms accordingly. The typical
adsorption-desorption isotherm of the HPNOC,
as shown in Fig. 3(a), is approximately a combi-
nation of the types I and IV according to the 1U-
PAC classification. The unique isotherm plots
observed in Fig. 3(a) indicate the co-existence of
rich micro-/mesopores in the sample, which can
be further verified by its pore size distribution
plots (Fig. 3(b)). Corresponding pore parameters
of the HPNOC are collected in Table 1. The large
SSA of about 2 624 m®«g ', much larger than
that of the sample without activation (about
65 mieg ),

calculated from the adsorption
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branch and high total pore volume of about
1.35 cm’+g ', extremely benefits the electrolyte
accessibility to the HPNOC surface for rapid
charge storage. Furthermore, about 83% of the
porosity is attributed by micropores (1. 12 cm?®
g ') in the resulted HPNOC, which is beneficial

for efficient charge storage™'',

The mseopore
size distribution plot (Fig. 3 (b)) derived from
BJH method reveals that the mesopore size of the
HNPCs is mainly located from about 3. 4 nm to
3.8 nm, while there is broad micropore distribu-
tion (the inset in Fig. 3(b)) evaluated by DFT
method. Accordingly, the average pore size of the
HPNOC is calculated as about 2.1 nm. One
should note that the hierarchical porosity of the
HPNOC electrode, including micropores for elec-
trolyte ion adsorption, and mesopores for low ion
movement resistance and short ion diffusion dis-
tance"™ , make it promising for advanced EDLCs

as an electrode material.
900
750

600

Adsorbed / (cm’-g ™)

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P / P,)

of HPNOC

1.5 2.0
Pore size / nm

of HPNOC

Fig. 3 N, sorption isotherms and size distribution of the

HPNOC product

2.2 Electrochemical performance

Owing to large SSA., bi-model micro/meso-

pores, surface wettability and heteroatom func-
tionalization in the HPNOC sample, the as-pre-
pared HPNOC can be highly anticipated as a high-
performance electrode with superior electrochemi-
cal behaviors for next-generation EDLCs. A se-
ries of electrochemical evaluations were thus per-
formed in 6 mol KOH electrolyte. Fig. 4(a) com-
paratively plots the CV curves of the HPNOC and
carbon electrode without KHCOj; activation. The
higher electrochemical responses in both cathodic
and anodic processes are observed for the HPNOC
electrode, when compared with those for the car-
bon electrode without activating, which indicates
the higher
HPNOC. Moreover, the rectangular shape with

charge-storage capability of the
even quicker current response on potential rever-
sals, as evidenced in Fig. 4 (a), confirms the
much better electrochemical capacitances of the
resulted HPNOC. Fig. 4 (b) illustrates the CV

'to

curves at different scan rates from 10 mV s
100 mVes™!
served quasi-rectangular shape in the potential

window from 0.0 V to 1.0 V (vs SCE) even at a

in a three-electrode system. The ob-

sweep rate as high as 100 mV +s™ ' verifies the
characteristic double-layer capacitance of the HP-
NOC in nature. As the scan rate increases, the
curves still can keep quasi-rectangular shape and
respond quickly when the voltage reverses, sug-
gesting the high-power properties of the HPNOC
in 6 Mol KOH. Fig. 4(¢) shows the GCD profiles
of the HPNOC with different current densities
ranged from 0.5 A+.g 'to 10 A-g ',

symmetry in the triangular appearance of the

Striking

GCD plots testifies the outstanding electrochemi-
cal reversibility of the HPNOC during charge/
discharge processes.

Corresponding gravimetric capacitances as a
function of current rate are calculated with the
GCD data (Fig. 4 (c)), and are summarized in
Fig. 4(d). Encouragingly, the HPNOC electrode
obtains capacitances of about 373.6, 336.3,
315.2, 303.2, 288.4, 271.0 and 260. 4 Feg ' at
current densities of 0.5, 1, 2, 3, 5, 8, 10 A~
g ', respectively. Notably, the carbon electrode

without activation just delivers a capacitance of a-
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Fig. 4  Electrochemical performance in three-electrode

system with 6 mol KOH electrolyte

bout 108.4 Feg ' at 1.0 A+g '. More remark-
ably, the capacitance values of our HPNOC elec-

trode are much higher than many reported bio-

mass-derived carbon materials, such as, popcorn
(about 245 Feg ' at 0.5 Aeg DB, stiff silk-
worm (about 304 Feg ' at 1 A+g ), hexago-
nia apiaria (about 324 Feg 'at1 A«g DM, rose
multiflora (about 340 Feg ! at 0.5 A+g 1),
cashmere (about 360 Feg ' at 0.5 Aeg HM,
shiitake (about 315 Feg 'at 0.5 Aeg 1) ¥, lig-
nite (about 216 Feg ' at 0.5 A«g '), tobacco
rods (about 263.6 Feg 'at 0.5 Aeg I,

[3.19,20]
b

other

porous N-doped carbon materials even

(210 template car-

commercial carbon nanotubes
bon"**' and reduced graphene oxide film"™**. Addi-
tionally, as the current density increases from
0.5 Aeg 'to 10 A-g

of about 70% strongly suggests the outstanding

', the capacitance retention

rate performance of the HPNOC electrode materi-
al in 6 Mol KOH aqueous electrolyte.
Furthermore, a symmetric device was as-
sembled to investigate the practical application of
the electroactive HPNOC material. Fig. 5(a) dis-
plays typical CV curves of the HPNOC-based
symmetric cell with a wide scanning rate range

"in an electrochemi-

from 5 mVes "to 100 mVes~
cal window with an upper potential of 1.0 V. No-
tably, the symmetric device exhibits quasi-rectan-
gular shape voltammetry with respect to the zero-
line and rapid current response on each voltage re-
versal, even at a high sweep rate of 100 mVes™ ',
indicating superior electrochemical behaviors of
the device with 6 mol KOH as the aqueous elec-
trolyte.

The super symmetric GCD data (Fig. 5(b))
with linear charge-discharge plots shows the good
electrochemical capacitances of the cell. More ap-
pealingly, the large capacitances can be calculated
as about 69. 3, 67.4, 64.8, 63.0, 60.0, 57.6,
and 54.0 Feg™ ! at various current rates of 0.5, 1,

2,3,5,8, 10 Aeg

in Fig. 5(c), that is, a capacitance retention of

', respectively, as collected

about 77.9 Feg ' can be obtained when the cur-
rent density is up to 10 A+g '. Fig. 5(d) illus-
trates the Ragone plot of the symmetric device.
Promisingly, the device renders a high SED of
about 9. 6 Wehekg ' at a power density of
0.5 kWekg ', and even about 7.5 Wehekg ' ata
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Electrochemical performance of the HPNOC-

based symmetric device

high rate of 5 kWekg ', which are higher than
other biomass-derived carbon symmetric de-

-12,14,18]

vices-® More encouragingly, the HPNOC-
based symmetric cell shows outstanding capaci-
tance retention of about 98.8 % after 10 000 con-
tinuous charge-discharge cycles at a large current
rate of 1 A+g ', as depicted in Fig. 5(e). The av-
erage capacitance degradation of 0. 012% per 100
cycles reveals its excellent electrochemical stabili-

ty of the HPNOC electrode for practical high-rate

applications.

3 Conclusions

We successfully fabricated a high-perform-
ance HPNOC electrode material via mild yet
green KHCOj-activating strategy by using the
natural blighted grains as the raw material. Of
note, the synthetic method we developed here
was eco-friendly, scalable, low-cost and highly
repeatable for its commercial applications. The
as-resulted HPNOC displayed a competitive ca-

1

pacitance of about 373. 6 Feg™' at a current rate
of 0. 5 Ae«g ', high energy density of about
9.6 Wehekg ', and superior electrochemical sta-
bility (about 98. 8% capacitance retention) over
10 000 charge-discharge cycles at 1 Asg ', which
were from its unique pore structure and efficient
heteroatom functionalization. More significantly,
the mild activator of KHCOj; is hugely promising

for other biomass-based carbon materials for en-

ergy storage applications.
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