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1 | INTRODUCTION

The goal of achieving the peak of carbon dioxide emissions
and striving to achieve carbon neutralization are both a
responsibility and mission for humans, as well as an
opportunity and a challenge. Electrochemical energy storage
devices have been developed accordingly, with the aim of
achieving a carbon-neutral fuel cycle and limiting carbon
dioxide emissions to the atmosphere.'” Among various
electrochemical energy storage technologies, supercapacitors
(SCs) are regarded as one of the most promising candidates
for high-power and long-cycle life energy storage devices.*”
According to different charge storage mechanisms, two types
of SCs were classified, that is, electric-double-layer capacitors
(EDLCs) and pseudocapacitors.>” The differences between
the two types are the charge storing by ion absorption/
desorption or surface redox reactions.® Currently, there are
many low-cost biomass wastes that have been used to
generate electrode materials for EDLCs. Compared with
fossil-based materials, biomass carbon materials are envir-
onmentally friendly and have sustainable advantages as well
as promising commercial prospects.”'* To achieve high
properties, a detailed understanding of the interactions
between the electrolyte and electrode materials and the
charge storage mechanism of SCs during electrochemical
processes is required. Besides traditional characterization
techniques to reveal the evolution such as morphological
and structural transformation, and so forth,'> novel in situ
techniques have been employed to explore the dynamic
charge storage process of SCs.'®"”

Till now, the energy storage mechanism and electro-
chemical reaction process of SCs with different materials are
still not fully understood. In situ techniques such as
in situ X-ray diffraction (in situ XRD), in situ Raman, in
situ nuclear magnetic resonance (in situ NMR), and so
forth have been used to extract information on crystal
structures, physicochemical properties, and correlate them
with electrochemical properties to explore electrochemical
mechanisms."**" Among them, in situ NMR has been
widely studied to explore ion diffusion and charge storage
mechanisms in SCs. For example, John M. Griffin et al. used
in situ NMR in the electrolyte tetraethyltetrafluoroborate in
acetonitrile to directly quantify the amount of anionic and
cationic species within a working microporous carbon SC
electrode and found that the charge storage mechanisms are
different. For positive polarization, charging occurs by
cation—anion exchange, while for negative polarization,
cation adsorption predominates.** Alexander C. Forse et al.
used in situ pulsed field gradient NMR spectroscopy to
directly measure ion diffusion in SCs. It was found that
electrolyte concentration and carbon pore size distribution
also affect intrapore diffusion and the movement of carbon
ions into and out of nanopores.”> These physicochemical

characterizations and studies convey information about the
Faradaic and non-Faradic mechanism in SCs, and the
behavior of electrolyte ion transport under operating
conditions. In particular, specific in situ testing methods
have certain limitations. For example, in situ XRD is not
suitable for amorphous electrode materials; the interaction of
in situ atomic force microscope tips and electrode materials
generates the interference of the electrochemical
reactions.'”** However, in situ Raman and in situ attenuated
total reflectance-infrared (in situ ATR-IR) have the flexibility
and accuracy to explore the relationships between reaction
intermediates and molecule structures during the reaction,
which have become important methods to explore the
mechanisms of the charge storage.”>*® Especially, the in situ
infrared radiation (in situ IR) technique offers an effective
method to identify molecular-level changes in electrochemi-
cal reactions, which can provide more evidence to support
pseudocapacitive reaction mechanisms in SCs.”” Moreover,
in situ IR technology has played an indispensable role in
studying the microstructure and chemical reaction mecha-
nism of materials in recent years in the fields of energy,
environment and catalysis.”*®>' In the previous studies on
the energy storage mechanism of SCs, in situ Raman
was used to explore the relationship between electrode
materials and electrolytes based on the change of the
polarizability of vibration materials.*>*** But the study of
electrochemical processes by in situ IR has been rarely
reported. In a reported work on the electrochemical
mechanism of SCs' detection with in situ ATR-IR tech-
niques, Richey et al. investigated the ionic dynamics of
EMIm-TFSI in electrodes made of porous carbide-derived
carbon and nonporous onion-like carbons. They detected
cations and anions enter and leave the carbide-derived
carbon pores during charging and discharging.*® Wang et al.
successfully clarify the charge storage mechanism of the
MOF-PC (metal organic framework derived porous carbon)
cathode of Zn-based hybrid SC (i.e., MOF-PC//Zn) by using
in situ ATR-IR analysis in a nonaqueous electrolyte (0.5M
Zn-TFMS in dimethylformamide solution), which is found
that the charge storage mechanism mainly based on the
anions/cations adsorption and exchange in macropores.*
These studies are based on the ionic kinetic mechanism of
EDLCs with organic or ionic liquids as electrolytes. However,
so far, the reports on the ionic dynamics mechanism of
biomass carbon materials containing N and O functional
groups in SCs in aqueous electrolytes and the chemical
changes at the molecular level in electrochemical energy
storage have not been revealed in detail.

Herein, N, O-co-doped biomass carbon materials were
prepared by a simple one-step annealing. As SC electro-
des, high specific capacitances and extraordinary stabili-
ties were obtained. Furthermore, the chemical changes at
the molecular level during electrochemical energy storage
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in acidic (0.5M H,SO,) and alkaline electrolytes (1M
KOH) are revealed by in situ ATR-IR technology.
Additionally, this in situ technology revealed the molecu-
lar bonding and breaking and the change of functional
groups of biomass carbon material SCs during the
electrochemical process in aqueous electrolytes, which
provides direct evidence of molecular-level chemical
changes. This is of great significance for the exploration
of the energy storage mechanism of SCs.

2 | EXPERIMENTAL

2.1 | Materials synthesis

The mixture of potato starch, urea, and KOH powders
with different mass ratios (potato starch:urea:KOH
powders = 1:3:3, 1:3:6, or 1:3:9) was ground and annealed
for carbonization at different temperatures (700°C,
800°C, or 900°C). For the convenience of distinguishing
materials of different proportions, their abbreviations
are shown in Table 1. The as-obtained samples were
dispersed in 3 M HCI solution and washed with DI water
subsequently. Finally, the purified porous carbon was
freeze-dried for further use.

2.2 | Material characterization

The morphology of the carbon was detected by scanning
electron microscope (SEM; S-4800) and transmission
electron microscopy (JEOL, JEM-2100) equipped with an
energy-dispersive X-ray spectrometer. The chemical

TABLE 1 Abbreviation of samples synthesized at different
temperatures with mixtures of potato starch, urea, and potassium
hydroxide powders in different mass ratios.

Potato

starch Urea KOH
Sample (mass (mass (mass
abbreviation ratio) ratio) ratio) T (°C)
BC-133-7 1 3 3 700
BC-133-8 1 3 3 800
BC-133-9 1 3 3 900
BC-136-7 1 3 6 700
BC-136-8 1 3 6 800
BC-136-9 1 3 6 900
BC-139-7 1 3 9 700
BC-139-8 1 3 9 800
BC-139-9 1 3 9 900
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compositions were recorded by the X-ray photoelectron
spectroscopy (XPS; Thermo Scientific K-alpha photo-
electron spectrometer), ATR-IR spectroscopy, and
Raman spectroscopy (Renishaw Raman microscope
spectrometer with the laser wavelength of 514.5nm).
Nitrogen adsorption-desorption isotherms were mea-
sured at 77K (Quantachrome Autosorb-iQC), and
the Brunauer-Emmett-Teller (BET) method was used
to identify the specific surface area.

2.3 | Electrochemical performance

The electrochemical performance was evaluated in a
three-electrode configuration. The as-synthesized carbon
powers were mixed with 10% of polyvinylidene difluor-
ide in N-methyl-2-pyrrolidone solution to form a slurry
and paste onto the cleaned carbon papers (~1 cm X 4 cm)
with an area of 1.cm? The electrodes were further dried
under vacuum at 110°C. The loading mass density was
controlled by 1-2 mgcm 2. During the electrochemical
performance test, Ag/AgCl electrode, Pt plate electrode,
and as-prepared electrode were used as reference,
counter, and working electrode, respectively. In addition,
1M KOH or 0.5M H,SO, was used as the electrolytes.
The corresponding formulas for calculating specific
capacitance are provided in the Supporting information.

2.4 | In situ ATR-IR measurements

A Bruker Tensor 27 IR vacuum ATR-IR spectrometer
with a diamond crystal single-reflection internal reflec-
tion element ATR prism was used for recording IR
spectra. The instrument is equipped with a room
temperature DLaTGS detector with a resolution of
4cm™. In this experiment, a three-electrode system
was used to test the in situ ATR-IR spectroscopy of the
SC during the reaction. The reference electrode (RE) was
Ag/AgCl, and the counter electrode (CE) was a Pt sheet.
After clamping, let the SC with an aqueous acid-base
electrolyte equilibrate the potential (deoxygenated for
20min prior with Ar) before applying the voltage.
Electrochemical measurements were performed using a
Palmsens Emstat2 potentiostat (PalmSens). After acquir-
ing the IR background spectrum at open circuit potential,
the potential is applied and the spectrum is recorded
relative to that of the equilibrium sample. The applied
potential was adjusted from —1 to 1V with respect to RE
in steps of —0.05V. Each spectrum was recorded after
holding a specific potential for 10 min. All spectra were
corrected for background subtraction of ATR crystal
spectra.
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3 | RESULTS AND DISCUSSION

Raman spectroscopy is an indispensable detection
method to discover the disordered structures in sp*
carbon materials. The Raman spectra (Figure 1A) of the
obtained biomass carbon materials reveal two intense
bands at 1385 and 1592 cm™", which correspond to the
D-peak and G-peak, respectively. The D-peak reflects
the defect of the materials, which is directly proportional
to the intensity, and the G-band is related to the first-
order scattering of the tensile vibration mode E,, in sp”
carbon. Therefore, the ratio of D-peak and G-peak can be
utilized to judge the perfection of the carbon structure.
From Figure 1A, it can be seen that the ratios of the
D-peak to the G-peak of the biomass carbon materials
annealed at different temperatures are all less than 1,
which indicates a high degree of graphitization. When
the carbonization temperatures were 700°C, 800°C, and
900°C, the ratios of D-peak to G-peak were 0.703, 0.843,
and 0.828, respectively. Different ratios of D-peak to
G-peak indicate that biomass carbon has different
structures and pore size distribution. This result

M
M

500 1000 1500 2000 2500 3000

z

Intensity (a.u.)

demonstrates that the biomass carbon annealed at
800°C contains higher porosity, and it has more active
sites that can participate in electrochemical reactions.
Figure 1B shows the SEM image of BC-136-8 biomass
carbon material. (The upper right corner is the image at
high magnification.) It can be seen that the material has
a honeycomb-like morphology. To obtain thinner pore
walls and larger specific surface area, it can usually be
treated by adding KOH. The magnified electron micro-
scope image shows that tiny pores are also present in
the carbon skeleton. More active sites are provided for
the capacitors. SEM images of different ratios of biomass
carbon materials at different annealing temperatures
are shown in Supporting Information S1: Figure S1-S3.
Figure 1C shows the TEM image of the biomass carbon
annealed at 800°C, that is, BC-136-8. The material
presents a uniform amorphous structure and porous
microstructure, a certain number of irregular mesopores,
and these massive worm-like micropores facilitate fast
ion diffusion and charge transfer, thereby enhancing the
performance of SCs. This is in good agreement with
the morphology observed in SEM images (Supporting

Carbon

FIGURE 1 (A) Raman spectra of BC-136 annealed at different temperatures; (B) scanning electron microscope images of BC-136-8
electrode material with different magnification ratios; (C) transmission electron microscopy image of the BC-136 annealed at the

temperature of 800°C; (D) scanning transmission electron microscopy image recorded by the high angle annular dark field detector. Energy

dispersive spectrometer maps of mixed elements, carbon, nitrogen, and oxygen, respectively.
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Information S1: Figure S1-S3). Further, the chemical
compositions of biomass carbon by scanning transmis-
sion electron microscopy-energy dispersive spectrometer
(STEM-EDS) are analyzed. The EDS element mapping in
Figure 1D shows the distribution of C, N, and O in the
composite, and the weight percentage of the elements
obtained by EDS is 89.12% C, 6.09% N, and 4.79% O. The
element content of carbon materials annealed at different
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temperatures with different ratios are shown in Support-
ing Information S1: Table S1-3 and Figure S4. This shows
that the biomass materials were successfully doped with
N and O elements, and each element in the composite
material was evenly distributed.

The BET-specific surface area of different biomass
carbon obtained through variable conditions is shown in
Figure 2A. Among them, samples 1-3 represent biomass
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FIGURE 2 (A) Brunauer-Emmett-Teller surface areas of different biomass carbons obtained via variable conditions, the sample numbers
of 1-5 are BC-136-7, BC-136-8, BC-136-9, BC-133-8, and BC-139-8, respectively; (B) N, adsorption—-desorption isotherms of BC-136-8; inset
showing pore size distribution of the material; X-ray photoelectron spectroscopy (XPS) spectra of (C) wide XPS and (D) N 1s and (E) C 1s
spectra, respectively; (F) ratio of N elements under different ratios and annealing temperatures.
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carbon materials with the same mass ratio (BC-136), and
the specific surface areas of biomass carbon materials
prepared at different annealing temperatures (700°C,
800°C, and 900°C). When the annealing temperature is
800°C, the specific surface area reaches 2267 m* g~ ', which
is the highest among samples 1-3. In addition, three
samples 2, 4, and 5 represent the specific surface area of
biomass carbon materials with different mass ratios under
the same annealing temperature of 800°C (BC-136-8, BC-
133-8, BC-139-8). In addition, the specific surface area
comparison of biomass carbon materials annealed at
different temperatures with different ratios is shown in
Supporting Information S1: Figure S5. Among these, the
specific surface area of the BC-136-8 is still the largest.

The adsorption curve of Figure 2B clearly shows that
the BC-136-8 has a type I isotherm (IUPAC classification),
indicating the microporous feature. Normally, the char-
acteristics of the hysteresis loop correspond to different
pore structures. This biomass carbon also exhibits a
representative H4-type hysteresis loop at P/P, from 0.3 to
0.9, which corresponds to the adsorption behavior of a
mixture of microporous and mesoporous materials. The
hysteresis in the isotherm is usually related to the capillary
aggregation in the mesoporous structure and is also
affected by the adsorbent and the adsorption environment.
This also can be supported by the nonlocal density
functional theory pore size distribution in the inset of
Figure 2B. The pore distribution peaks of the sample are
all between 0.5 and 8 nm, indicating that the materials
have formed micropores and smaller mesopores. Depend-
ing on the isotherm, the BET total pore volume of the
biomass carbon is calculated as 1.07205cm’g~". In
addition, it proved that biomass carbon has a strong
adsorption potential.

The as-prepared biomass carbon material BC-136-8
was further characterized by XPS. In this work, the
biomass carbon material mainly contains carbon and a
small amount of nitrogen and oxygen. In addition, the C
1s spectrum of the biomass carbon material (Figure 2E)
is deconvoluted into three peaks at 284.82, 286.03, and
289.63 eV, corresponding to C-C, C-0O, and N/O-C=0,
respectively. The strong peak of sp® is located at
284.82 ¢V, indicating a high degree of graphitization of
conjugated sp® in the as-prepared biomass carbon, which
is in good agreement with the Raman analysis. The N 1s
spectrum (Figure 2D) shows that two peaks are located at
400.68 and 405.2 eV, which correspond to pyrrole-N and
N-O bonds, respectively. Among them, pyrrole-N is
known as the main nitrogen component that contributes
to the pseudocapacitance. It is expected that the
combined action of nitrogen and oxygen functional
groups on the carbon surface will accumulate more
defects and larger active sites for charge storage during

the redox reaction. Besides, the N and O functional
groups on the surface of biomass carbon can provide
good wettability for the electrode material, increasing the
surface area accessible to ions,>”*® which could increase
the hydrophilicity of carbon materials and improve the
polarity of the materials.>® It is conducive to the rapid
penetration of electrolyte ions into the internal structures
and reduces diffusion resistance.*® Figure 2C shows the
broad spectrum of the XPS of BC-136-8, which has peaks
at 284.8, 400, and 532.8 eV for C, N, and O, respectively.
In addition, Figure 2f shows the highest elemental N
content in three different proportions of biomass carbon
materials under annealing temperatures. As the anneal-
ing temperature increases, the elemental N content of the
material decreases. Furthermore, at the same tempera-
ture, the elemental N content decreases when the
proportion of KOH doping increases. From the above
results it can be seen that the content of element
N in the material is closely related to the annealing
temperature and the amount of KOH doping.

Figure 3 shows the cyclic voltammetry (CV) and gal-
vanostatic charge/discharge (GCD) curves of BC-136-8
biomass carbon materials with annealing temperature of
800°C under acidic and alkaline electrolytes, respectively.
The GCD curve of the material presents a symmetrical
triangular shape, and the CV diagram presents an
approximately rectangular shape, which indicates that
the material has excellent electrochemical performance
and excellent capacitive performance. At the current
density of 0.5 A g™*, the specific capacitance is 727.6 F g~
for an electrolyte of 0.5 M H,SO, and 460.99 F g_1 for an
electrolyte of 1M KOH. The electrochemical perform-
ance of BC-136-8 is the best, which is better than that of
the biomass carbon material with the same current
density in other reports. (This is due to the low charge
transfer resistance of the electrode material BC-136-8.
The corresponding Nyquist diagram is shown in Support-
ing Information S1: Figure S5.) The electrochemical
performances of biomass carbon materials at different
current densities with annealing temperatures of 700°C,
800°C, and 900°C at various ratios are shown in
Supporting Information S1: Figures S6 and S7. In
addition, the specific capacitance at 800°C for electrode
materials with different proportions is calculated and
presented in Supporting Information S1: Figure S8. It is
obvious that the sample BC-136-8 exhibits better rate
performance due to larger and more stable specific
capacitance in 0.5M H,SO, electrolyte and 1M KOH
electrolyte.

To understand the electrochemical performance of
the BC-136-8 electrode materials, 1M KOH aqueous
solution and 0.5 M H,SO, were used as electrolytes, and a
three-electrode cell was used for measurements. The
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FIGURE 3 (A) and (B) are the cyclic voltammetry plots of BC-136-8 electrode material in H,SO, electrolyte and KOH electrolyte,
respectively. (C) and (D) are the galvanostatic charge/discharge curves of BC-136-8 electrode material in H,SO, and KOH electrolytes,

respectively.

results within the potential range of —0.8 to 0V (vs. Ag/
AgCl) are defined in Figure 4A. In addition, the red
shaded area corresponds to the surface capacitance
contribution, with a contribution ratio of 88.2%. At a
scan rate of 20 mV s, the obtained CV curve has almost
no redox peaks, showing a nearly rectangular shape. This
shows that the material exhibits ideal EDLC during
charging and discharging. Similarly, with 0.5M H,SO,
aqueous solution as the electrolyte, the CV result
measured under a three-electrode system is shown in
Figure 4B. At a scan rate of 20mV s}, a typical CV curve
is shown within the potential window of 0 to 1V. The
surface-controlled contribution is 79.1%. The contribu-
tion rate of pseudocapacitance is attributed to the surface
of the biomass carbon material doped with N/O
functional groups. Figure 4C shows the cycling stability
of the BC-136-8 electrode in a three-electrode system
with 1M KOH and 0.5M H,SO, electrolytes. Under a
scan rate of 100 mV s™*, after 50,000 times CV cycles, the
capacitance has nearly no attenuation with the 1 M KOH
electrolyte, and the 50,000th CV curve completely
overlaps the first cycle, indicating that the electrode

material has extraordinary excellent cycling perform-
ance. Besides, when the electrolyte changes to 0.5M
H,SO,, the capacitance can reach 92.1% retention of its
initial value after 50,000 times cycles. The inset CV
curves show that redox peaks appear after 50,000 times
tests compared with the first time, because the doping of
N and O atoms will involve electrochemical reactions on
the surface contributing to the pseudocapacitance. The
good capacitance retention proves that the biomass
carbon material has robust electrochemical performance
and can be used as an ideal energy electrode material.
To understand the charge storage mechanism of
the biomass carbon as the electrode, in situ ATR-IR
spectroscopy was adopted to directly detect the evolution
in the structure of the biomass carbon electrode material
during the electrochemical process by the infrared
spectrum reflection of the N, O-doped biomass carbon.
Figure 5A shows the in situ ATR-IR test results of BC-
136-8 electrode in a three-electrode testing system from
—0.1 to —1V under an alkaline condition (1M KOH).
The absorption peak at 1643.2cm™" is attributed to the
C=0 stretching vibration peak. However, there is a
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FIGURE 4 Separation of capacitive and diffusive currents measured at 20 mV s~ for biomass carbon materials BC-136-8 in (A) KOH
and (B) H,SO, electrolytes: total current (black line) and capacitive current (red shaded); (C) cycling performance of the electrodes in
different electrolytes, that is, acid and base solution, and cyclic voltammetry (CV) curves for the first cycle and the 50,000th cycle in two
electrolytes, that is, base solution on the left and acid solution on the right.

strong absorption peak at 3390.6 cm™', which is attrib-
uted to the stretching vibration of the —OH group. In the
alkaline electrolyte, the content of hydroxyl groups
increases with the depth of the discharge process, which
is attributed to the fact that the C-O functional groups
can combine with the reduced H* in the electrolyte to
form C-OH bonds on the surface of carbon materials and
generate a large number of OH™ groups simultaneously
(reaction are presented in right down of Figure 5B). In
the KOH electrolyte, the main charge storage mode of
SCs in aqueous electrolytes is to store electric charges. In
addition, the N, O-doped biomass carbon materials can
provide pseudocapacitance through the redox reaction of
carbonyl or quinoid groups. In addition, the use of in situ
ATR-IR technology revealed the chemical changes at
the molecular level during the electrochemical process,
providing direct evidence for the charge storage mecha-
nism of SCs previously studied.

The in situ ATR-IR test of the BC-136-8 material
using 0.5M H,SO, as the electrolyte was conducted, as
shown in Figure 5C. Within the potential range of 0-1V,
there are two functional groups that are positively
increasing along with the increase of potential. They

are the C=0 stretching vibration peak at 1650.9 cm™

and the -OH stretching vibration peak at 3433.0cm™,
respectively. During the charging process, the C-C bonds
on the surface of the biomass-derived material are
cleaved and then bond with hydroxyl groups and
oxygen- or nitrogen-containing functional groups.
During this process, a redox reaction occurs, and finally
N/O-C=0 bonds are formed. This is consistent with the
results in the XPS test. In addition, due to the redox
reaction between the C=O functional group on the
surface of the carbon material and the free H" in the
acidic electrolyte during the charging process, a C-OH
bond is formed (reaction equation is presented in the
right down of Figure 5D). The intermolecular redox
reaction induces the stretching vibration of the OH™
bond, and the peak of the —-OH functional group
gradually increases. Also, during charging, there are
some absorption peaks that are retrorsely increasing with
increasing potential. For example, there are small sharp
absorption peaks at 1074.3 and 1253.6 cm™~'. This is due
to the bending vibration of C-O-C, which is oxidized to
C=0 groups during charging, thus its content decreases
with increasing potential. The opposite absorption peaks
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FIGURE 5 In situ attenuated total reflectance-infrared spectra of electrode materials in (A) KOH and (C) H,SO, electrolytes.
Electrochemical reaction process diagram of electrode materials in (B) KOH and (D) H,SO, electrolytes.

TABLE 2 Electrochemical properties of the materials compared with those previously reported electrode materials based on biomass
carbon materials in supercapacitors for comparison.

No. Biomass precursor Electrolyte type Current density (Ag™") Cs (Fg™') Number of cycles Reference
1 Pumpkin-derived 1M NaSO, 1 419 10,000 [41]

2 Cajanus cajan stems 1M KOH 2.5 126 50,000 [42]

3 Bean sprouts 0.5M H,SO, 1 204 2000 [12]

4 Porous carbon nanosheets 1M KOH 1 407 50,000 [43]

5 Cotton stalk 1M KOH 20 528 1000 [44]

6 Biomass sorghum seeds 6 M KOH 0.5 537 15,000 [45]

7 Pomelo peel 1M H,SO, 1 209 10,000 [46]

8 Stiff silkworm 6M KOH 1 304 4000 [47]

9 Sub-1-nm pore-rich carbon 1M KOH 1 299 10,000 [48]

10 Perilla frutescens 1M NaSO, 2 270 10,000 [13]

11 Coconut shells 1M H,SO, 1 258 3000 [49]

12 Regenerated silk fibroin 1M H,SO, 1 264 10,000 [39]

13 Coal and biomass carbon 1M KOH 1 354 1000 [50]

14 Ginkgo leaves 1M H,SO, 0.5 374 2000 [9]

15 Biomass carbon 0.5M H,SO, 0.5 727 50,000 This work

1M KOH 1 461 50,000
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at 2904.5 and 2987.5cm™' are caused by the bending
vibration of C-H, and they generally appear as doublets.
Due to the reduction reaction of the aldehyde group
H-C=0 during the charging process, the chemical bond
is broken to generate carbonyl and hydrogen ions
(reactions are presented in the left upper part of
Figure 5D). Hydrogen adsorbs on the surface of the
material and can provide additional pseudocapacitance
during redox processes (Table 2).

By comparing with those previously reported elec-
trode materials based on biomass carbon materials in
SCs, it can be seen that the N and O-co-doped biomass
carbon materials prepared in this work have better
electrochemical performance and longer cycle life.

4 | CONCLUSIONS

In summary, we successfully prepared N, O-co-doped
biomass carbon electrode material by using potato starch
as the precursor and urea as a nitrogen source. It is found
that the electrode exhibits a high specific capacitance
(i.e., 460.99 Fg~' in 1M KOH and 727.6 Fg™' in 0.5M
H,S0, electrolytes at 0.5A g™, respectively) and extra-
ordinary excellent long-life stability of 50,000 cycles, that
is, the capacitance retentions of 100% in 1 M KOH and
92.1% in 0.5M H,SO, electrolytes, respectively. Impor-
tantly, by using in situ ATR-IR analysis, we successfully
clarified the charge storage mechanism of biomass
carbon electrode material under two aqueous electrolytes
(i.e, 1M KOH and 0.5M H,SO,) and explored the
storage capacity of SCs from the concentration of
functional groups and the bonding and breaking of
molecules at the molecular level. From the in situ ATR-
IR results, it can be clearly detected that the redox
processes of carbonyl or quinoid groups would occur to
provide pseudocapacitance in an alkaline electrolyte.
Compared with alkaline electrolytes, the formation and
breaking of more complex chemical bonds are involved
in acidic electrolytes. Not only reversible electrochemical
reactions occur among H-C-O groups, C=0 groups and -
C-OH groups, but also a reversible process of breaking
and forming C-O-C bonds and C-H bonds. In addition,
hydrogen atoms adsorbed on the surface of carbon
materials can undergo redox reactions, providing addi-
tional pseudocapacitance.
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