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ABSTRACT: Heteroatom-functionalized porous carbon has long
been regarded as a promising electrode material to construct high-
performance capacitive energy storage devices. However, the
development of this field is seriously limited due to the lack of an
in-depth understanding of the ion-sorption dynamics. Herein, the
component and structure controllable N, O, and Cl codoped
bimodal (micro-to-meso) porous carbons were prepared and
further used as the investigated object for exploring the intrinsic
ion-sorption dynamics, which is the root of the enhanced
electrochemical response in capacitive energy storage devices.
Voltammetry response analysis is employed to quantify the charge
storage contributions from both electrostatic adsorption effect
(electrical double-layer capacitance) and highly reversible redox
process (pseudocapacitance). The existence of electronic capacitance enables a positive correlation between surface capacitance and
the ratio of micropores. Besides, an electron-dependent correlation between the electroactive functional groups and redox
reaction induced capacitance is also explored. This work will advance the capacitive energy storage field by presenting a clear
understanding of the ion-sorption dynamics in the functionalized porous carbons.

KEYWORDS: ion-sorption dynamics, pore structure, heteroatom doping, double-layer capacitance, pseudocapacitance

B INTRODUCTION functionalized porous carbons are still unclear, which are
the keys to designing high-performance electrode materials and
advancing the field of capacitive energy storage.
Carbide-derived carbons (CDC), a class of porous carbon
materials, possess inherent advantages for both the perform-
ance and mechanism study due to their structural character-
istics. For example, tunability of the functional groups on the
CDC surface allows us to control over the species and contents

With the threats of global warming and energy crisis, searching
for clean and renewable energy sources, as well as new
technologies for efficient energy conversion and storage, is one
of the most urgent challenges to the sustainable development
of human civilization."™'° Batteries,"' > fuel cells,"*"*® and
supercapacitors'’~'” are the most effective and practical
technologies for electrochemical energy conversion and > ‘ 36-38
storage. Among them, supercapacitors have attracted signifi- of the 39e£(e)ctronegﬁt1v1ty elemfentiz fBCh as nitrogen,

cant attentions due to their high power density, long lifecycle, oxygen, ' sulfur, al?d chlorine, ™™ thelTeby providing an
and combining advantages from both traditional dielectric ideal pl:.:\tform for the 1n-dep‘.ch.understand1ng of the reléted
capacitors (high power output) and batteries/fuel cells (high mechanism. Also, the synergistic effect between the unique

energy output) 2026 T4 build up a high-performance super- hierarchical structure and heteroatom doping could not only
. . . . 29,44
capacitor, increasing the electrode specific surface area result in anomalous capacitance increase, but also further

(SSA),*"?® designing its pore structure,””">! improving its improve the capacitance by enhancing electropolarity and
electrical conductivity,”””* and surface heteroatom doping”**> electron ier}éity in carbon lattice, and bringing in redox
are the widely recognized routines to modify the electrodes for reactions.” " However, combining hierarchical pores and
capacitive energy storage. Although substantial progress had heteroatom doping encounters multistep processing and
been achieved recently, the related enhancement mechanism

and effect of intrinsic ion-sorption dynamics on capacitive Received: September 1, 2019

performance, namely, the electric double-layer capacitance Accepted: December 23, 2019

(EDLC) enabled by the surface electrostatic adsorption effect Published: December 23, 2019

and pseudocapacitive performance ,that is, the highly reversible
redox reaction contributed pseudocapacitance in heteroatom-
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Figure 1. Micromorphological and microstructural characterizations of the CDCs. SEM images of the (a) CDC-800, (b) CDC-800@800, (c)
CDC-800@900, and (d) CDC-800@1000. The scale bars are S ym. (e) Raman spectra. (f) Nitrogen adsorption/desorption isotherms. (g)

Corresponding PSD curves calculated by the DFT method.

undesirable electrochemical performance.**™>" Therefore,
exploring a simple and effective method to design desirable
CDC materials with a controllable component and micro-
structure to understand the ion-sorption dynamics in
capacitive energy storage devices is highly desired.

Herein, to explore the underlying reasons for the enhanced
capacitive energy storage capacity enabled by heteroatom-
functionalized porous carbons, a N, O, and CI codoped CDC
was prepared through chlorination of TiCy 3N, s and employed
as the research target. The microstructures and surface
elements of the products were further tailored by employing
a post-annealing process. Toward giving an insight into the
intrinsic ion-sorption dynamics, the electrochemical impedance
spectra were analyzed, and the convex mesostructures as well
as the heteroatom-doped depressed ion-sorption dynamics
with prolonged relaxation time were confirmed. The separate
capacitance contributions from the surface physisorption
effect, namely, EDLC, and heteroatom-inductive redox
process, namely, pseudocapacitance, were quantified funda-
mentally based on the dynamic voltammetry response analysis.
In depth, the relationship between surface EDLC enabled by
the porous microstructures and the ratio of micropores was
established, indicating the positive correlation due to the
induced electronic capacitance from pore size dependent
electrolyte ion adsorption for porous carbon materials with
submicropores. Furthermore, the exhaustive pseudocapaci-
tance contributions from respective electrochemical active
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functional groups in alkaline electrolyte based on the electron
transfer number during the redox process were disclosed,
which demonstrates the availability by designing the
heteroatom bonding style to achieve the enhanced capacitive
performance. This work shed light on the effect of the ion-
sorption dynamics on capacitive performance in functionalized
porous carbons and enabling further advances in the capacitive
energy storage devices.

B EXPERIMENTAL SECTION

Preparation of Nitrogen, Oxygen, and Chlorine Codoped
CDCs. Two grams of TiCy s Ny s powders (with a particle size of 1.5—
3.0 ym) were spread out on a graphite foil and continuously heated
up to 800 °C with a ramp rate of S °C min~" under Ar atmosphere,
and then, chlorine (Cl,) as a chemical etching agent was infused to
extract Ti atoms from the precursor lattice. After holding the
temperature at 800 °C for 4 h, the residual species in the obtained
samples were removed by replenishing Ar. After 2 h, the reaction
chamber was cooled down to room temperature to obtain the carbide-
derived carbons, namely, CDC-800. The as-prepared CDC-800 went
through post-annealing treatment at 800, 900, and 1000 °C for 2 h to
obtain the samples CDC-800@800, CDC-800@900, and CDC-800@
1000, respectively.

Characterization of Materials. The morphologies of the as-
prepared CDC materials were characterized by a JEOL JSM-7800
scanning electron microscope (SEM) and JEOL JEM-2100 trans-
mission electron microscope (TEM). X-ray diffraction (XRD)
patterns were recorded on a PANalytical X'Pert powder diffrac-
tometer using Cu Ko as the radiation source and a scan range
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between 5° and 80°. To analyze the surface chemical composition and
the chemical bonding status, X-ray photoelectron spectroscopy (XPS)
measurements were performed on a Thermo Scientific ESCALAB
250Xi apparatus with Al Ka radiation. Raman spectra were conducted
on a RM2000 microscopic confocal Raman spectrometer with a laser
wavelength of 532 nm. Nitrogen adsorption/desorption character-
ization was used to determine the SSA and porosity at 77 K with a
Quantachrome 2SI-MP-9 surface area and pore size analyzer. Before
the measurement, all samples were outgassed at 150 °C under vacuum
for 12 h to remove the adsorbed air gas.

Preparation of CDC Electrodes. To prepare CDC electrodes,
CDC powders, acetylene black, and polytetrafluoroethylene (PTFE)
dispersion (60 wt%), with a weight ratio of 85:10:S, were mixed
together in isopropyl alcohol. After that, the mixture was dried at 80
°C to remove all isopropyl alcohol. The mixture was subsequently
rolled into a thin film with a thickness of 100 + S ym. Finally, the thin
film was shaped into an 8 mm diameter disk and pressed onto nickel
foam (NF) for measurements, where NF was used as the current
collector.

Electrochemical Characterizations. The electrochemical per-
formance of CDCs was evaluated in 6 M KOH under the
conventional three-electrode configuration using a CHI660E electro-
chemical workstation. In this system, the prepared CDC electrodes,
platinum sheet, and Hg/HgO were used as the working electrode,
counter electrode, and reference electrode, respectively. The applied
potential window was set between —1 and 0 V for cyclic voltammetry
(CV) and galvanostatic charge/discharge (GCD) measurements.
Electrochemical impedance spectroscopy (EIS) was performed in a
frequency range from 10° to 10! Hz at a stimulated amplitude of §
mV.

B RESULTS AND DISCUSSION

Micromorphologies and Microstructures of the CDCs.
The micromorphologies of the precursor and the as-prepared
CDC materials were observed by employing both the SEM and
TEM. The obtained SEM and TEM images are shown
in Figure la—d and Figures S1 and S2. It is noticed that the
precursor exhibits blocked-like surface morphology (Figure
S1), while the yielding sample exhibited a mixture of both
blocked-like and wrinkle-like micromorphologies after pre-
cursor chlorination at 800 °C for 4 h (CDC-800) (Figure la
and Figure S2). It is attributed to the variation of titanium
atom chemical etching rates and the mechanisms of reaction
between carbonitrides and chlorine. Consequently, the differ-
ent thermodynamic process can be achieved to generate
different structure cracks and shrinks in the derived carbon
layers.”' After post-annealing treatment at different temper-
atures, the micromorphologies for CDC-800@800, CDC-
800@900, and CDC-800@1000 were respectively obtained, as
shown in Figure 1b—d. There are no obvious differences
between the samples after post-annealing treatment and the
pristine ones, which demonstrates that the conformal trans-
formation can effectively avoid the structure disturbance,
eliminating the effect from morphological heterogeneity on the
ion-sorption dynamics.

XRD, Raman spectra, and nitrogen adsorption/desorption
measurements were performed to systematically characterize
the internal structure of the CDCs. As shown in the phase
composition of CDC-800 (Figure S3), two prominently broad
and weak diffraction peaks emerge, which confirmed that the
chlorination treatment converted the CDC structure from a
cubic lattice to an amorphous and/or short-range ordered
structure. Figure le shows the Raman spectra for all the CDC
materials, in which two distinct peaks emerged at ~1350 and
1580 cm™". The former (D-band) indicates the presence of
structure defects and disorders, which is related to the
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vibrations of carbon atoms with dangling bonds in the plane
terminations, while the latter (G-band) is ascribed to the
vibrations of sp>-bonded carbon atoms in the honeycomb-like
carbon lattice, namely, the stretching modes of C=C bonds,
indicating a graphite structure.”> Clearly, the intensity of the
G-band becomes stronger compared to the D-band after post-
annealing treatment, which indicates an increase of the degree
of the ordered structure in CDC materials. In general, the
intensity ratio between D-band and G-band (Ip/I;) was used
to quantify the structural differences. Therefore, the Raman
spectra were deconvoluted for all the samples. To improve the
accuracy, Raman spectra were recorded at four different
regions for each sample, and the curves were fitted using four
ancillary bands (Figures S4 to S7). The values of I,/I can be
obtained by using the accumulated peak areas. According to
Table S1, the values of Ip/I; are 2.05 + 0.04, 1.80 + 0.12, 1.77
+ 0.11, and 1.60 + 0.20 for CDC-800, CDC-800@800, CDC-
800@900, and CDC-800@1000, respectively. Furthermore,
the effective crystallite size (L,) in the direction of the graphite
plane of the four CDCs can also be calculated, with values of
2.12 + 0.04, 2.43 + 0.17, 2.47 + 0.15, and 2.78 + 0.38 nm,
respectively. Consequently, the post-annealing treatment can
significantly increase the sample crystallinity, resulting in highly
ordered structures.

SSA and electrode porosity are also critical to improve the
capacitive performance. Nitrogen adsorption/desorption iso-
therms of the CDC materials were obtained at 77 K, as shown
in Figure 1f. Obviously, type I and IV isotherms with hysteresis
loops when the P/P, is higher than 0.4 are present for all the
CDC materials, indicating the presence of micro- and
mesopores.””>" As presented in Table S2, the value of SSA
calculated from the Brunauer—Emmett—Teller (BET) method
(Sggr) for CDC-800 is 1580 m* g~', which was decreased after
the post-annealing temperatures increased from 800 to 1000
°C due to the pore structure collapse. Interestingly, no
observable differences were found for the Sgpy of all the post-
annealing treated CDC materials. Similarly, the variation for
the value of the SSA derived from the density functional theory
(DFT) method (Sppr) is consistent with Sgpr, and the
corresponding values are 1405, 1037, 1001, and 926 m? g_1 for
CDC-800, CDC-800@800, CDC-800@900, and CDC-800@
1000, respectively. Furthermore, the DFT pore size distribu-
tion (PSD) was evaluated to investigate the porosity of the
CDC materials, as shown in Figure 1g. It can be seen that all of
the CDC materials possess a hierarchical porous structure with
a wide-range of pore sizes from micropores to mesopores. Also,
the Barret—Joyner—Halenda (BJH) method was applied to
measure the PSD (Figure S8). Almost no macropores can be
perceived, which means that the CDC materials are micro- to
mesopores. The specific surface area of micropores and
mesopores derived from the DFT method is also presented
in Table S2. The total pore volume (V,) values are 1.48, 1.01,
0.88, and 0.90 cm® g~' for CDC-800, CDC-800@800, CDC-
800@900, and CDC-800@1000, respectively. To measure the
volume of micropores and mesopores, the t-plot was employed
to characterize the inner pore properties. CDC-800 owns the
highest volume of mesopores (V,,s,). However, this value was
continuously decreasing with the elevated post-annealing
temperatures due to the structure evolution of the carbon
layer and the removal of unfirmed functional groups at a higher
temperature, giving rise to the collapse of partial mesopores
and micropores.
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a b
300
1.0- —CDC-800
—c: 200 :] ——CDC-800@800
W 08 —— CDC-800@900
= 1004 we oA / —— CDC-800@ 1000
@ ——CDC-800 s 0@
5 0 ——CDC-800@800 &= &6
5 ——CDC-800@900 ,j_g B
%_100 ] ——CDC-800@100 &
o o -0.4 4
£-2001 B
o -
2300 032
147]
400 +— . . . . ; 0.0+ - . - : : ;
10 -08 06 -04 -02 00 0 200 400 600 800 1000 1200
c Potential (V) d Time (s)
300
iy —=_ CDC-800
o 2501 —&-CDC-800@800
w ~=— CDC-800@8900
i > —~_CDC-800@1000
§ 200 Fa
£ = 7
S 150+ X = 2 ]
© o O S P z
% A . - v g‘ 4
o 1004 —=_ CDC-800 L
S —&- CDC-800@800 of @
@ 504 -=_ CDC-800@900 &
& - CDC-800@1000 i
1] 10 20 30 40 50 0 2 4
Current density (A g’) Z'(Q)
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s". (b) GCD curves at a current density of 0.5 A g™". (c) Dependence of the specific capacitance on the current densities. (d) Nyquist plot. The
inset presents the zoom-in Nyquist plots in the high-frequency region.

Elemental Composition and Chemical State of the
CDCs. XPS was applied to analyze the elemental composition
and chemical state for the heteroatom-doped carbon materials.
As shown in Figure 2a, the XPS survey spectra confirmed the
presence of doped C, N, O, and CI in the CDC materials,
which is in accordance with the EDS element mapping results
in Figures S9 to S12. A weak Ti 2p peak was also observed,
which is attributed to the incomplete removal of the reaction
by-products at the input of detergent Ar. Atomic percentages
of the N, O, and Cl levels in CDC materials are presented in
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Figure 2b. It is obvious that the yielding CDC-800 possesses
the highest N and Cl levels. With the increase of the post-
annealing temperatures, the contents of N and Cl were
decreased from 8.32 to 5.01 at % for the N level and 2.44 to
0.61 at % for the Cl level in the CDC materials. Meanwhile, the
contents of the O level for four samples hold almost constant
at the elevated post-annealing temperatures, with values of
7.45, 7.61, 7.85, and 7.31 at %. Furthermore, the high-
resolution C 1s, N 1s, O 1s, and Cl 2p XPS spectra were
deconvoluted to investigate the elemental bonding status
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scan rate v~ "/2

inside CDCs. As shown in Figure 2¢ and Figure S13, the fitted
high-resolution C 1s XPS spectra demonstrated four
component peaks, allocating to C—C/C=C (~284.7 eV),
C—0/C—N (~285.8 V), C=0 (~287.7 eV), and 0—C=0
(~289.5 eV) groups.ss_57 Furthermore, the high-resolution O
1s XPS spectra of the CDCs are presented in Figure 2d and
Figure S14. The oxygen atoms existed in all the CDCs with the
form of quinone (~530.40 eV), carboxyl (~531.20 eV),
carbonyl (~532.18 eV), C—O (~533.05 eV), phenol/C—OH
(~533.70 eV), and chemisorbed oxygen (~535.50 V).’
Figure 2e and Figure S15 show the high-resolution N 1s XPS
spectra, which shows four peaks centering at ~398.3, 399.6,
401.0, and 403.5 €V, corresponding to pyridine N (N-6),
pyridone and/or pyrrolic N (N-5), quaternary and/or
graphitic-like N (N-Q), and oxidized pyridine N (N-X),
respectively.”"®> Besides, the obtained high-resolution Cl
2p XPS spectra can be divided into three peaks centered at
~198.2, 200.6, and 202.2 eV, which corresponds to Cl~, Cl
2p3,, and/or C-Cl, and Cl 2p, , groups, respectively (Figure 2f
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and Figure $16).°*%* In addition, the detailed element and
chemical bonding levels are presented in Tables S3 and S4.
Electrochemical Performance Evaluation of the CDC
Electrodes. To investigate the capacitive properties of the as-
prepared CDC materials, CV, GCD curves, and EIS were
measured in 6 M KOH aqueous electrolyte using a three-
electrode configuration, as shown in Figure 3 and Figure S17.
Figure 3a is the typical CV curves for the four CDC samples at
a scan rate of S0 mV s™'. A larger negative current of the
cathodic branches was found compared to the anodic branches
in the negative potential region, which is attributed to the
presence of pseudocapacitance induced by doping strong
electronegative heteroatoms into carbon lattices.”> With the
increase of post-treatment temperatures, the CDCs exhibit a
smaller enclosed area compared to CDC-800, which revealed
the gradually decreasing capacitance due to the reduced SSA
and heteroatom contents. Figure 3b depicts the GCD curves at
a current density of 0.5 A g”'. The dependence of the specific
capacitance on the current densities for all CDCs is shown in
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Figure 3c. The specific capacitance values at 0.5 A g' are
287.4,217.4,201.6,and 170.1 F g_] for CDC-800, CDC-800@
800, CDC-800@900, and CDC-800@1000, respectively,
corresponding to capacitance retention values of 61.9%,
67.7%, 70.2%, and 70.3%, respectively, at a higher load current
of up to SO A g~'. CDC-800 possesses the highest specific
capacitance in a wide range of current densities, and the values
gradually decreased with the increase of the post-annealing
temperatures. The higher crystallinity and order degree for
CDC-800 render its decent electrical conductivity, which
contributed to its lifting rate capability. Figure 3d shows the
Nyquist plots; the abscissa axis intercept point evolved
equivalent series resistance (ESR) values are 0.52, 0.40, 0.40,
and 0.41 Q for CDC-800, CDC-800@800, CDC-800@900,
and CDC-800@1000, respectively. A lower equivalent series
resistance is efficient to rapid charge transfer and high power
delivery. The charge-transfer resistance (R.) values that
correspond to the diameter of a semicircle over a high-
frequency region are 0.41, 0.24, 0.24, and 0.21 £ for CDC-800,
CDC-800@800, CDC-800@900, and CDC-800@1000, re-
spectively, and the Warburg resistance can also be analyzed;
CDC-800 exhibits the highest ohmic resistance (W—R) and
time content (W—T), suggesting the sluggish dynamics due to
the involvement of the inferior redox process (i.e.,
pseudocapacitance). Toward giving an insight into the inherent
dynamics further, Bode phase angle plots are presented in
Figure S18. Based on the developed theory by Kant and
Singh,*® the mesoscale morphological structure influences the
diffuse layer dynamics for a porous electrode consisting of
arbitrary-shaped mesostructures with embedded cylindrical
micropores. It can be seen that all of the measured electrodes
showed smooth plots, not a hump, in the high-frequency
region, indicating that the mesostructure is convex for our
CDC materials. The combined effects of geometry and the size
of EDL enable the easy access and fast reorganization for EDL.
In a low-frequency range, the effect of heteroatoms that
contributed to the pseudocapacitance is very strong, which is
implied by the dramatically decreasing phase angle of CDC-
800 (only —57.2°) compared to the other three samples
(about 68.9—76.3°). In a relatively high-frequency range, an
apparent relaxation peak occurs for all the samples, however,
the relaxation time gradually decreases from CDC-800 (3.92 s)
to CDC-800@800 (1.56 s), CDC-800@900 (1.37 s), and
further to CDC-800@1000 (1.29 s). This positive transition
means that the electrochemical response is optimized after
high-temperature treatment for CDC samples, indicating the
improved ion-sorption dynamics. For comparison, the electro-
chemical performance of the commercially activated carbon
(AC, YP-50F) was also measured under identical electro-
chemical parameters (Figure S19). Clearly, the AC electrode
possesses undesirable specific capacitance and rate capability,
which is mainly attributed to the unsuitable pore size for
electrolyte ion transportation and EDL establishment (Figure
$20).

Differentiation of the Charge Storage Contributions.
The influence of the hierarchical porous structure incorpo-
ration with heteroatom doping on charge storage needs to be
explored in-depth for understanding the kinetic process at
supercapacitor charge/discharge status. Furthermore, a vol-
tammetry response analysis technique was employed to
quantify the capacitance contributions from nonfaradic
process-induced electric double-layer capacitance and faradic
redox reaction-evolved pseudocapacitance from heteroatom
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doping. The measured current at fixed potential can be
separated into the capacitive current (k;v) and diffusion-
controlled current (k,v/2)°”*® as shown in the equation

i(V) = kv + kyv'/?, where k; and k, are numerical constants.
To differentiate the capacitive contributions, we first
determined the k; value at fixed potential by plotting the
linear relation between i(V)/v'/? and v'/? at various scan rates
(5—50 mV s7'), as shown in Figure 4a. These values of k; at
different potentials can be determined as their slopes.
Numerous k;v values, depending on the potentials at a fixed
scan rate, could form an enclosed CV curve to estimate the
stored charges. Herein, the partial contribution from the
capacitive current can be calculated as the area of shaded
regions. Figure 4b presents the CV curve and current
response—potential plot of the capacitance contribution at a
scan rate of 5 mV s™! for the CDC-800 electrode, and a similar
voltammetry response at a higher scan rate of SO mV s™' is
presented in Figure S21. Figure 4c compares the stored charges
contributed from the surface EDL effect and the faradic redox
reaction. Evidently, the stored charge induced by the surface
EDL keeps constant at various scan rates, while the stored
charge from the faradic redox reaction process exhibits a
significantly different trend. The much slower reaction kinetics
is responsible for the gradually reduced charge quantity with
the increased scan rates, which can be understood that the long
relaxation time impedes the faradic charge storage at higher
scan rates. The effect of post-annealing treatment for CDC-800
on the capacitance contribution was also investigated. In
Figure 4d, the capacitance charges at a scan rate of 10 mV s~
from the surface EDL effect are 165.3, 149.1, 142.6 and 119.4
C ¢!, which are ascribed to the decreased effective SSA and
deteriorated pore structure, and the corresponding pseudoca-
pacitance charges are 69.1, 38.1, 36.1 and 303 C g_l,
respectively, induced by the oxygen- and nitrogen-containing
groups (namely, carboxyl, phenol, and N-6).

Furthermore, the capacitance contributions from surface
EDL and faradic redox reactions can be also differentiated.®””
In this procedure, the voltammetry charge (g) was calculated
at different scan rates, and the scatter diagram of 1/q versus
v'/2 and g versus v/? can be plotted subsequently. To obtain
the total voltammetry charge (g,), extrapolating of g to v = 0
from the plot of 1/q versus v'/* was conducted (Figure 4e).
The charge from double layer (gq) is evaluated by
extrapolating of g to v = co from the plot of g versus v~/
(Figure 4f). Consequently, the charge contributed by
pseudocapacitance involving faradic redox reactions (g,) can
be obtained from the difference between g, and gg.
Furthermore, the specific capacitance (including maximum
total specific capacitance (C,), specific electric double-layer
capacitance (Cy), and specific pseudocapacitance (C,)) can be
calculated by dividing the corresponding charge within the
applied potential windows in CV measurements. Owing to the
higher effective O- and N-containing groups, 108.8 C g_1 is the
charge contributed from pseudocapacitance for CDC-800, and
the values are 54.3, 49.4, and 43.4 C g_1 for CDC-800@800,
CDC-800@900, and CDC-800@1000, respectively. More
detailed results are listed in Table S4.

The Root of EDL Capacitance and Pseudocapaci-
tance. To further understand the capacitance contributions
either from the surface effect dedicated to EDL capacitance or
active functional group-induced pseudocapacitance, the
variation of the surface capacitance (C,,) with the ratio of
the micropore surface area (Riicro) is shown in Figure Sa.
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Figure S. Quantification the contribution of the surface effect and functional groups to the subdivided capacitance. (a) Dependence of the specific
surface area normalized capacitance on the ratio of the micropore surface area. (b) Redox reactions for N- and O-doped electrode materials in
alkaline electrolytes. (c) Portion of the pseudocapacitance contributing from different active functional groups.

Meaningfully, a variation of the steady increase of the values of
Cour along with the increased micropore amounts can be
observed. It is mainly attributed to the existence of electronic
capacitance in the subnanoporous carbon materials according
to the theory proposed by Kant and Singh.”'

Furthermore, we quantified the specific pseudocapacitance
derived from active oxygen- and nitrogen-containing functional
groups. Here, we assumed that the pseudocapacitance was
entirely introduced by active oxygen- and nitrogen-containing
functional groups due to the negligible capacitance contribu-
tions from chlorine-containing functional groups in alkaline
electrolytes. Acidic carboxyl and phenol in oxygen-containing
functional groups can introduce pseudocapacitance via reacting
with hydroxyl ions (OH") in the alkaline aqueous electrolyte.
Meanwhile, for the nitrogen-containing functional group, the
redox reactions occurred between N-6 and pyridone and/or
between N-6 and N-X. The involved electron transfer reactions
are presented in Figure Sb and Note S1.

Based on the involved redox equations, the respective
specific pseudocapacitance versus the amount of active
functional groups (including carboxyl, phenol, and N-6) is
shown in Figure Sc, and a detailed calculation method is
demonstrated in Note S2. It is shown that the CDC-800
electrode possesses the maximum total specific pseudocapaci-
tance. It is because two electrons are transferred to one N-6
group during the redox reaction process, while only one
electron involves for each carboxylor phenol group, and CDC-
800 possesses the highest N-6 groups and similar oxygen
content compared to the others. It is also observed that it is
not a linear relation between the generated specific
pseudocapacitance and corresponding individual atomic
percentage. The pseudocapacitance is also related to the
effective surface area, which is critical to redox reactions. As a
result, a higher effective surface area, suitable pore structure,
and higher ratio of active functional groups are the key factors
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to achieve the excellent capacitive energy storage performance
for heteroatom-doped carbon materials.

B CONCLUSIONS

In summary, the underlying ion-sorption dynamics were
explored for the enhanced capacitive performance in
heteroatom-functionalized porous carbon materials, combining
electrochemical response analysis and establishing the charge
storage contributions from a porous structure enabled surface
capacitive charge and heteroatom doping contributed
pesudocapacitive charge, in which composition and porosity
tunable N, O, and CI codoped CDC materials were used as the
research objects. Bode phase angle plots analysis demonstrated
the bimodal (micro-to-meso) CDC materials with a convex
mesostructure, which favors the accessibility of electrolyte ions
and the dynamics of electrolyte ion reorganization for EDL.
Besides, heteroatom doping would depress the ion-sorption
dynamics due to the sluggish redox reaction process and thus
deteriorating the rate capability. The positive correlation
between the surface capacitance and the ratio of micropores
indicates the existence of electronic capacitance that is relative
to pore size dependent ion-sorption dynamics. Furthermore,
electroactive pyridine N, carboxyl, and phenol functional
groups can induce reversible redox reaction to offer
pseudocapacitance in an alkaline aqueous electrolyte, and the
pyridine N functional group with more transfer electron
numbers during the redox process dominates the contributed
pseudocapacitance. Therefore, bimodal porous carbon materi-
als with a convex mesostructure and optimized chemical
bonding style to improve the capacitive performance are
accessible. This work renders a clear understanding of the roles
of EDL and pseudocapacitance in the contribution to an
improved capacitance and how to manipulate the two to
design high-performance capacitive energy storage devices.
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