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ABSTRACT: This work adopts an efficient chemical-wet method to build a three-
dimensional (3D) carbon composite as an electrode material for high-performance
supercapacitors (SCs). Carbon dots (CDs), prepared by thermal pyrolysis of citric
acid and urea under microwaves at 280 °C, are homogeneously coated onto lignin-
based activated carbons (ACs), thus forming the 3D composites possessing an
interior surface decorated with CD binding sites. Benefiting from the hydrophilicity
and ultrafine size of CDs, the affinity of the electrode surface toward aqueous
electrolytes is significantly improved with the addition of CDs, leading to the
enhanced effective surface area (i.e., abundant electroactive sites) and a decreased
ionic diffusion path. The capacitance of the SCs is improved from 125.8 to 301.7 F
g~ with CD addition. The SC with CD addition possesses improved cycle stability
with a coulombic efficiency around 100% after 3000 cycles. After cycling, the ion
diffusion coefficient of the CD@AC-11 electrode is enhanced by 25.5 times as
compared to that of the pristine AC one. This unique and robust carbon
framework can be utilized for engineering the desired pore structure and micropore/mesopore fraction within the AC electrodes.
This strategy of CD@AC electrodes demonstrates a promising route for using renewable porous carbon materials in advanced
energy-storage devices.

1. INTRODUCTION diffusion distances, thus resulting in relatively high ionic
diffusion resistance.'* Pioneering work has been devoted to
maximizing the accessible SSAs of ACs, such as heteroatom
doping into the porous carbon framework to increase the
wettability,">~"” modifying pore distribution by using different
precursors,'® and matching electrolytes.'” ™!

Lignin is an organic polymer with a condensed carbon
backbone structure and complex aromatic functional link-
ages.”” After pyrolysis and activation, there is still a small
amount of impurities, such as N and O, which provide extra
electroactive sites.””** However, the porous structure of lignin-
based ACs consists predominantly of narrow micropores,”*™>°
a significant fraction of which remains inaccessible to ions.
This drawback greatly limits effective surface areas, porous
accessibility, and wettability of lignin-based carbon electrodes.

. . . . Carbon dots (CDs), also called “carbon quantum dots”, are
charge transfer involved in favor of reversible adsorption and . . . . . .
d ) . . : highly crystallized zero-dimensional materials which have been
esorption. This energy-storage mechanism enables a quick

charge/discharge rate as well as superior cyclability.®™"° used in various energy applications due to their excellent

Versatile activated carbon (AC) materials have been
extensively studied as electrodes for EDLCs as they possess Received:  January 25, 2021
the high specific surface areas (SSAs) needed for high Accepted:  February 26, 2021
capacity.'"'* However, it is generally recognized that not all Published: March 10, 2021
pores are electrochemically accessible; imperfect connectivity

of the porous network leaves some pore volume inaccessible to

ions."”” In addition, tortuous microporosity leads to long

With the increasing need for energy storage and environmental
substantiality, supercapacitors (SCs) promise to be important
energy-storage devices possessing a high power density, a long
cycle life, excellent cycling stability, and a low cost.' ™ Based
on different work mechanisms, SCs are generally classified into
faradaic pseudo-capacitors and electric double-layer capacitors
(EDLCs)." Theoretically, pseudo-capacitance originates from
the faradaic process between the electrodes and electrolytes via
charge transfer across the interface. Transition-metal oxides
and conductive polymers, which possess redox sites and
intrinsic high electrical conductivity, are typical pseudo-
capacitive materials.”” EDLCs are based on the Helmholtz
model that the charges are separated at the polarization
interface between the electrode and electrolyte. There is no
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Figure 1. Preparation routine of ACs via carbonization of Kraft lignin and two-step physical activation using steam and carbon dioxide as activation

agents.

electrochemical properties and ultrafine particle size.”’ " CDs
usually have a very small particle size, ranging from 2 to 30 nm.
Abundant functional groups, such as carboxylic, carbonyl, and
amino groups, tend to bond with the carbon core or on the CD
surface. The presence of surface functionalities leads to high
hydrophilicity of CDs and homogeneous dispersion in polar
solvents.””*" The high functionality suggests the use of CDs as
active sites, decorating the interior pore space of ACs, where
they can interact with ions or hydrating species during the
charge/discharge process. Researchers have tried to integrate
CDs into the porous carbon frameworks by the one-step
calcination-activation method and employed them as the
EDLC materials. With the CDs fused into the carbon skeleton,
the surface roughness was increased, thus achieving a high
surface area, which led to the higher capacity.32’33 CDs were
also applied as the electrodes for batteries and achieved better
cycle ability and higher capacity due to the special carbon
frame structure with a larger interlayer space and a large
surface area.”*

In this work, we applied N-doped CDs and mixed with
lignin-based ACs under an optimized ratio, making the CDs
fully and uniformly distributed on the surface of the highly
porous AC matrix to form a three-dimensional (3D) carbon
composite with an interior surface decorated with CDs. Instead
of optimizing the inner porous structure, countless hydrophilic
binding sites are created by CDs on the stable AC matrix to
provide abundant electroactive sites with excellent cyclability.
In the novel design of carbon composites, superhydrophilic
CD sites are more attractive to ionic species and solvated
electrolyte ions in aqueous media, compared with the
undecorated deep and branched micropores. Meanwhile,
with CDs evenly attached to the surface of ACs, more aqueous
electrolytes can migrate and diffuse into the porous network,
thus increasing contact with the electrodes. Accordingly, the
CDs significantly shorten the ionic diffusion path, which leads
to an efficient ionic diffusion and a decreased mass-transfer
resistance. This research proposes a simple design to achieve
high-performance SCs with a facile fabrication method. With
the verification of characteristic measurements, we proved the
effectiveness of this method and the feasibility of the 3D
carbon composite, which could also be applied in a variety of
energy-storage devices, such as carbon electrodes for EDLCs
and ion-storage batteries and catalyst electrodes for fuel cell
and photovoltaic cells.

2. EXPERIMENTAL SECTION

2.1. Preparation of ACs and CDs. The AC sample was
made from commercial Kraft lignin. It was carbonized in a
ceramic boat inserted in the alumina tube furnace with
nitrogen flow at 700 °C for 1 h. After naturally cooling down
with N, flow, the samples were pulverized by hand, grinding
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into small pieces, followed by ball milling (PM100 RETSCH
model), where the mill contained 2 and 10 mm stainless-steel
balls in a stainless-steel container at 350 revolutions per minute
for 45 min. After that, the ground carbon powders were
separated using sieves from grinding balls and placed into the
tube furnace for steam activation at 800 °C for 0.5 h with a
ramping rate of 10 °C min~'. After steam activation, the
sample was exposed to a CO, atmosphere for continuous
physical activation at 800 °C for 1 h to produce the final AC
samples (shown in Figure 1).

The CDs are prepared by a solid-phase microwave-assisted
method, heating the mixture of citric acid and urea at 280 °C
for 5 min according to our previous study.”®

2.2. Materials Characterization. The morphology and
microstructure were observed by high-resolution transmission
electron microscopy (HR-TEM) (ZEISS, LIBRA 200) and
scanning electron microscopy (SEM) (Phenom ProX). The
crystal structure of ACs and CD samples was characterized by
X-ray diffraction (XRD) (Empyrean, Panalytical). The surface
functional groups on the carbon composites were inspected
and collected with a Fourier transform infrared (FTIR)
spectrometer (PerkinElmer, Llantrisant). The chemical
compositions of samples were characterized by X-ray photo-
electron spectroscopy (XPS, Fison VG ESCA210). The
contact angle was measured using a Kriiss FM40 shape
analysis system (Hamburg, Germany). A 2 uL water droplet
was deposited on the substrate, and the static time was 5 s. N,
adsorption and desorption isotherms were obtained using a
TriStar 3000 volumetric adsorption analyzer (Micromeritics
Instrument Corp.). SSAs and mesopore volumes were
determined from Brunauer—Emmett—Teller (BET) and
Barrett—Joyner—Halenda equations, respectively. The pore
size distribution of the carbon samples was derived from
density function theory (DFT) calculation.

2.3. Electrochemical Performance Evaluation. Electro-
chemical measurements of the ACs and CD electrodes were
taken using a three-electrode configuration system with 2 M
H,SO, as the electrolyte solution. Pt wire served as the counter
electrode, and Ag/AgCl served as the reference electrode. The
ACs and CDs are uniformly mixed with Nafion and deionized
water and then dropped and coated on a carbon paper with an
area of 2 X 1 cm® The stainless-steel foil was applied as the
current collector. The cyclic voltammetry (CV) measurements
of the electrodes were performed within the potential range
between 0 and 1.0 V versus Ag/AgCl, and the scan rates were
set at 10, 30, 50, and 100 mV s~! The capacitances were
measured by galvanostatic charge—discharge (GCD) measure-
ments within the voltage region of 0—1.0 V. The impedance
spectra were recorded with the frequency ranging from 100
kHz to 10 mHz. Z-view software simulated the impedance
behavior based on Nyquist plot data.

https://dx.doi.org/10.1021/acsomega.1c00448
ACS Omega 2021, 6, 7851-7861
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Figure 2. HR-TEM micrographs of (a) ACs, (b) CDs, and (c) CD@AC-11 samples. The insets of (b,c) show well-ordered lattice fringes of a

diffraction pattern of an individual CD within the selected area.

3. RESULTS AND DISCUSSION

For clarification, the electrodes fabricated with mixed CDs and
ACs at mass ratios of 1:1 and 1:2 are designated as CD@AC-
11 and CD@AC-12, respectively. The HR-TEM micrograph of
the prepared ACs is shown in Figure 2a, which exhibits an
amorphous morphology with disordered carbon layers. The
obtained CDs with a uniform size distribution of 2—5 nm are
shown in Figure 2b. Clearly, the crystal lattice of a CD can be
observed in the inset of Figure 2b. After the CDs are deposited
on the surface of the ACs, CD domains with the crystalline
structure evenly distribute on the AC matrix in Figure 2c. The
selected-area electron diffraction pattern, as shown in the inset
of Figure 2c, indicates the presence of bright diffraction rings
and spots and suggests that the CDs consisted of nano-
crystallites.

The SEM images of as-prepared electrodes with AC and
CD@AC-11 on the carbon paper are shown in Figure 3. We

Figure 3. SEM images of (a,b) AC and (c,d) CD@AC-11 carbon
paper electrodes with low and high magnification.
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observe that the carbon paper is composed of a number of
microscaled fibers with a random orientation. ACs fully
covered the surface of the fibers, indicating that Nafion is an
effective adhesion agent. As for the CD@AC-11 electrode, it is
obvious that CDs are uniformly attached to the ACs, resulting
in a high coverage of CDs on the fibers.

The XRD pattern of AC, as illustrated in Figure 4a, shows a
broad lump located at ~24°, corresponding to the character-
istic (002) diffraction peak of carbons. The dispersive and
broad peak indicates the amorphous structure of carbon with a
large interlayer spacing distance (d(opy) = 0.370 nm). The
(002) peak of CD located at ~27° shows much sharper,
implying the presence of a well-crystallized structure. The
intensity of the peak in the CD@AC-11 sample is higher than
that of AC, which indicates higher crystallinity than amorphous
AC. Interestingly, the small twin peak could be observed in the
enlarged image, commonly ascribed to the interlayer stacking
reflections.”®”> The peak location shifts right, compared to the
AC peak, indicating that the interlayer spacing distance
decreases from 0.370 to 0.330 nm due to the coverage of
CDs on the surface of ACs. The small sharp peak (20: ~30°)
in AC and the CD@AC-11 sample originates from the
presence of iron oxide coming from the ball milling of the
carbonized lignin.***”

Figure 4b illustrates the FTIR spectra of AC, CD, and CD@
AC-11. In the CD spectrum, the valley at 1580 cm™'
corresponds to the C—C stretching in the transmission
spectrum, whereas C—O groups appear at 1142 and 1047
cm™'. The bands at 3450 cm™' and 1720 cm™' correspond to
hydroxyl (—OH) and carbonyl (C=0) groups, respectively.
Strong bands at 1357 and 3200 cm™" provide evidence of C—N
groups, confirming N-functionalized CDs.”>**~*" It is worth
noting that CD@AC-11 shows a similar spectrum with CD,
indicating that functional CDs are uniformly covered on the
AC surface. Besides the enhanced absorption from C=O0O and
C—O groups, it is apparent that abundant C—N groups are
introduced since the CDs possess a high amidation level due to
N-dopants and N-functionalities. This is further confirmed by
the XPS measurement, which is shown in Figure Sa. The
presence of the N 1s peak in the CD@AC-11 sample proves
that the introduction of CDs leads to more C—N functional

https://dx.doi.org/10.1021/acsomega.1c00448
ACS Omega 2021, 6, 7851-7861
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Figure 6. CV curves of (a) AC, (b) CD@AC-11, and (c) CD@AC-12 electrodes at different scan rates.

groups. The high-resolution XPS spectra of the N 1s peak of
CD@AC-11 are shown in Figure Sb. The N 1s peak was
deconvoluted into three peaks centered at 399.7 eV (pyrrolic/
pyridinic N), 400.4 eV (graphitic N), and 401.7 eV (O=C-—
N).***! Usually, the first component represents the aromatic
C=N-C, the graphitic N refers to the N bonded with three
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sp” carbon atoms, and the last one is the amino group.”® In our
case, the graphitic and amino N are predominant since they
take 31.9 and 56.4% of the total integration area, respectively.
The C 1s spectra of AC (Figure Sc) were decomposed into
four peaks and represent C=C or C—C (ca. 284.6 V), C—O
(ca. 286.5 eV), C=0 (ca. 288.5 eV), and O—C=0 (ca. 289.5

https://dx.doi.org/10.1021/acsomega.1c00448
ACS Omega 2021, 6, 7851-7861
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eV)."” This can be attributed to the existence of oxide
functional groups attached to the edge and surface of ACs as
well as the CDs. While for CD@AC-11, one more peak
centered at 285.2 eV refers to the presence of C—N (Figure
5d)."*'° To further verify the result, we also conducted the
CHNS-type elemental analysis. The N/C ratio of the CD@
AC-11 sample is increased up to 16.1%, much higher than that
of AC (i.e., 3.8%). This enhanced N/C ratio is attributed to
the fact that CDs contain a high N/C ratio (ca. 45.6%).
Accordingly, this result agrees with FTIR and XPS analysis,
revealing that more N-containing functional groups are
introduced onto the surface of the porous structure of ACs.

The electrochemical measurements were conducted using a
three-electrode system in a 2 M H,SO, aqueous electrolyte to
verify the performance of the as-fabricated electrodes. Figure 6
shows typical CV curves of SCs fabricated with AC, CD@AC-
11, and CD@AC-12. It is obvious that the CV curves of the
pristine AC electrode (see Figure 6a) show a pair of redox
peaks, possibly originating from faradaic reactions occurring on
the electric double layer due to heteroatoms (N, H, and O)
derived from precursors and trace iron oxide in the lignin-
based AC.”' The CV profiles of CD@AC-11, as shown in
Figure 6b, exhibit near rectangular shapes that contain multiple
redox peaks, indicating the coexistence of two different energy-
storage mechanisms, that is, electric double-layer formation
and faradaic redox reaction.”’ The relatively rectangular shape
of the curves and the increased area stem from the electric
double-layer behavior. The introduction of various functional
groups leads to the obviously increased amount of hydrophilic
polar sites, significantly enhancing the affinity toward the
aqueous electrolyte and providing more accessible surface area
to ions. In the ideal formation of the carbon electric double
layer with the acid electrolyte, the charge and discharge process
of carbon electrodes could be expressed as eq R1***

C* + HY & C*//H* (R1)

where the carbon electrode is represented as C*, the proton of
the acidic electrolyte is represented as HY, and C*//H*
represents the double layer where charges accumulated
separately on the two // sides. It is simply the physical
adsorption process forced by the electrostatic forces between
carbons and protons. In our case, besides porous carbons,
abundant surface oxygen and nitrogen functional groups
provide more available adsorption and desorption sites. The
equilibrium reactions which occurred are presented as eqs R2
and RR3&1 14244

C,0* + H" & C.0*//H" (R2)

C\N* + H" & CN*//H" (R3)

where C,O* and C,N* represent oxygen-containing (e.g,
carbonyl and quinone groups) and nitrogen-containing
functional groups (e.g, amino, quaternary, and pyrrolic/
pyridinic N groups), respectively. Herein, C,0*//H* and
C,N*//H" represent the electric double layers with charges
accumulated on the sides due to the ion—dipole attraction,
which is different with electrostatic forces between carbons and
protons. The increased electric double-layer behaviors are
partially derived from the enhanced dipole—dipole inter-
actions.

For confirmation, we conducted contact angles measure-
ments to directly examine the hydrophilicity of the electrodes.
As shown in Figure 7, the results confirm our speculation that
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Figure 7. Optical microscopy images of water droplets on (a) carbon
paper, (b) AC electrode, (c) CD@AC-11 electrode, and (d) CD
electrode.

the CD electrode shows super hydrophilic behavior with the
contact angle of 42°. With the help of CD decoration, the
contact angle exhibits an obvious decrease from 107 to 75°,
which clearly demonstrates that the addition of CDs greatly
improves the hydrophilicity of the electrodes and thus
enhances the surface affinity toward the aqueous electrolyte.
This result further proves the feasibility of eqs R2 and RR3.

The presence of nitrogen and oxygen functional groups
contributes improvement to the electric double-layer capaci-
tance and the pseudo-capacitance, as evidenced by the redox
peaks. We hypothesize that the N functional groups
significantly improve the electrochemical reactivity due to
their electron-donor properties. Specifically, negatively charged
pyridinic/pyrrolic N atoms provide electroactive sites and
facilitate the possible redox reactions. The simplified reaction
equation is expressed as eq R4 14440

CN* + H" + ¢~ & CNH~ (R4)

where C,N* represents pyridinic/pyrrolic N groups. In
addition, the oxygen functional groups with electron-acceptor
properties, such as carbonyl and quinone groups, may also
induce the redox reactions during the electron-transfer process,
which is expressed as eq R5*

C,0*+H" + e « C,OH (RS)

where C,O* represents carbonyl and quinone groups and e~
represents electrons.

The CV curves of CD@AC-12 in Figure 6¢ further prove
the above speculation. When the CDs were added into ACs
with the ratio of 1:2, the encircled rectangular area was a
decreasing trend with the faradaic peak. This demonstrates that
the capacitance, resulting from electric double-layer behavior
and faradaic reaction, is significantly enhanced by the amount
of CD addition. As a result, an appropriate amount of the CD
additive plays a crucial role in enhancing the specific
capacitance of SCs.

The GCD measurements were carried out in the potential
window of 0—1 V and at a current density of 0.25 A g™". As
shown in Figure 8a, it should be noticed that the charging and
discharging times gradually increase with the amount of the
CD addition. The specific capacitances calculated based on the
GCD results at various current densities are shown in Figure
8b. The capacitance of the CD@AC-11 electrode reaches as
high as 301.7 F g_1 at 0.15 A g_l, which is 2-fold higher than
that of the AC one (ie., 125.8 F g™'). This is consistent with
previous CV measurements, revealing the effectiveness of CD
addition on the enhanced capacitance. As the specific
capacitance of CD@AC-12 achieves 191.8 F g/, there is ca.

https://dx.doi.org/10.1021/acsomega.1c00448
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describing the impedance behavior.

52% increase achieved through adding half-amount CDs,
confirming that the enhanced capacitance is proportional to
the CD content in this range. Although the capacitance
decreases with current density for all electrodes, the
introduction of CDs still takes the effect as the doubled
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capacitance of AC even at high current densities, for example,
20A gL

The cyclic stability is also a key point to evaluate the
performance of SCs. As shown in Figure 8¢, the cyclic

performance of as-prepared electrodes was analyzed at a
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current density of 15 A g~'. After 3000 continuous cycles, all
SC devices exhibit stable capacitance with an excellent
coulombic efficiency (>99.5%). All SCs enable high
capacitance retention with above 85% of the initial capacitance.
Finally, the Ragone plots of the SCs with as-prepared
electrodes are given in Figure 8d. The energy density and
power density were calculated based on the following
equations47’48

_cavy
E=— (R6)
p= E

At (R7)

where E is the specific energy density (W h kg™'), C is the
specific capacitance (F g'), AV (V) stands for the potential
window, P is the specific power density (W kg™"), and At (s) is
the discharge time. The AC-based SC delivers an energy
density of 18 W h kg™" at a power density of 83 W kg™', and
the energy density of 6 W h kg™ can be delivered at 11,667 W
kg™!. In contrast, the energy density of the CD@AC-11
electrode can reach as high as 42 W h kg™ at 63 W kg™, and
even at a high power density of 12,500 W kg™', the energy
density of 11 W h kg™ can still be realized. At the same power
density, the energy density of the CD@AC-11 electrode
achieves double that of the AC one. Again, the addition of CD
benefits the performance of SCs including the enhanced
capacitance and superior cyclic stability. This result is superior
to many of CD-based EDLC electrode materials (CDs/
graphene,49 GQDs/carbon fiber/graphene hydrogel,50 GQDs/
graphene oxide,”' GQDs/ ultramicroporous carbons,® etc.), as
shown in Table S2 (see the Supporting Information).

To further check the ionic transportation and electronic
conductivity of as-fabricated SCs, we applied the electro-
chemical impedance spectroscopy experiments before and after
potential cycling (i.e.,, GCD 3000 cycles). The Nyquist plots of
SCs in the frequency range of 100 kHz to 10 mHz are
presented in Figure 9. Usually, the diameter of the semicircle in
the high-frequency region can be inferred from the charge-
transfer resistance. An equivalent circuit is proposed in Figure
9d to predict the impedance behavior from 100 kHz to 50 Hz.
The equivalent circuit mainly contains the following elements:
the resistance from the electrolyte solution (Ry), the interfacial
resistance (Rg) and the capacitance (Cg) which results from
the impedance between carbon electrodes and current
collectors, the double-layer capacitance (Cg), and the charge-
transfer resistance (Rcr). The overall resistance, including Ry,
Ry, and Rer, represents the equivalent series resistance (Rgg)."”
The calculated results, analyzed by Z-view software, are shown
in Table 1. We observe that the Ry only takes a very small
contribution to the overall resistance and all Ry values are
similar among the electrodes. The Ry values of CD@AC-11
and CD@AC-12 are slightly higher than that of the AC
sample, indicating that the influence of the CD additive on the
interfacial resistance is insignificant. However, the Rcr, which
acts as a major contributor to Rgg, is apparently decreased after
adding the CD additive into the AC electrode. The Rgg of
CD@AC-11 is approximately 50% smaller than that of AC,
indicating that the introduction of CDs strongly decreases the
overall inner resistance of the AC-based electrode. The
improved electrochemical impedance can be attributed to the
fact that the higher surface coverage provided by the CDs
facilitates a rapid double-layer formation and smooth charge
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Table 1. Calculated Equivalent Resistance Values in the
High-Frequency Region and Diffusion Coefficients of H*
Ions in SCs

electrode Ry (Q) Ry () Rcr () Ry (Q) D (cm?s7h)
before cycling

AC 0.50 1.11 8.16 9.77 1.34 X 107*2

CD@AC-11 0.56 1.86 2.18 4.60 1.64 x 107"

CD@AC-12 0.52 2.09 2.59 5.66 1.21 x 1071
after cycling

AC 0.51 1.13 8.17 9.81 241 x 10712

CD@AC-11 0.55 1.19 245 4.19 1.05 X 107'°

CD@AC-12 0.54 1.55 228 4.57 6.14 x 1071

transfer, thus decreasing the overall resistance. After cycling,
the Ry of the AC electrode maintains an identical value, while
the Rgg values of CD@AC-11 and CD@AC-12 electrodes
display a slight decrease, proving the presence of a robust
carbon framework. Since there is no decay after thousands of
cycling processes, this result confirms satisfactory cyclic
stability of the devices.

In the low-frequency range, the slope of the linear line
suggests that the electrochemical impedance was dominated by
ionic diffusion. The larger of the slope, the lower of the
resistance is achieved.’” Accordingly, the ionic diffusion
coefficient could be calculated based on the following
equationlg’53

__RT ( 1 )
v 2Fav2 \ DV2cH

where k,, can be obtained by the slope of the line and the D
value reflects the diffusivity of H* ions in electrodes. All other
parameters in this equation are known values, where n is the
charge-transfer number, A is the electrode surface area, and C*
is the ionic concentration.'” The calculated D values are also
shown in Table 1. Before cycling, the ionic diffusion coefficient
for CD@AC-11 shows 12.2 times higher than that of the
pristine AC. The enhanced ionic diffusion coefficient is
observed because the hydrophilic CDs make it easier for the
ions and hydration molecules to access the interior carbon
framework (i.e., a shorter diffusion path and higher hydrophilic
surface coverage). After cycling, the ionic diffusion coefficient
for the CD@AC-11 electrode is enhanced by 25.5 times as
compared to that of the pristine AC one. This finding mainly
originates from a synergistic effect that combines hydrophilic
sites (from CDs) and lateral interactions with dipole moments
of hydration molecules, leading to a higher wetted surface area
by electrolyte wetting, that is, reaching a complete wetting after
an appropriate period. In other words, after thousands of
charging and discharging processes, the CD@AC-11 electrode
is completely wetted, making high pore accessibility for ionic
transportation. Accordingly, the improved D value of CD@
AC-11 confirms that the existence of functionalized binding
sites enables the creation of more accessible SSAs and shortens
the ionic diffusion path.

On the basis of experimental results, the role of the CD
additive in enhancing the specific capacitance of highly porous
AC electrodes requires an in-depth investigation. First, the
existence of the CDs imparts a surface polarity, which greatly
improves the wettability of the internal nanostructures of
porous carbon electrodes. As shown in Figure 10a, it is
generally recognized that AC possesses a well-developed
porous structure, consisting of mesopores (pore size: 2—50

(R8)
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nm) and micropores (pore size: < 2 nm). Thus, the deep and
branched micropores restrict the ion movement, resulting in a
long ionic diffusion pathway during the charging process."
With the well-distributed CDs on the surface, more ions are
favorably accessible to the inner pores, thus enhancing the
wettability of the AC electrodes. Second, a large amount of
hydrophilic polar sites exists, thus creating more accessible
surface area. As shown in Figure 10b, with the aid of the robust
and stable AC matrix, the nanosized CDs (average particle
size: 2—5 nm) can be evenly deposited on the surface or into
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the porous structure, generating a large number of CD binding
sites.

However, the CD deposits inside the pore channels possibly
hinder ionic diffusion at the entrance of micropores, as
illustrated in Figure 10b. Table S1 (see the Supporting
Information) shows surface characteristics of the pristine and
CD@AC-11 composites including the BET surface area, total
pore volume, and pore size distribution, determined by
nitrogen physisorption at =196 °C. We observe that pristine
AC is mainly microporous, whereas the micropore fraction is
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decreased by the introduction of CDs. Figure 11a,b shows the
DFT pore size distributions of different carbons, indicating
that the pore size distribution could be controlled by the
addition of CDs in the carbon composites. It is of interest that
both the specific capacitance and diffusion coefficient are
significantly enhanced by an increase in mesopore fraction of
the carbon composites. This demonstrates that the above
postulation (see Figure 10) is successfully established. This
result reveals that the entrance of micropore channels is partly
occupied by the CDs. Fortunately, the mesopore channel is
still open accessible for ions or hydration molecules during the
charge/discharge process. Meanwhile, the AC can be
considered as a robust matrix that provides a well-developed
porous framework bearing well-dispersed CDs. The CDs not
only improve the ionic diffusion pathway but also offer a large
number of hydrophilic sites (i.e., high surface coverage of the
accessible surface area for electrolyte wetting), enabling the
enhanced capacitance. Thus, this structural CD@AC design
can be utilized for engineering the desired pore structure and
micropore/mesopore fraction within the AC electrodes.

4. CONCLUSIONS

In summary, we achieved superior performance of SCs with
the well-distributed CDs decorating the surface of the AC
matrix. The introduction of hydrophilic CDs not only
improved the wettability of electrodes but also created
electroactive sites. The capacitance was greatly improved
from 125.8 to 301.7 F g™' due to the enlarged effective surface
area and enhanced electrochemical activity without sacrificing
the high cyclability. With the existence of abundant polar sites,
ions are attracted to and accumulate around the CDs, therefore
shortening ionic diffusion paths and decreasing the inner
resistance. Our work indicates that the CDs could be well
dispersed on the carbon matrix and the effective surface area
could be significantly improved via creating numberless
functionalized CD sites, resulting in the enhanced electric
double-layer capacitance as well as pseudo-capacitance. The
unique carbon composite can be utilized for engineering the
desired pore structure and micropore/mesopore fraction
within the AC electrodes. This design of a decorated carbon
framework possesses great potential for developing promising
energy-storage devices in the near future.
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