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Abstract: Aqueous zinc-ion capa-
citors (ZICs) have significant po-
tential as energy storage systems
because of their high specific ca-
pacity and superior reliability. Het-
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eroatom-doped carbon materials
were known to substantially in-
crease the capacitance of ZICs,
however the mechanism remains
poorly understood. Coal-based ac-
tivated carbon was functionalized
with B and N to serve as the cath-

ode material in ZICs. This modi-
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specific capacity of 371.4 mAh g ' at 1 A g ' and it retained 74% of its initial capacity after 10 000 cycles. Experimental results
and density functional theory calculations revealed that pyridinic N plays a crucial role in increasing Zn*>" storage, demonstrat-
ing superior electrochemical reversibility. This work gives valuable insight into the design of high-capacity and ultrafast

pseudocapacitive carbon cathodes for ZICs.
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The development of sustainable, high-perform-
ance energy storage systems is important to address
the uneven production and geographic distribution of
primary energy sources such as solar and wind
energy!’. To address this challenge, hybrid capacitors
have been developed as an advanced electrochemical
energy storage system, offering high-rate capability,
enhanced energy density, superior power output, and
excellent cycling stability. In 2005, Fuji Heavy Indus-
tries introduced the concept of the “lithium-ion capa-
citors (LICs)” with the aim of achieving a synergistic
effect that exceeds the sum of its individual compon-
ents. The LICs consist of a prelithiated graphite an-
ode and an activated carbon cathode"” . However, the

shortage of lithium metal and its flammability pre-
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dicted serious economic risks and environmental
problems in the long run. Consequently, researchers
began exploring multivalent metal-ion hybrid capacit-
ors based on alternative metals as a viable substitute
for LICs.
metals (e.g. Na', K) and multivalent metals (e.g.
Mg®*, Zn**, Ca’*, AI’"), which are abundant in the

Earth’s crust and offer higher electron transfer per

These alternatives include monovalent

mole of ions. However, devices based on Mg”", Ca**
and AI’" usually show poor electrochemical perform-

ance in aqueous electrolytes by generating electro-
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chemically inert by-products passivated at the elec-
trode surface. In contrast, zinc-ion capacitors (ZICs)
have excellent reversibility, high stability!”’ and high
theoretical specific capacity (823 mAh g )"\, Mean-
while, the low redox potential of Zn/Zn>" extends the
operating voltage window of the capacitor, thereby in-
creasing energy and power density). However, the
ZICs still suffer from unsatisfactory charge storage
capability and durability due to the sluggish ion-mi-
gration kinetics in carbon cathodes. Thus, the design
of highly electroactive and robust carbon nanostruc-
tures is crucial for achieving superior electrochemical
performance in ZICs.

Carbon-based materials have been extensively
studied and utilized as cathodes for ZICs owing to nu-
merous advantages that include low cost, environ-
mental friendliness, and tunable structure. Among
these materials, coal-based activated carbon (CAC)
has garnered significant attention due to its cost-ef-
fectiveness and abundant availability. As a carbon-
aceous material, CAC possesses a wealth of surface
functional groups, making it an excellent raw materi-

al for high-quality activated carbon"" "’

. However,
CAC exhibits uneven pore distribution and few sur-
face-active sites, which are crucial disadvantages. Ex-
cessive micropores make it difficult for electrolyte
ions to enter the pores and hinder the transport of
ions'"”!. The low efficiency of ion adsorption and de-
sorption due to the lack of active sites on the surface
of CAC leads to the deterioration of the electrochem-
ical performance of CAC and affect the secondary
utilization in the direction of energy storage electrode
materials.

As for ZIC cathode materials, there are still sig-
nificant challenges in developing advanced CAC with
abundant active sites, high active site utilization, and
rapid kinetics. In this regard, the pore structure and
surface chemical state are 2 critical factors influen-
cing the performance of ZICs. The optimal pore size
should be tailored to match the dimensions of zinc
ions, thereby enriching the ion storage space and en-
hancing reaction points during rapid adsorption and

desorption processes. Additionally, the electrochemic-
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al performance of ZICs is significantly influenced by
the surface chemical state. Therefore, modifying the
surface of carbon materials can effectively promote
zinc ion adsorption. For instance, introducing het-
eroatoms, such as nitrogen (N), boron (B), phosphor-
ous (P) and sulfur (S), particularly N atoms, into the
carbon network can effectively modify surface polar-
ization, enhancing wettability towards polar electro-
lyte ions. This not only facilitates fast ion transfer and
provides a large accessible interface for charge stor-
age but also creates additional active sites for pseudo-
capacitance. Moreover, different types of N doping
have distinct effects on electrochemical properties.
Pyrrolic N and pyridine N can increase specific capa-
citance due to their pseudocapacitive contributions,
while graphitic N tends to enhance the conductivity of
carbon materials! . Boron, with 3 valence elec-
trons, can function as an electron acceptor. Previous
studies have demonstrated that carbon materials modi-
fied with N or B atoms exhibit significantly enhanced
zinc ion adsorption capabilities!' . However, the ef-
fects of various N doping configurations on the charge
storage behavior of CAC, including their contribu-
tions to electrochemical kinetics and the underlying
charge storage mechanisms, remain insufficiently ex-
plored. Therefore, elucidating the reaction mechan-
isms between dopants and the porous structure of
CAC is highly desirable. B and N co-doping is em-
ployed as a strategic approach to enhance the perform-
ance of coal-based activated carbon, and the influ-
ence of this co-doping strategy on zinc ion adsorption
energy is systematically investigated using density
functional theory (DFT).

In this study, ammonium pentaborate tetrahy-
drate NH,B,O,-4H,0 was selected as the B and N pre-
cursor owing to its high water solubility and the mo-
lecular-level homogeneity of B and N elements, which
facilitates more uniform doping of CAC during the
hydrothermal process. Consequently, the optimized N,
B doped-CAC sample exhibits a large specific sur-
face area with a highly interconnected pore structure,
providing additional electro-active sites for efficient

electrolytic ion adsorption/desorption and facilitating
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ion transport pathways through rapid ion transfer kin-
etics. DFT calculations demonstrate that N and B co-
doping significantly enhance the adsorption capacity
for zinc ions and improves electron transfer behavior.
This approach offers a promising strategy for the
design of ZICs cathodes with high capacity and long-
term stability.

Coal-based activated carbon (CAC) was
chased from Foshan Porous Carbon Technology Co.,
Ltd. NH,B;O4-4H,0 was purchased from Shanghai
Macklin Biochemical Technology Co., Ltd. Carboxy-
methylcellulose sodium (CMC2200) was obtained
from Guangdong Canrd New Energy Technology
Co.,Ltd. Ketjenblack EC600JD was purchased from
Suzhou Sinero Technology Co., Ltd. All chemicals

pur-

were utilized directly without further purification.

CAC was modified using a facile hydrothermal
method. Firstly, 100 mg of CAC was dissolved in
40 mL of deionized water and stirred magnetically for
30 min. Then, 100 mg of NH,B,04-4H,0 was added
to the solution and stirred for another 30 min. The
mixed solution was placed in a reactor and reacted at
120, 150 and 180 °C for 6 h, respectively. After cent-
rifuging, cleaning with deionized water, and drying at
80 °C for 24 h, the powdered product of CAC with
nanospheres structure was obtained. The sample
without NH,B;O,-4H,0 was named CAC, and the
other products were named CAC-120, CAC-150 and
CAC-180 after reaction at 120, 150 and 180 °C, re-

spectively.

The microstructure and morphology of as-pre-
pared samples were characterized by scanning elec-
tron microscope (SEM, TESCAN MIRA LMS). The
crystal structure of as-prepared samples was analyzed
by the Rigaku Miniflex 600 X-ray diffractometer
(XRD) with Cu Ko radiation. Raman spectrum was
collected from the HORIBA LabRAM HR Evolution.
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The X-ray photoelectron spectroscopy (XPS) analysis
was performed on a Thermo Scientific ESCALAB
model 250Xi using Al Ko radiation to ascertain the
surface elemental composition. The pore structure
characteristics at 77 K were detected by N, adsorp-
tion-desorption instrument (ASAP2020).

To prepare the working electrode, active materi-
al (80%, wt%), conductive acetylene black (10%,
wt%) and CMC (10%, wt%) were mixed in deionized
solution and dried to form a uniform paste. After be-
ing cast onto a substrate and pressed onto a carbon
cloth, the working electrode was prepared with an act-
ive material mass loading of approximately 1.0 mg
cm >, In a three-electrode test, a Pt plate and a satur-
ated calomel electrode served as a counter and refer-
ence electrode, respectively. At room temperature, the
electrochemical performance was tested on the elec-
trochemical workstation (CHI660E), including cyclic
voltammetry (CV), constant current charge-discharge
(GCD) and electrochemical impedance spectroscopy
(EIS). CV and GCD were collected in a wide voltage
range of —0.6 to 0.4 V, and EIS was measured in a fre-
quency range of 1x107 to 1x10° Hz. To further in-
vestigate the Zn®" storage performance of as-prepared
samples, Swagelok cell was assembled by using 1 mg
of the prepared electrode material as the cathode,
8.9 mg CAC as the anode, with the mass being given
by Eq. ()", Whatman filter paper as separator and
2 mol L™ ZnSO, as electrolyte. At room temperature,
the electrochemical performance was tested on
CHI660E, including CV, GCD and EIS. CV and GCD
were collected in a wide voltage range of 0 to 2 V,
and EIS was measured in a frequency range of 1x10°
to 1x10° Hz. In addition, the specific capacity (C,
mAh g ), energy density (E, Wh kg') and power
density (P, W kg ') were determined by the following
Eq. (2-4)":

m* _ (C,xAE") "
m- (C; xAE*)
IAt
C=— 2
3.6 )
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The schematic for preparation of CAC-120 is
shown in Fig. la, in which the sample was synthes-
ized by a facile hydrothermal method using CAC and
NH,B,0O-4H,0 as raw materials. The morphology of
the prepared samples was observed by SEM techno-
logy. Fig. 1b and 1c exhibit the SEM images of CAC
and CAC-120, respectively, showing similar porous
structures. The SEM image of CAC-120 confirmed
the negligible effect on morphologies after the intro-
duction of N and B atoms into the activated carbon
matrix. The porous structure remains essentially un-
changed with increasing temperature (Fig. S1-S4).
The porous structure could facilitate electrolyte ion
transport for rapid transport kinetics”’. The EDS
mapping of CAC-120 (Fig. 1d) displays the presence
of C, O, N and B elements, indicating a uniform dis-
tribution within the carbon matrix. Table S1 was cal-
culated by ICP and organic elements analysis. As
shown in the table, the O content is 8.0% (atom frac-
tion), B accounts for 1.8%, and N for 0.8%.

The structures of CAC, CAC-120, CAC-150 and
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CAC-180 were studied by XRD and Raman spectro-
scopy. According to Fig. 2a, all samples have 2 broad
characteristic peaks at 26=24° and 43°, which can be
attributed to the graphitic (002) and (100) planes of
carbon, respectively. Interestingly, the characteristic
peak intensity decreased with decreasing reaction tem-
perature, indicating the amorphous nature of CAC-
120, which is favorable for rapid ion transport. As
shown in Fig. S5, the XRD pattern of CAC subjected
to hydrothermal treatment exhibits a shift toward
lower angles and a reduced half-peak width, indicat-
ing that the treatment enhances the degree of graphit-
ization. Fig. 2b shows the Raman spectra of CAC,
CAC-120, CAC-150 and CAC-180. These 4 samples
show 2 main bands at 1358 cm™' (D band) and
1600 cm ™' (G band), which correspond to amorphous
sp’ structure and crystalline sp’ carbon structure re-
spectively”” 1. The presence of the D band suggests
that it originates from an amorphous carbonaceous
material and indicates defects or disorder within this
material. The I,/I; ratio can quantify the extent of im-
perfections and graphitization”*. The ratio 7,/I, in-
creased from 0.847 in CAC to 0.851 in CAC-120, in-
dicating a lower crystallinity of CAC-120, in accord
with the XRD results. Furthermore, the D band was
decomposed into 3 distinct sub-bands using Gaussian-
Lorentzian numerical simulations to further investig-
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ate the types of defects in the obtained samples. As
shown in Fig. 2c, the D band (~ 1340 cm™') of the
CAC-120 sample can be attributed to the structural
defects in the armchair configuration. The D, band is
located at about 1500 cm ™', which is related to the de-
fects caused by organic molecules or functional
groups in the carbon structure”’. The T band ob-
served at about 1200 cm™' corresponds to the alterna-
tion between sp’ and sp’ bonding configurations,
which is related to ionic impurities”™. The 7,/ value
increases from 0.842 of CAC (Fig. 2d) to 0.847 of
CAC-120 (Fig. 2c¢), further confirming the low crys-
tallinity of CAC-120. The intensity peak ratio of /,//;
is a key factor for predicting the presence of doped
elements in the carbon structure. The calculated /1,
value of CAC-120 (Fig. 2¢) (0.93) was higher than
that of CAC (Fig. 2d) (0.92), indicating that nitrogen
and boron were successfully doped into the carbon
structure, which is favorable for providing additional
active sites for Zn’* storage. The pore structure of
electrode materials plays a crucial role in influencing
the electrochemical performance of energy storage
devices. Nitrogen adsorption-desorption measure-
ments were conducted to characterize the porous
properties of the samples. The N, adsorption-desorp-
tion isotherms are shown in Fig. 2e, in which both

Raman shift/(cm™)

samples exhibit typical Type I isotherms. The sudden
increase of adsorption at low relative pressure (p/p, <
0.01) indicates that there are abundant micropores in
CAC and CAC-120 samples””. The hysteresis loop
observed in the high relative pressure range (0.5-0.9)
suggests the presence of mesopores. Additionally, a
slight increase in adsorption when the relative pres-
sure exceeds 0.9 indicates the presence of some mac-
ropores. The BET analysis of CAC-120 exhibits a
higher nitrogen adsorption capacity compared to the
undoped samples (Fig. S6). Furthermore, the pore size
distributions (Fig. S7) show that CAC and CAC-120
have narrow pore sizes of 2.56 and 2.53 nm, respect-
ively, which are considered beneficial for the charge
storage process’”. Employing the
Emmett-Teller (BET) method, the specific surface
areas of CAC and CAC-120 were calculated to be
1784 and 1925 m® g, respectively, suggesting that

Brunauer-

CAC-120 can provide a large number of electroactive
sites available to enhance ion adsorption and desorp-
tion. More detailed information about pore structure
properties of CAC and CAC-120 is listed in Fig.2f
and Table S2. The total pore volumes (V)) of the 2
samples increased from 0.80 to 0.83 cm’ g ', which
demonstrates that the heteroatoms have a positive im-
pact on controlling the porosity. Furthermore, the pro-
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Fig.2 (a) XRD patterns. (b) Raman spectra. Deconvoluted Raman spectra of (¢) CAC-120 and (d) CAC. (e) N, adsorption-desorption isotherms of CAC and
CAC-120. () Pore volumes and specific surface areas of CAC and CAC-120
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portions of micropore volume to total pore volume
(Vi Vi) for CAC and CAC-120 were calculated to
be 0.71 and 0.75, respectively. This result may be due
to the decomposition of ammonium pentaborate,
which generates a large amount of gas, contributing to
the formation of micropores, which is beneficial for
enhanced ion transport”’' ~". Co-doping of N and B is
also beneficial to the penetration and wetting of elec-
trolyte into CAC-120 cathode, which is confirmed by
the decrease of contact angle between aqueous elec-
trolyte and electrode from 139° of CAC and 130° of
CAC-120 (Fig. S8).

X-ray photoelectron spectroscopy (XPS) analys-
is was conducted to determine the heteroatom doping,
chemical states, surface composition, and carbon
structural reorganization in the samples. As depicted
in Fig. S9, the full XPS spectra of CAC-120 exhibit 4
peaks at 284.01, 531.76, 399.22 and 191.23 eV, indic-
ating the presence of C 1s, O 1s, N 1s and B 1s in the
carbon matrix. The high-resolution XPS spectra of C
Is, O 1s, N Is and B 1s in CAC and CAC-120 are

shown in Fig. 3. As shown in Fig. 3a, the C 1s signal

(a) C-C/C=C CAC
A
C-0/C=0 _ \
_ -COOH Y ¢ \N
H N
=
§ Cc-C/c=C CAC-120
E \
C-N/C-B
-COOH  c-o/Cc=0 \
\ \
292 290 288 286 284 282
Binding energy/eV
(©) CAC-120
Pyrrolic N
2 X
o
= Quaternary N Pyridine N
g N-O
408 405 402 399 396

Binding energy/eV

of CAC-120 can be fitted into 4 peaks at 283.8, 284.8,
287.2 and 289 eV, which are corresponding to the
C—C/C=C,C—N/C—B, C—0/C=0 and —COOH
groups, respectively. As can be seen in Fig. 3a, the
C—N/C—B content in CAC-120 is higher than that in
CAC, whereas the C—0O/C=0 content is lower. This
discrepancy can be attributed to the slightly higher in-
ternal C—O content in CAC-120 compared to the sur-
face C—O content in CAC, likely due to the introduc-
tion of additional C—O bonds by pentaborate treat-
ment"), In addition, the high-resolution O 1s spectra
of CAC-120 can be deconvoluted into 4 components:
C=0 at 531.6 eV, C—0O at 530.2 eV, N—O at
535.2 eV and —COOH at 538.7 eV. Compared with
CAC, the C 1s and O 1s core-level spectra of CAC-
120 exhibit a shift toward lower binding energies
(Fig. 3a and 3b). This reduction in binding energy can
be attributed to an increased electron density in the
carbon skeleton, resulting from reduced oxygen con-
tent and a higher degree of graphitization.

As shown in Fig. 3c, the N 1s signals of CAC-
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Fig.3 High resolution XPS spectra of CAC and CAC-120: (a) C15,(b)O 1s,(c)N1sand(d)B1s
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120 can be deconvoluted into 4 components: pyrrolic
N at 399.22 eV, N—O at 405.3 eV, graphitic N at
400.91 eV and pyridine N at 400.6 ¢V. N doping can
enhance the defects and active centers, where the edge
N (pyridine N and pyrrole N) could promote charge
accumulation. Edge N is considered to enhance elec-
tron transfer and conductivity of carbon"". This can
be inferred from the reduction of C—N bonds in
Fig. 3a. This substitution increases pseudo-capacitive
sites for Zn>" storage. The high-resolution B 1s spec-
tra of CAC-120 sample demonstrated 2 peaks of
B—C at 191.3 eV and B-N at 189.9 eV, respectively.
The introduced B—C bond can demonstrate the dop-
ing of B atoms in the carbon framework. It is worth
noting that B-C can change the electronic structure of
carbon skeleton, resulting in the change of electron
density and the increase of conductivity”). In the pro-
cess of hydrothermal reaction, C—O increased from
33.62% to 46.5%, while C—C decreased from
66.69% to 62.85%, which can be proven by the ap-
pearance of B—CI!.

Overall, CAC-120 sample exhibited a significant
potential as efficient cathode for zinc-ion capacitors.
We hypothesized that the unique interconnected por-
ous structure and high conductivity should facilitate
rapid ion diffusion and efficient mass transport, offer-
ing superior performance.

Therefore, the electrochemical performances of
the CAC and CAC-120 samples were initially evalu-
ated using a standard three-electrode system to ana-
lyze their capacitive behaviors in a 2 mol L™ ZnSO,
aqueous solution. The CV curves of CAC and CAC-
120 at a scan rate of 5 mV s ' are presented in Fig. 4a,
both exhibiting stable profiles within the potential
window of -0.6 to 0.4 V. The quasi-rectangular shape
ofthe CV curves exhibits inconspicuous redox sig-
nals, highlighting the contributions from electric
double-layer capacitance and additional pseudocapa-
citive effects associated with B and N functional sites
on the carbon structure. Notably, the CAC-120 cath-
ode demonstrated a higher current density, as evid-
enced by its larger integral area. This can be attrib-

uted to its abundant N and B co-doped surface func-
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tional high and
multistage porous structure. Fig. 4b and Fig. S10
show the CV curves of CAC-120 and CAC samples at

a scanning rate of 5 to 200 mV s, which do not ex-

groups, specific surface area,

hibit significant deformation as scan rates increase,
manifesting excellent electrochemical kinetics. It is
noteworthy that as the scan rate increases, the higher
current accelerates ion reaction kinetics, leading to po-
larization. This results in a positive shift of the oxida-
tion peak and a negative shift of the reduction peak,
along with peak broadening and reduced intensity.
The specific capacities were measured by GCD tests
(Fig. 4c). The discharge capacity of the CAC-120
cathode was calculated to be 371.4 mAh g ' ata cur-
rent density of 1 A g (Fig. S11), exceeding those of
the CAC (313.7 mAh g ', Fig. S11), CAC-150 (245.8
mAh g, Fig. S12), and CAC-180 (357.4 mAh g ',
Fig. S12) cathodes. Notably, the quasi-linear GCD
curves with inconspicuous discharge plateaus suggest
a combined effect of electrical double-layer capacit-
ance and additional electrochemical responses from N
and B functional sites, consistent with the CV results.
This result confirms that B and N co-doping enhances
electrochemical performance by enabling charge stor-
age through reversible Faradaic reactions at the elec-
trode-electrolyte interface. The rate capabilities of the
CAC and CAC-120 cathodes are calculated at differ-
ent current densities of 1, 2, 5, 10 and 20 A g ', as
shown in Fig. 4d. The CAC-120 cathode showed an
excellent discharge capacity of 307.5 mAh g ' at a
current density of 1 A g'. When the current density
increases to 20 A g, the capacity decreases to
159.8 mAh g '. Thanks to the short ion diffusion path
and fast charge transfer kinetics, when returning to the
initial current density of 1 A g ', the capacity re-
covered to 278.6 mAh g ', corresponding to a capa-
city retention rate of 90.6%, higher than that of CAC
(85.7%) and material recently reported carbon materi-
als (Table S4).

Electrochemical behavior can be further clarified
by EIS. Fig. 4¢ shows the Nyquist plot of CAC and
CAC-120 cathode after fitting, where the equivalent
series resistance (R,) was 4.1 Q for CAC and 5.5 Q for
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Fig. 4 (a) CV curves of CAC and CAC-120 at a scan rate of 5mV s . (b) CV curves of CAC-120 at different scan rates. (c) GCD curves of CAC-120 at dif-
ferent current densities. (d) Rate performance of CAC and CAC-120. (e) Nyquist plots of CAC-120 and CAC. (f) Capacitance contribution ratio in total capa-
city of CAC-120. (g) Cycling stability of CAC-120 at20 A g’

CAC-120, respectively. In the high frequency region,
the compressed semicircle reflects the charge transfer
resistance (R,), while the straight line in the low fre-
quency region is related to the ion diffusion resist-
ance (W) in the electrolyte. CAC-120 cathode shows
lower R, and faster ion diffusion, which can be attrib-
uted to the synergistic effect of co-doping of B and N
and its porous structure.

The electrochemical kinetics of the electrode can
be analyzed by examining the relationship between
current and scanning rate. Generally, the relationship
between current (i) and scanning rate (v) follows the
following Eq. (5)"""":

i=aV’ 5
where a and b are adjustable constants. A b value of

0.5 usually indicates that the energy storage process is
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controlled by diffusion, while a b value of 1.0 indic-
ates the surface capacitance limiting process. For the
CAC-120 cathode, the obtained b values were 0.94 for
the anodic peak and 0.96 for the cathodic peak. Mean-
while, the b values for the CAC cathode were 0.82 for
the anodic peak and 0.85 for the cathodic peak. The
ultrafast charge storage kinetics of CAC-120 cathode
was confirmed. Meanwhile, the contribution of capa-
citance-dominated and diffusion-dominated processes
can be quantified using the following equation'"):
i=kv+k"? (6)
where &, and k, represent the ratios of pseudocapacit-
ive and diffusive contributions, respectively.

As shown in Fig. S14, the surface-controlled
contribution of the CAC cathode increased from 19%

at 5mV s to 57% at 50 mV s', while the diffusion-
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controlled contribution diminished as the scan rate in-
creased, indicating that the surface reaction plays a
significant role. Meanwhile (Fig. 4f), the surface con-
trol contribution of the CAC-120 cathode increased
from 10% at 5 mV s™' to 45% at 50 mV s, indicating
that Faradaic reactions involving surface heteroatoms
make a significant contribution to the charge storage
mechanism in the CAC-120 cathode. Fig. 4g and Fig.
S15 illustrate the cycling performance of the CAC-
120 and CAC cathodes at a current density of
20 A g'. The CAC-120 cathode maintained an im-
pressive capacity retention rate of 74% after 10 000
cycles, higher than that of ~ 50% after 7000 cycles
CAC cathode, demonstrating excellent cyclic stability.
The inset in Fig. 4g shows the GCD curves for the
first 10 and last 10 cycles of the CAC-120 cathode, re-
vealing no significant changes over the charge/dis-
charge testing period. The SEM image after cycling
further confirmed the structural stability of CAC-120
cathode due to basically unchanged morphology.
Moreover, the coulombic efficiency of the CAC-120
cathode was consistently maintained at approximately
100%, indicating superior electrochemical reversibil-
ity.

To achieve a more comprehensive understanding
of the charge storage mechanism in CAC-120 cath-
ode, ex-situ XPS and Raman analyses were conduc-
ted at different charge and discharge states during the
electrochemical process. The electrodes at 7 key
points along the GCD curve have been illustrated in
Fig. 5a. These points are labeled A, B, C and D, cor-
responding to —0.6, —0.25, 0.1 and 0.4 V during the
charge process, respectively. Additionally, points E, F
and G represent 0.1, —0.25 and —0.6 V during the dis-
charge process. To gain deeper insights into the en-
ergy storage behavior, ex-situ Raman spectroscopy
was utilized (Fig. 5b). The D and G band features
showed minimal variations throughout the charging
and discharging cycles, indicating that the charge stor-
age mechanism is predominantly driven by chemical
adsorption and desorption processes. To investigate
the electrochemical adsorption of Zn®* on the C, O, N
and B of CAC-120 cathode, ex-situ XPS spectra of the
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cathode were examined (Fig. 5c-5d and Fig. S16-
S17). Fig. 5¢ shows the deconvoluted C 1s spectra,
which provides insight into the possible chemical
transformation between doped atoms and Zn*". A new
characteristic peak appears at 287.3 eV, which be-
longs to C—O—Zn bond. The intensity of this
C—O0O—Zn peak increases with the progression of
charging and gradually decreases during the dischar-
ging process, indicating the excellent reversibility of
chemisorption between doping atoms and Zn*"T*",
During charging, the C—O—Zn/C—O area ra-
tio increases from 3.33% to 89.3%, then decreases
from 89.3% to 1.22% upon discharging (Fig. 5d). This
reversible change, mirrored by the decreasing C—O
peak intensity during charge and its increase during
discharge in the O 1s spectra, demonstrates that C—O
bonds actively participate in electrochemical redox re-
by the of C—0—Zn

complexes'” . Fig. 5d shows the deconvoluted O 1s

actions formation
spectra. The peak intensity of the C-O bond gradually
decreases during charging and increases during the
discharge process, demonstrating that the C—O bond
actively participates in the electrochemical redox reac-
tion through the formation of a carbon-oxygen-zinc
complex. These observations indicate that the forma-
tion of C—O—Zn bonds is reversible processes dur-
ing charge and discharge cycles. Fig. S16 and S17
present the deconvoluted B 1s and N 1s spectra, re-
spectively, which provide insights into the potential
reactions between heteroatoms and Zn ions by ex-
amining the details of chemical transformations. As il-
lustrated in Fig. S16, the intensity of the B—N peak
progressively diminishes during the charging process,
whereas it steadily increases throughout the dischar-
ging process. As to N 1s peak, the peak intensity of
Pyrrolic N area decreases from 49.95% to 32.56%
during charging and increases from 32.56% to 40.64%
upon discharging, which indicated a zincation reac-
tion during the charge process and an extrusion of
Zn*" during the discharging process.

In order to grasp the influence of N doping for
the adsorption performance of CAC-120, a cluster

model was used to perform DFT calculations on vari-
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(e) Schematic illustration of the preparation process of CAC-120
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ous carbon surfaces containing pyrrolic N, pyridinic
N, graphitic N and B"“. This helped explain the en-
ergy storage mechanism of CAC-120 during the Zn
ion adsorption/desorption process comprehensively.
As shown in Fig. 6, the adsorption energy (E,)
value for Zn ions on the pyrrolic N site and pyridinic
N site is —0.1 and —0.12 eV, respectively, which are
higher than that on graphitic N (0.2 eV) and B
(—0.25 eV). Compared with B and graphitic N, pyrrol-
ic N and pyridinic N doping can directly bind to Zn**
with a higher E,, thereby providing more adsorption

Graphitic N

E=-0.25eV

Pyridinic N-side

E,=-0.20 eV

Pyrrolic N-side 1 &

sites for electrolyte ion adsorption. This verifies that
edge nitrogen can enhance the adsorption ability of Zn
ions. The theoretical findings indicate that the het-
eroatom not only facilitate the kinetics of Zn ion ad-
sorption but also improve the pseudocapacitive per-
formance of CAC-120 cathode.

A ZIC was assembled used CAC-120 as cathode
and a Zn plate as anode to further verify the practicab-
ility of the CAC-120 sample. The CV curves at differ-
ent scan rates are shown in Fig. 7a. The ZIC could be
operated stably over a voltage range of 0 to 2 V. The

Pyridinic N-top

E,=-0.17 eV

Pyrrolic N-side 2

-]
°
E,=-0.12 eV E,=-0.10 eV E,=-0.10 eV
Fig. 6 Density functional calculation of zinc ion adsorption energy on CAC-120
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GCD curves were obtained from 0.2 to 5 A g
(Fig. 7b). The ZIC delivered a specific capacity of
90.8 mAh g ' at 0.2 A g'. The Nyquist plots of the
ZIC are shown in Fig. 7c, exhibiting a low R, value of
7.5 Q, which reflects the rapid transport of Zn** in the
ZIC. The cycling performance of ZIC is illustrated in
Fig.7e. The ZIC exhibited an impressive durability of
17 000 charge-discharge cycles, with a capacitance re-
tention of 77% and a coulombic efficiency of nearly
100%. The above test results demonstrate the great
potential of ZIC as an energy storage device for elec-

tronic applications.

In summary, CAC-120, engineered with an op-
timal pore size distribution and N/B heteroatom dop-
ing, serves as a high-performance cathode for Zn-ion
storage. Its high surface area, tailored porosity, and
heteroatom doping act synergistically to provide
abundant accessible active sites and enhanced kinet-
ics for Zn®" insertion. Consequently, CAC-120 deliv-
ers outstanding electrochemical performance: a high
specific capacity of 371.4 mAh g, excellent reversib-
ility (90.6% capacity retention), and remarkable cyc-
ling stability (74% capacity retention after 10 000
cycles). Electrochemical analysis and DFT calcula-
tions confirm the critical role of edge-N sites in facil-
itating Zn®" transport kinetics. Furthermore, an as-
sembled aqueous ZIC using the CAC-120 cathode
achieves a high reversible capacity of 90.8 mAh g ' at
02 A g' and exceptional long-term stability over
17 000 cycles. This work presents a facile strategy for
designing high-performance carbon cathodes via pre-
cise pore structure engineering and heteroatom dop-
ing for advanced aqueous zinc-based energy storage
systems.
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