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EDLC. To achieve a higher energy storage 
capacity, research efforts are currently 
focused on optimizing the pore structure 
and introducing heteroatoms into carbon 
materials to enhance the capacitance of 
EDLCs.[9–11]

The introduction of heteroatoms, such 
as N, O, B, and F, onto the surface or 
into the bulk of the carbon materials, is 
considered to be a promising approach 
to improving the specific capacitance 
and energy density of carbon mate-
rials.[12–16] Heteroatoms that provide a 
pair of electrons can modulate the elec-
tron donor–acceptor characteristics of 
carbon materials and create additional 
functional groups on the carbon surface. 
These effects can considerably enhance 
the capacitance of carbon electrodes by 
contributing an additional pseudoca-
pacitance in the form of surface Faradaic 
reactions.[17,18] In recent years, nitrogen-

doped carbon materials have emerged as the most promising 
candidates for alternative electrode materials for EDLC applica-
tions owing to their excellent performance.[19–23] Recently, Lin 
et al.[23] developed a nitrogen-doped ordered mesoporous few-
layer carbon with a high specific surface area (1580 m2 g−1) and 
a very high nitrogen doping concentration (12 at% nitrogen 
doping), which displayed a record gravimetric capacitance of 
855 F g−1 in aqueous electrolytes.

Gogotsi et al.[24] synthesized carbide derived carbon (CDC) 
with unimodal micropores of 0.6–2.25 nm for EDLCs. These 
tailored sub-nanoporous carbons exhibited very high capaci-
tances in an organic electrolyte. Following this study, the origin 
of the anomalous increase in capacitance has received consider-
able attention. It has been shown that the maximum volumetric 
capacitance was achieved when the carbon pore size matched 
that of the adsorbing electrolyte ions.[25–29] The development of 
in situ experimental techniques, including the electrochemical 
quartz crystal microbalance[30–32] (EQCM) and small-angle X-ray 
scattering[33–35] (SAXS), has radically modified understanding of 
charge storage mechanisms and ion dynamics in nanoporous 
carbon-based supercapacitors in aqueous electrolytes. Recently, 
Prehal et al.[33] used SAXS to characterize ion adsorption mech-
anisms in confined pores and the effects of different micropo-
rous carbons on the capacitance. Their results showed that the 

A full understanding of ion transport in porous carbon electrodes is essential 
for achieving effective energy storage in their applications as electrochemical 
supercapacitors. It is generally accepted that pores in the size range below 
0.5 nm are inaccessible to electrolyte ions and lower the capacitance of 
carbon materials. Here, nitrogen-doped carbon with ultra-micropores 
smaller than 0.4 nm with a narrow size distribution, which represents the 
first example of electrode materials made entirely from ultra-microporous 
carbon, is prepared. An in situ electrochemical quartz crystal microbalance 
technique to study the effects of the ultra-micropores on charge storage in 
supercapacitors is used. It is found that ultra-micropores smaller than 0.4 nm 
are accessible to small electrolyte ions, and the area capacitance of obtained 
sample reaches the ultrahigh value of 330 µF cm−2, significantly higher than 
that of previously reported carbon-based materials. The findings provide a 
better understanding of the correlation between ultra-micropore structure and 
capacitance and open new avenues for design and development of carbon 
materials for the next generation of high energy density supercapacitors.

Supercapacitors

1. Introduction

Supercapacitors are promising devices for applications 
requiring rapid pulses of energy or high power with rapid 
repetitive recharging owing to their exceptional power den-
sity and cyclability compared with those of Li batteries.[1–8] 
Electrical double-layer capacitors (EDLCs) store energy by 
adsorbing anions and cations at an electrode/electrolyte inter-
face on the surface of highly porous materials. The double-layer 
capacitance resulting from electrostatic charge storage is in the 
range of 10–25 µF cm−2 and no Faradic reactions occur at the 
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pore size of the carbon material decreased from 1.3 to 0.65 nm, 
while the volumetric capacitance considerably increased from 
80 to 180 F cm−3. Thus, ionic transport in microporous elec-
trodes is an important consideration for energy storage in 
electrochemical supercapacitors. Studies on the effects of the 
pore size on capacitance could enable further performance 
improvements by maximizing the electrode surface area acces-
sible to the electrolyte ions.[36–41] However, to date, no studies 
have examined effects of micropores smaller than 0.4 nm on 
the performance of electrochemical capacitors. Moreover, it has 
yet to be determined whether ultra-micropores of the nitrogen-
enriched carbon materials can affect the pseudocapacitance of 
the materials.

In this work, we successfully synthesized nitrogen codoped 
carbon microspheres (CM), with unimodal 0.3–0.4 nm nano-
pores, by a simple low-temperature solvothermal route without 
postprocessing. We used in situ EQCM measurements to 
directly reveal the effects of the ultra-micropores (i.e., pores 
smaller than 0.4 nm) on charge storage in supercapacitors. This 
is the first example of a supercapacitor made from a unimodal 
ultra-microporous carbon electrode material. We showed that 
the ultra-micropores were accessible to small electrolyte ions 
and enabled fast diffusion of electrolyte ions at the surface and 
in the bulk. The nitrogen doping induced a pseudocapacitance 
by improving the mobility of negative charges on the carbon 
surfaces. The synergic effects of the ultra-micropores and 
nitrogen doping enabled carbon microspheres with a gravi-
metric capacitance up to 147 F g−1 in H2SO4. Moreover, when 
the ultra-micropore total volume of the carbon microspheres 
increased from 0.006 to 0.016 cm3 g−1, the gravimetric capaci-
tance increased from 147 to 294 F g−1. More importantly, due 
to the narrow size distribution of ultra-microporous carbon 
than typical carbon-based electrodes, the area capacitance of 
obtained sample reaches the value of 330 µF cm−2, signifi-
cantly higher than that of previously reported electrode mate-
rials.[23,43–46] This work provides a better understanding of the 
correlation between ultra-microporous structures and their 
capacitance. We present a new strategy for designing better 
supercapacitors with optimized carbon pore sizes in future 
applications.

2. Structural Features and Composition

Low-magnification scanning electron microscope (SEM) images 
of the nitrogen-doped carbon microspheres and carbon micro-
spheres without nitrogen (CM-X) (Figure 1 and Figure S1, 
Supporting Information) showed that the samples consisted of 
microspheres and a spherical geometry ≈4 and 12 µm, respec-
tively. An enlarged image (inset) further illustrates the smooth 
surface and near-perfect spherical geometry of the samples. The 
doping of nitrogen into the carbon microspheres was detected 
by energy-dispersive X-ray (EDX) spectroscopy. We confirmed 
the presence of C and N in the nitrogen-doped carbon micro-
spheres (Table S2, Supporting Information). A high-magni-
fication SEM image of the samples and the corresponding 
elemental mappings (Figure 1c–eh) indicated that both C and 
N were distributed uniformly throughout the entire area of the 
samples.

We compared the structures of the samples by collecting 
X-ray diffraction (XRD) patterns. As shown in Figures S2a and 
S3a (Supporting Information), two broadened diffraction peaks 
were observed at 2θ of 26.2° and 43.8°, analogous to the (002) 
and (101) planes of graphite. The broadening of the peaks sug-
gested the possible presence of an amorphous carbon phase 
within the carbon spheres. For the carbon microsphere synthe-
sized with diethylamine (CM-D) and carbon microsphere syn-
thesized with acetonitrile (CM-A), the broad peak corresponding 
to the graphite-like (002) showed a similar intensity for both 
samples, which suggested the graphitization. Raman spectra 
(Figures S2b and S3b, Supporting Information) showed a 
G-band at 1601 cm−1 and a typical D-band located at 1372 cm−1, 
attributed to the vibration of sp2 bonded carbon atoms in a 2D 
hexagonal lattice and disordered carbon atoms with defects, 
respectively. The intensity ratio ID/IG (1.02) of CM-D was close 
to that of CM-A (1.03), indicating a similar crystal structure for 
the two samples, consistent with the XRD results.

The pore structure of the samples was further investigated 
by N2 adsorption measurements. The Barrett–Emmett–Teller 
(BET) surface area and pore volume calculated by the quenched 
solid density functional theory (QSDFT) method are summa-
rized in Figure S4 and Table S1 (Supporting Information). 
The samples displayed a typical type II isotherm based on 
the adsorption/desorption isotherms. This type of isotherm is 
characteristic of nonporous solid materials, which may have 
surface area inaccessible to nitrogen adsorption. The low adsorp-
tion amount suggested a very low surface area as calculated 
from the N2 adsorption (1–2 m2 g−1). However, the quadrupole 
moment of the N2 molecule limits access of the gas to small 
pores at 77 K. Thus, N2 sorption cannot accurately reflect the 
porosity values of ultra-micropores (<0.7 nm).[21,40–42] To further 
examine the ultra-micropore structure of the samples, we used 
CO2 adsorption at 273.2 K and synchrotron radiation small-
angle X-ray scattering (SAXS) to assess the surface area of the 
ultra-micropores with size less than 1 nm (Figure 2a–d). The 
presence of ultra-micropores in the size range of 0.34–0.38 nm 
was indicated by the CO2 sorption data (Figure 2b,c), and the 
total pore volumes of 0.016 and 0.006 cm3 g−1 for CM-D and 
CM-A, respectively. The adsorption behavior of the CMs was 
unclear possibly owing to the low surface interaction with the 
CO2 molecules. Porosity measurements with data from SAXS 
are shown in Figure 2d. The pore size distribution was com-
puted from the SAXS data to show ultra-micropores with sizes 
in the range of 0.3–0.4 nm in the samples. The higher peak 
intensity suggested a higher porosity in CM-D than that of 
CM-A, which was in good qualitative agreement with the CO2 
adsorption measurements.

Elemental chemical environments in the samples were fur-
ther investigated by X-ray photoelectron spectroscopy (XPS) 
(Figure 3). We found a similar pattern with a predominant 
narrow graphitic C 1s peak at 284.6 eV and small peaks at 398.8 
and 532.3 eV. The presence of an O1s peak at 532 eV in the 
sample could be attributed to partial surface oxidation.[41] Quan-
titative elemental analysis indicated a high doping content of 
nitrogen in CM-D (11.89 wt%) and CM-A (12.43 wt%), respec-
tively (see Table S2, Supporting Information). The complex N1s 
spectra could be further deconvoluted into three different peaks 
at binding energies of 398.3, 399.8, and 400.7 eV, attributable to 
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pyridinic, pyrrolic, and graphitic nitrogen atoms, respectively. 
Pyridinic N (N1) atoms were located at the edges of the gra-
phitic planes, bonded to two carbon atoms and hybridized with 
one p-electron in the aromatic system. Pyrrolic-N (N2) atoms 
bonded with two carbon atoms and contributed to the p system 
with two p-electrons. Graphitic N atoms were incorporated 
into the graphene layer and substituted carbon atoms within 
the graphene plane. However, the high-resolution N1s spectra 
(Figure 3 and Table S3, Supporting Information), indicated dif-
ferences in the shapes of these three peaks between the two 
different samples and different amounts of the N bonding 
configurations formed in the carbon microspheres.

3. Electrochemical Performance

To further study the influence of the ultra-micropore structure 
on the electrochemical properties, the samples were simulta-
neously characterized by cyclic voltammetry (CV) and EQCM 
in 1 m H2SO4 aqueous solutions. Figure 4a,b demonstrates the 

characteristic capacitive behavior with rectangular CV profiles, 
thus, confirming the results of a previous study[42] conducted 
with the samples showing that both cations and anions could 
freely access the sub-0.4-nm pores. Figure 4a,b shows the rela-
tionship between frequency and potential; according to the Sau-
erbrey equation, the frequency (Δf) response decreases when 
the electrode mass (Δm) increases. In this potential range, an 
increase of the electrode mass observed during the negative 
scan was associated with cation adsorption; during the posi-
tive scan, the electrode mass decrease corresponded to desorp-
tion. The periodic mass change of the CM-D electrode during 
cycling was much higher than that of the CM-A electrode. 
This result clearly indicated that adsorption of both cations 
and anions was related to the ultra-microporous volume of 
the electrode. Figure 4c shows the results of the CM without 
ultra-micropores tested in 1 m H2SO4. Owing to the lack of an 
ultra-microporous structure in the CM, we expected ions to 
have limited access to the electrodes. Indeed, no mass change 
of the quartz was observed upon cycling, as previously shown 
by other groups.[30,42] Both the CV and EQCM results further 
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Figure 1. Morphology and elemental distribution of the carbon microspheres: a) low-magnification SEM image of the CM-D (inset: high-magnification 
SEM image); b) low-magnification SEM image of the CM-A (inset: high-magnification SEM image); c) SEM image of CM-D, and d,e) corresponding 
EDS elemental maps of carbon (red) and nitrogen (yellow); f) SEM image of CM-A, and g,h) corresponding EDS elemental maps of carbon (red) and 
nitrogen (yellow). Scale bars: 15 µm (a, b), 1 µm (a, b, inset), and 1 µm (c, d, e, f, g, h).
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confirmed that the ultra-micropores (<0.4 nm) allowed penetra-
tion of small ions, such as H+. This effect may have enhanced 
the ionic transport behavior during electrochemical testing 
and contributed to the considerably improved electrochemical 
performance.

To evaluate the electrochemical performance of the samples 
as EC electrodes, we applied the CMs as working electrodes 
in a 1 m H2SO4 aqueous electrolyte solution at a scan rate of 
5 mV s−1 using a three-electrode setup with a saturated calomel 
electrode (SCE) reference electrode. Cyclic voltammograms 
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Figure 3. Chemical analysis of the carbon microspheres: a) high-resolution XPS spectra of N1s, of CM-D; b) high-resolution XPS spectra of N1s, of 
CM-A.

Figure 2. Adsorption behaviors and surface characteristics of the carbon microspheres: a) CO2 (273.2 K) isotherm; b) pore size distributions for CO2; 
c) cumulative specific surface area; d) small-angle X-ray scattering (SAXS) patterns of synthesized carbon microspheres.
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(Figure 5a) exhibited a small rectangular curve and very low 
capacitances for the CMs owing to the extremely low pore 
volume and lack of nitrogen doping. The samples doped with 
nitrogen, presented a typical shape with distinct pseudoca-
pacitive behavior over a wide voltage range of −0.1 to 0.6 V  
(vs SCE). This result could be attributed to Faradaic redox reac-
tions, as observed in cyclic voltammetry plots. A distinct pair of 
broad and overlapping redox peaks was more clearly observed 
in the CV curve for CM-D than in that of the CM-A sample. 
Thus, the greatly increased capacitance can be attributed to the 
large ultra-micropore volume of CM-D. These results indicated 
that the ultra-micropores (less than 0.4 nm) within the carbon 
spheres enhanced the ionic transport behavior and participated 
in the pseudocapacitance reaction, improving the electrochem-
ical performance of electrodes.

The redox reactions could also be observed in galvanostatic 
charge/discharge curves (Figure 5b), in which a nonlinearity 
occurred, representative of the pseudocapacitive behavior of 
the samples. A small transition in the line slopes around 
0.5 V in acidic solution correlated with the redox peaks in the 
CV curves. Thus, the existence of the ultra-micropores greatly 
improved the specific capacitance of carbon microsphere elec-
trodes, as calculated from the charge/discharge curves. The 
specific capacitance of CM-D was calculated to be 294 F g−1 at a 
current density of 0.1 A g−1, which was much higher than that 
of the CM-A (147 F g−1) and CM-X (16.2 F g−1), and two orders 

of magnitude greater than that of the CMs without heteroatom 
doping (2 F g−1). The excellent electrochemical performance 
of the sample might be attributed to the presence of ultra-
micropores (<0.4 nm) provided an adequate ion-accessible sur-
face area for charge accommodation, and allow penetration of 
small ions, that is, H3O+, have similar size within the range 2.82 
Å, into the entire volume of the active materials. And by com-
paring the pore size distribution and charge/discharge results, 
we can conclude that a little larger total ultra-micropore volume 
of CM-D (0.016 cm3 g−1) than that of CM-A (0.006 cm3 g−1)  
contributed to a much greater gravimetric capacitance of 
147 versus 294 F g−1. For such pore diameter, a slightly 
increasing coverage of the inner ultra-micropore is more suit-
able to the ion coming in and out from the pore channel. And 
due to the ultra-microporous carbon possesses a much lower 
surface area than other typical carbon-based electrodes (1500–
2000 m2 g−1), the area-normalized capacitance (Ca, µF cm−2) of 
the CM-D electrode is up to 330 µF cm−2 at 0.1 A g−1, signifi-
cantly higher than those from carbon-based electrodes, such as 
activated carbons (10–25 µF cm−2),[43] carbide-derived carbons 
(5–22 µF cm−2),[44] MXene-derived carbons (24 µF cm−2),[45] 
nitrogen-enriched carbon materials (73.4 µF cm−2),[46] and func-
tionalized graphene sheets (54.1 µF cm−2).[23]

To assess the performance of our nitrogen-doped carbon 
microsphere electrode in the context of the literature, the best 
results reported for nitrogen-doped carbon-based electrodes  
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Figure 4. In situ measurements of ionic diffusion in the carbon microspheres: a–c) CV and EQCM frequency response of CM-D, CM-A, and CM, in 
1 m H2SO4 solution at a scan rate of 5 mV s−1.
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are listed in Table S4 (Supporting Information). In this table, 
we compare the major characteristics of surface area, total 
volume, electrolyte, normalized capacitances, and the rate capa-
bility. Clearly, the area-normalized capacitance (Ca, µF cm−2) 
of CM-D is much higher than that of previously reported 
nitrogen-doped carbon-based materials. The outstanding elec-
trochemical performance of the CM-D might be attributed to 
a combination of two factors: first, the nitrogen doping greatly 
enhanced the capacitance of the carbon electrodes owing to 
the pseudocapacitance effect; second, the presence of ultra-
micropores (<0.4 nm) provided an adequate ion-accessible 
surface area for charge accommodation. As shown in the pre-
vious studies,[17–19] nitrogen-containing functional groups play 
a crucial role in inducing pseudocapacitance by improving the 
charge mobility of the carbon and introducing negative charges 
on the carbon surface. These effects result in ion doping/
dedoping, similar to that observed in conducting polymers. 
The presence of a relatively large amount of electrochemically 
active pyridine N and pyrrolic N (Table S3, Supporting Infor-
mation) was confirmed in the XPS spectrum (Figure 3). The 
pyrrolic N likely played an important role in enhancing the 
specific capacitance. This presumption is supported by theoret-
ical studies of Strelko et al.[47] and Zhu et al.[48] Their quantum 
chemical calculations showed that pyrrole nitrogen improves 

charge mobility in a carbon matrix by introducing electron–
donor characteristics and by enhancing the carbon catalytic 
activity for electron-transfer reactions. Moreover, for the first 
time, we used in situ EQCM measurements to directly show 
that ultra-micropores were accessible to small electrolyte ions 
and allowed fast penetration of ions into the entire volume of 
the active material. The accessibility of ions enabled Faradaic 
reactions at both the surface and in the bulk of the CMs. A 
sharp increase in capacitance with decreasing pore size was 
reported in the studies of Gogotsi et al.,[24] which revealed an 
anomalous increase in the volumetric capacitance of nanopo-
rous carbons with pore sizes smaller than 1 nm. Therefore, a 
greater understanding of ionic transport in ultra-microporous 
carbon electrodes and the ability to control this factor may 
hold the key to optimizing the gravimetric capacitance and 
volumetric capacitance performance of supercapacitors for dif-
ferent applications. The larger total ultra-micropore volume of  
CM-D (0.016 cm3 g−1) than that of CM-A (0.006 cm3 g−1) contrib-
uted to a greater gravimetric capacitance of 147 versus 294 F g−1. 
The packing density showed almost no change, thus the volu-
metric capacitance of the CM-D was twice as large as that of 
the CM-A. This result implies that ultra-microporous carbon 
materials not only allow faster penetration of ions into the 
numerous effective active sites, but also served as ion-buffering  
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Figure 5. Electrochemical performance of the carbon microspheres: a) CV curves of CM, CM-D, and CM-A samples in 1 m H2SO4 solution at a scan 
rate of 5 mV s−1; b) galvanostatic charge/discharge curves of CM-Ds samples in 1 m H2SO4 solution with different current densities; c) corresponding 
capacity retention at current densities in the range 0.1–10 A g−1; and d) electrochemical impedance spectra under the influence of an ac voltage of 5 mV.
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reservoirs. These features shorten the ion diffusion paths 
to the interior surfaces, thereby contributing to the excellent 
capacitive behavior.

Electrochemical impedance spectroscopy (EIS) was per-
formed to further investigate the ion-transport behavior and 
electrical resistance of the supercapacitor. We used the samples 
as the electrodes over a frequency range of 0.01 Hz to 1 MHz 
(Figure 5d). The steeper slope of CM-D than that of CM-A in the 
low-frequency region of the EIS spectra confirmed that its higher 
capacitive behavior was a result of the larger ultra-micropore 
volume and nitrogen doping. The semicircle at high frequency 
became much smaller for the CM-D, indicating much better 
electrochemical capacitive properties, lower diffusion resist-
ance, and lower charge transfer resistance for the CM-D than 
for the CM-A. The greatly improved charge transfer efficiency 
was responsible for the superior performance of the doped elec-
trodes in mitigating capacitance fading at a higher current den-
sity (over 226 F g−1 for CM-D vs ≈40 F g−1 for the CM-A).

An ideal supercapacitor should be able to deliver the same 
energy under any operation conditions. Therefore, it is impor-
tant to investigate the capacitance retention at higher current 
densities. As shown in Figure 5b, the CM-D electrode also 
exhibited an excellent rate capability. The specific capacity 
maintained an extremely high value above 226 F g−1 at a high 
current density of 10 A g−1 in 1 m H2SO4, and the capacitance 
retention remained ≈75% as the current density was increased 
from 0.1 to 10 A g−1 (Figure 5c). However, the specific capaci-
tance of the CM-A decreased rapidly from 147 to 40 F g−1 when 
the current density was increased from 0.1 to 10 A g−1. Thus, 
it could be that access to pores smaller than 0.4 nm is slightly 
hampered in a high current density, it may also indicate that 
there may be some resistance in the process of rapid ion con-
duction in ultra-micropores. In addition, the pore structure of 
ultra-micropores has little effect on the electrochemical double-
layer capacitance, which mainly increases the pseudocapaci-
tance of the electrode material. A long cycling life is another  
important requirement for supercapacitors. We studied 
the durability of the CM-D electrode with galvanostatic charge/
discharge measurements to characterize the long-term charge/
discharge behavior at a current density of 5 A g−1. As shown 
in Figure S5 (Supporting Information), the electrode exhibited 
excellent electrochemical stability with no loss of the initial 
specific capacitance after 10 000 cycles in H2SO4, indicating 
the excellent long-term stability of the electrode. We observed 
a gradual increase of the capacitance, which was likely attrib-
uted to continuous diffusion of electrolyte ions into the ultra-
micropores. Furthermore, active processes at the electrode 
likely contributed to a gradual increase in the amount of effec-
tive charge storage sites in the CM-D electrode and thus the 
specific capacitance.

4. Conclusion

In summary, we demonstrate an effective strategy for designing 
high-performance electrodes with a high capacitance based 
on ultra-micropores smaller than 0.4 nm. We used cyclic vol-
tammetry with in situ EQCM measurements to directly reveal 
the effect of the ultra-micropores on charge storage in the  

supercapacitors. The measured mass changes showed that the 
small electrolyte ions could easily access the ultra-micropores 
with 0.3–0.4 nm pores, which is reported for the first time 
in the field of supercapacitors. Moreover, the carbon micro-
spheres only with the ultra-micropores achieved an ultrahigh 
areal capacitance up to 330 µF cm−2 in H2SO4, and exhibited 
an excellent electrochemical stability with no loss of the specific 
capacitance over 10 000 cycles in acid solution. More impor-
tantly, these findings open up new avenues for development 
and design of heteroatom-enriched carbon materials for the 
next generation of high energy density supercapacitors.

5. Experimental Section
Materials Synthesis: The carbon microspheres with nitrogen were 

prepared by a solvothermal reaction in a stainless-steel autoclave 
(40 mL in total capacity) under autogenous pressure and in a dry 
glove box with flowing N2. In a typical process, a single organic solvent, 
anhydrous diethylamine (C4H11N) as the carbon and nitrogen source, 
was transferred to a stainless-steel autoclave. The autoclave was sealed 
and maintained at 400 °C for 24 h in a furnace, and then allowed to cool 
to room temperature naturally. The resulting mixture was collected and 
washed with distilled water, ethanol, and hydrochloric acid several times 
to remove impurities. The product CM-D was dried in vacuum at 80 °C 
for 10 h. The carbon microspheres with nitrogen were synthesized under 
similar conditions with acetonitrile instead of diethylamine to form 
CM-A. The carbon microspheres without nitrogen were synthesized 
under similar conditions with xylene instead of diethylamine to form 
CM-X. And the CM were purchased from Tianjin BTR New Energy 
Materials Co., Ltd., China, as control materials for comparison with the 
performance with the codoped carbon spheres.

Materials Characterization: XRD was measured with the use of 
a D/max-2500/PC X-ray diffractometer and Cu Kα radiation (λ = 
0.15418 nm). Raman spectra of the samples were recorded at room 
temperature on a WiTec Raman system (Alpha 300) with a 100× objective 
lens and a 633 nm He-Ne laser. Fluorescence spectra were measured 
with a Princeton Instruments Spectrograph (SP2750) having a 20× 
objective and 532 nm excitation source. The morphology and elemental 
composition were studied with a scanning electron microscope (JEOL 
JSM 7001F SEM) operating at an accelerating voltage of 5 kV with energy 
dispersive X-ray spectroscopy (Oxford-Horiba Inca XMax50 EDX). The 
XPS measurements were performed on a PHI QUANTERA-II SXM X-ray 
Photoelectron Spectrometer. The N2 adsorption analysis was conducted 
on a TriStar 3020 accelerated surface area system equipped with an 
automated surface area at 77 K based on BET calculations for the surface 
area. The CO2 isotherms were recorded at 273.2 K with a Micromeritics 
ASAP 2460. The pore size distribution curves were obtained from the 
adsorption branch isotherms by a density functional theory method. 
SAXS experiments were collected at the B1 station of CHESS, USA. 
Diffraction was collected at room temperature at an X-ray wavelength 
of 0.486282 Å for 400 s. A CeO2 sample was used for the calibration and 
Mar345 was used as the detector, with a sample-to-detector distance 
of ≈890 mm. The 2D diffraction pattern was converted to 1D with the 
use of FIT2D software. The data were collected over a scattering vector 
Q, where Q = 4πsinθ/λ = 2π/d, θ is the scattering angle, λ is the X-ray 
wavelength, and d is the dimension of a feature in real space.

Electrochemical Measurements: The frequency difference between 
the working crystal and a reference crystal was measured with an 
EQCM (Model CHI 440, CHI Instruments). The resonant frequency of 
the fundamental mode of the reference crystal (f0) was 8.0 MHz. The 
correlation between the mass change Δm and the frequency variation Δf 
was calculated based on the Sauerbrey equation

ρµ
∆ = −

×
× ∆

2 0
2m

A

f
f  (1)
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where Δm is in g, Δf is in Hz, A is the area of the gold working electrode 
(0.196 cm2), ρ is the density of quartz (2.684 g cm−3), and µ is the shear 
parameter of quartz (2.947 × 1011 g cm−1 s−2). Substitution of all the 
parameters into Equation (1) showed that a frequency variation of +1 Hz 
corresponds to a mass change of −1.36 ng. In a three-electrode system, 
the sample was used as the test gold electrode with a platinum wire 
as the counter electrode, and the reference electrode was Ag/AgCl in 
1 m H2SO4. CV studies were performed on a CHI 440 electrochemical 
workstation (Shanghai Chenhua, China) in the potential range of 0–0.8 V 
versus Ag/AgCl at a scan rate of 5 mV s−1. The current and quartz 
frequency were simultaneously recorded.

In the three-electrode system, the test electrode was prepared 
by loading a slurry consisting of 85 wt% active material, 10 wt% 
carbon black, and 5 wt% poly(vinylidene fluoride) (PVDF) in 
N-methylpyrrolidone onto a Pt-mesh, which was dried at 80 °C for 6 h 
under vacuum and then dried further under vacuum at 100 °C for 12 h. 
The electrodes were obtained by coating an active mass of 2–4 mg 
onto each current collector (1 cm2 area). The sample was used as the 
test electrode with platinum foil as the counter electrode. The reference 
electrode was a SCE electrode in 1 m H2SO4. CV studies were performed 
on a CHI 660D electrochemical workstation (Shanghai Chenhua, China) 
in the potential range of −0.2 to 0.8 V versus SCE at a scan rate of 
5 mV s−1. The galvanostatic charge/discharge cycles were measured by a 
Land cell tester (CT 2001A) at 0.1–10 A g−1 over a voltage range of −0.2 
to 0.8 V versus SCE. The specific capacitance (Cs) of the systems was 
calculated according to the following equation

= × ∆
∆ ×gC I t

V m
 (2)

=
SSAa

gC
C

 (3)

where Cs (F g−1) is the gravimetric specific capacitance, Ca is the area-
normalized capacitance, that is, the specific capacitance per specific 
surface area (SSA), I (A) is the charge/discharge current, ΔV (V) stands 
for the potential window within the discharge time Δt (s), and m (g) 
corresponds to the amount of active material on the electrode. All 
experiments were conducted at room temperature (25 ± 1 °C).
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