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Gradient Pores Enhance Charge Storage Density of
Carbonaceous Cathodes for Zn-lon Capacitor

Xinyuan Li, Congcong Cai, Ping Hu, Bao Zhang, Peijie Wu, Hao Fan, Zhuo Chen,

Liang Zhou,* Ligiang Mai,* and Hong Jin Fan*

Engineering carbonaceous cathode materials with adequately accessible
active sites is crucial for unleashing their charge storage potential. Herein,
activated meso-microporous shell carbon (MMSC-A) nanofibers are
constructed to enhance the zinc ion storage density by forming a
gradient-pore structure. A dominating pore size of 0.86 nm is tailored to cater
for the solvated [Zn(H,0)¢]**. Moreover, these gradient porous nanofibers
feature rapid ion/electron dual conduction pathways and offer abundant
active surfaces with high affinity to electrolyte. When employed in Zn-ion
capacitors (ZICs), the electrode delivers significantly enhanced capacity (257
mAh g="), energy density (200 Wh kg~ at 78 W kg~"), and cyclic stability
(95% retention after 10 000 cycles) compared to nonactivated carbon
nanofibers electrode. A series of in situ characterization techniques unveil
that the improved Zn?* storage capability stems from size compatibility
between the pores and [Zn(H,0)]**, the co-adsorption of Zn?*, H*, and
SO,%, as well as reversible surface chemical interaction. This work presents
an effective method to engineering meso-microporous carbon materials

metal-ion Dbatteries with sluggish ions
dynamics,?l metal-ion capacitors stand out
as a prospective EES device that integrates
the high-energy-density battery anode
and the high-power-density capacitive
cathode.’] Monovalent ion capacitors (e.g.,
Li*, Na*, K*) have been extensively investi-
gated; but the concerns of the flammability
and toxicity associated with the organic
electrolytes have prompted attentions to
aqueous systems.[*l Particularly, metallic
zinc demonstrates great compatibility in
both humid and oxygen environment.
Zinc features high theoretical gravimetric
specific capacity (823 mAh g'), low redox
potential (—0.76 V vs standard hydrogen
electrode), and natural abundance (x~300-
fold that of lithium). Compared to the
intercalation type anode materials, zinc
features the fast deposition/striping redox

toward high energy-density storage, and also offers insights into the Zn?*

storage mechanism in such gradient-pore structures.

1. Introduction

The soaring demands for large-scale energy storage and effi-
cient power output have propelled significant advance in elec-
trochemical energy storage (EES) systems.[!l In contrast to
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reaction.l’! These merits make Zn a suitable
anode material for aqueous zinc ion capac-
itors (ZICs).[®l As for the carbon cathode
materials, they can deliver high power den-
sity and lifespan due to the fully reversible
Zn?* adsorption/desorption. However, they generally encounter
unsatisfactory Zn?* storage capacity owing to insufficient adsorp-
tion/desorption sites.[”] Hence, the key to enhancing the Zn stor-
age capacity lies in engineering the carbonaceous materials to
accommodate the density of Zn?*.

To enhance the Zn?* storage capability, diverse parameters of
carbonaceous materials such as conductivity, surface functional-
ity, specific surface area (SSA), pore size, and pore volume should
be taken into account.®] According to the relationship between
capacitance (C) and accessible surface area (A), and the average
distance of ionic charge center to electrode surface (d) (expressed
by C = ¢,e,A/d, where ¢, is the permittivity of the vacuum and
€, is the relative dielectric constant), increasing A and reducing
d are the direct approaches to enhance C. Notably, pores with
sizes equivalent to the charge carriers will render optimal ca-
pacity and energy density.’] In aqueous electrolyte, Zn?* forms
solvation structures with water molecules, varying in size from
0.15 to 0.86 nm. The primary solvation structure, [Zn(H,0)]**,
is characterized by a large size of 0.86 nm.['] Apparently, the
solvated [Zn(H,0),]** has difficulty in infiltrating pores smaller
than itself due to the high hydration free energy, resulting in
low charge density (Scheme 1a). However, pores much larger
than [Zn(H,0)]** correspond to large d value and small A value

© 2024 Wiley-VCH GmbH
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Scheme 1. Design rational of gradient-pore carbon electrode. [Zn(H,0)¢]** residing in pores with distance between adjacent pore walls a) less than
0.86 nm, b) greater than 0.86 nm, and c) equal to 0.86 nm (diameter of [Zn(H,0)¢]**). d) A comprehensive illustration of [Zn(H,0)¢]?* entering into

MMSC-A.

for double-layer formation, leading to an indispensable loss in
charge density (Scheme 1D).['!] Hence, a strategic construction of
functional carbonaceous materials with pore sizes comparable to
that of [Zn(H,0)]**, coupled with high SSA, is beneficial to high-
density Zn?* storage (Scheme 1c). On the other hand, although
narrow pores with an optimal size of 0.86 nm will contribute to
the maximized C and high energy density, they may compromise
the power density. To further optimize the carbonaceous materi-
als for high energy storage and power output, it is necessary to
increase the volume of narrow but short pores. In this context,
devising fibrous structures with dual pathways for axial electron
transmission and radial ion diffusion, in conjunction with gradi-
ent meso-micropores, holds great promise (Scheme 1d). There
are scarce reports on fibrous carbon electrodes with gradient
pores for metal-ion capacitors. On another note, despite the broad
interests in ZICs, very few studies engage in situ techniques to
investigate the charge storage mechanism in carbonaceous ma-
terials within small-size pores.

The objective of this study is to engineer gradient porous car-
bon materials for enhancing the charge storage density and to
elucidate the associated storage mechanism through multifold
in situ means. We constructed activated meso-microporous shell
carbon (MMSC-A) nanofibers via a one-pot surfactant-free self-
assembly strategy. The enhancement in charge storage density
relies on the following aspects: i) The large SSA (3823 m? g7'),
mainly contributed by micropores, and ultrahigh pore volume
(3.01 cm?® g7!), primarily ascribed to mesopores, establish abun-
dant sites for Zn** storage. ii) The size compatibility between
pore and hydrated ions promotes the monolayer arrangement of
[Zn(H,0),]** in pores, showcasing a small d value with a large C.
The 0.86 nm pore features a low adsorption energy of —0.89 eV
toward [Zn(H,0),]*", facilitating the adsorption and storage of
Zn?*.iii) The abundant oxygen species on the carbon surface par-
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ticipate in the reversible chemical adsorption of Zn?*, thereby in-
creasing the charge density at the unit surface area. iv) Finally, the
designed MMSC-A features ion/electron dual conduction path-
ways and favorable wettability toward electrolyte, aiding in the ion
transport kinetics within the meso-micropores. The above traits
endow MM SC-A with a capacity of 257 mAh g~! and an energy of
199.8 Whkg~! ata power of 77.6 W kg~!, with a capacity retention
0f 95.4% at 2 A g~! after 10 000 cycles. Importantly, the detailed
electrochemical reactions and charge storage mechanism within
this gradient-pore carbon fibers have been revealed by theoretical
calculation and various in situ and ex situ characterizations, in-
cluding Raman, ATR-FTIR, XRD, and XPS. This study provides
note only new route for constructing functional carbonaceous
materials with high charge storage density, but also insights to
the charge storage mechanism for ZICs.

2. Results and Discussions

The preparation of MMSC-A is elucidated in Figure 1a. Initially,
the multilayer core—shell structured CNT@organosilica@APF
nanofibers were obtained through a one-pot surfactant-free self-
assembly synthesis driven by H-bond in aqueous solution,
avoiding laborious layer-by-layer coating and the requirement
for costly organic solvent.'?l Among them, organosilica de-
rived from the hydrolytic polymerization of vinyltrimethoxysi-
lane (VIMS), served as mesoporous shell carbon source by
template removing, facilitating ion mobility (Figure 1b). 3-
aminophenol/formaldehyde (APF) generated through phenolic
condensation, acted as narrow but short microporous carbon
shell source, providing abundant active sites (Figure 1c). CNT
was employed as the nucleation seed, structure-directing agent
and conductive path to realize the tri-function of lowering nu-
cleation barrier, building 3D network, and facilitating electron

© 2024 Wiley-VCH GmbH
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Figure 1. Formation of gradient pores. a) The chemical assembly of multilayer core—shell structure driven by H-bond with subsequent carbonization and
etching. b) Schematic of the evolution of mesoporous shell carbon. c) The evolution of microporous shell carbon. TEM images of d) CNT@SiO, /C@C,
e) MMSC, and f) MMSC-A. g) HAADF-STEM image and the corresponding EDS elemental mappings of MMSC-A.

transport.'*! Subsequent steps involve carbonization to obtain
CNT@Si0, /C@C, followed by HF etching to acquire MMSC by
removing silicon oxide in SiO, /C. The final activation step tailors
the pore structure and surface chemistry to yield MMSC-A with
optimized properties.

Microscopy characterizations reveal the beaded structure of
CNT@organosilica nanofibers (Figure Sla,b, Supporting Infor-
mation). Subsequent coating with APF results in an increased
diameter of CNT@organosilica@APF (Figure Slc,d, Support-
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ing Information). The core—shell structure of CNT@SiO, /C@C
(Figure 1d) is evident, comprising an innermost CNT core, an
intermediate SiO,,/C shell, and an outermost microporous car-
bon shell. This structural configuration is supported by energy-
dispersive X-ray spectroscopy (EDS) elemental mappings (Figure
S2, Supporting Information). The MMSC possesses a well-
defined intermediate mesoporous carbon shell with pore sizes
around 5 nm (Figure le; and Figure S3, Supporting Information).
As for the MMSC-A, the structural optimization (Figure 1f,g)

© 2024 Wiley-VCH GmbH
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Figure 2. Structural characterization of MMSC-A and MMSC. a) N, adsorption/desorption isotherms. b,c) Corresponding pore size distributions. The
optimized structures of Zn(H,0)¢2* adsorbed on double-layer graphene with layer distances of d) 0.86 nm and e) 1.48 nm for the NLDFT calculation

of adsorption energy. f,g) High resolution C1s and OTs spectra.

promotes a fine-tuned intermediate mesoporous shell and a re-
duction in thickness of the outermost microporous carbon shell.
This modification may facilitate electrolyte permeability and en-
hances charge storage. Thermogravimetry coupled with mass
spectrometry (TG-MS) monitors mass changes and gas release
during the pyrolysis process in an inert atmosphere (Figure S4,
Supporting Information). The continuous mass loss is primar-
ily ascribed to CO release from rupture of the oxygen-silicon
bonds at the SiO,/C interface. The evident reduction in mass
below 100 °C can be attributed to the evaporation of capillary
water and organic small molecules. Mass loss at 320 °C indi-
cates the decomposition of the outermost resin shell correspond-
ing to CH,;* (m/z = 15), H,0 (m/z = 18), CO (m/z = 28), and
CH,0H (m/z = 32)." The absence of substantial losses up to
800 °C affirms the suitability of the carbonization temperature. X-
ray diffraction (XRD) patterns of MMSC and CNT@SiO, /C@C
display two broad peaks at ~#24° and 43°, relating to the (002)
and (100) planes of amorphous carbon, respectively (Figure S5a,
Supporting Information).['®! The pronounced diffraction inten-
sity of MM SC-A at ~#10° implies the well-developed microporous
structure. Raman spectra show the peak at #1360 cm™* (D-band),
attributing to sp*-type defective carbon. Peaks at 1580 (G-band)
and 2700 cm™! (2D-band) correspond to sp?-type graphitic carbon
(Figure S5b, Supporting Information).[*! The higher I, /I ratio
observed in MMSC-A compared to MMSC signifies the evolving
micropores, consistent with XRD results. The slight divisive ten-
dency of G peaks is associated with the sp?-type carbon present
in both the CNT core and the carbon shell.

To assess the microtexture of the prepared samples, N,-
sorption was executed (Figure 2a—c; and Figure S6, Support-
ing Information). The typical type-I isotherms exhibit substan-
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tial N, adsorption at P/P, < 0.1 with a minor hysteresis loop
at P/P, = 0.55-0.95, demonstrating the predominance of mi-
cropores accompanied by partial mesopores.['’! Compared to
CNT@SiO, /C@C, the ~5 nm pore observed in MMSC is a re-
sult of the silica removal. The well-developed micropores confer
MMSC-A the larger SSA and pore volume (3823 m? g7}, 3.01
cm?® g71), more than twice those of MMSC (1745 m? g7!, 1.48
cm?® g7'), and over three times those of CNT@SiO,/C@C (1035
m? g1, 0.95 cm® g7!), implying more active sites and a larger
accommodation space for Zn?* storage (Table S1, Supporting In-
formation). Nonlocalized density function theory (NLDFT) pore
size distribution curves exhibit consistent pore sizes of all sam-
ples at 0.86 and 1.48 nm, reflecting stable structural evolution
benefited from high corrosion resistance of CNT@SiO, /C@C.
The minimal change in size is attributed to the inherent ther-
mostability of the microporous shell carbon precursor resin and
the rigid support provided by the mesoporous shell carbon pre-
cursor of organosilica. For aqueous ZICs, [Zn(H,0)]** is the
primary charge carrier with a size of 0.86 nm.['%] The main
pore size of 0.86 nm in MMSC-A is accessible to single hy-
drated [Zn(H,0)]*", which renders a dense arrangement of
[Zn(H,0),]** on active surfaces for maximizing Zn?* storage.
Insights into the interaction between pore size and charge car-
rier are obtained through density functional theory (DFT) cal-
culations (Figure 2d,e; and Table S2, Supporting Information).
As the NLDFT pore size distribution result is based on the
specific slit pore model, the double-layer graphene structure is
employed. Given the smaller size of SO,2~ (0.76 nm) in com-
parison to [Zn(H,0)4]*" (0.86 nm), only the adsorption energy
of [Zn(H,0)¢]*" on double-layer graphene with layer distance
of 0.86 and 1.48 nm is taken into consideration.® Then the
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corresponding adsorption energies for [Zn(H,0),** are —0.89
and —0.11 eV, respectively. The negative adsorption energy in-
dicates the favorable structure of MMSC-A for the storage of
[Zn(H,0)]**. The stronger affinity of 0.86 nm pores enables
them to capture a larger quantity of [Zn(H,0),]**, ultimately en-
hancing the Zn?* storage density.

X-ray photoelectron spectroscopy (XPS) was conducted to de-
tect surface chemical composition. The spectra suggest the coex-
istence of C, O, and N elements in all samples (Figure S7a—c, Sup-
porting Information). CNT@SiO,/C@C displays a low Si con-
tent of 3.78 at% on the outermost microporous carbon shell, in-
dicating the successful coating (Figure S7a, Supporting Informa-
tion). A minor peak at 685.7 eV corresponds to 1s orbit of F from
HF etching (Figure S7b, Supporting Information). The KOH ac-
tivation process removes most nitrogen components, creating N
vacancies and introduces O species, which are beneficial for Zn?*
storage. The oxygen functional group exhibits an initial decrease
followed by an increase, with percentages of 9.17 at%, 4.03 at%,
and 10.77 at% for CNT@SiO,/C@C, MMSC, and MMSC-A, re-
spectively (Figure S7d, Supporting Information). The Cls spec-
tra can be decomposed into four components: C—C (284.8 V),
C—0 (285.9 eV), C=0 (289.0 eV), and 7—z* satellite (291.4 eV)
(Figure 2f; and Figure S8a, Supporting Information). The N 1s
spectra can be resolved into four peaks (Figures S8b and S9,
Supporting Information), attributing to pyridinic nitrogen (N-6,
398.2 eV), pyrrolic nitrogen (N-5, 400.7 eV), graphitic nitrogen
(N-Q, 403.1 eV), and oxidized-N (N—O, 406.1 eV). The O 1s spec-
tra can be fitted into three components: C=0 (531.9 eV), C—O
(533.2 eV), and COOH (534.4 eV) (Figure 2g; and Figure S8c,
Supporting Information).['®) The C—O is the main component
(Figure S10, Supporting Information) and the reversible con-
version between C—O and C=0 will enable efficient desorption
and adsorption of Zn?*.[2% The wettability at electrode/electrolyte
interface was characterized by dynamic contact angle measure-
ments (Figure S11, Supporting Information). The initial contact
angle of MMSC-A toward ZnSO, is 20.4°, which decreases to
11.8° after 4 min. While MMSC also exhibits descent wettabil-
ity, its contact angle after 4 min remains at a relatively higher
value 0f 45.9°, which can be attributed to its lower specific surface
area and fewer surface functional groups. The optimal pore size
and exceptional wettability will collectively benefit electron/ion
transport for Zn?*. Consequently, Zn?>* ions efficiently access
all the active surface area inside MMSC-A, as demonstrated by
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and corresponding EDS elemental
mappings (Figure S12, Supporting Information).

Although the pore structure and surface chemistry of MMSC-
A have been elucidated through ex situ methods, the real-time ob-
servation of their impact on Zn** storage through in situ means
has been scarce. In the present study, in situ Raman spectroscopy
(Figure 3a) provides insight into subtle electrochemical dop-
ing effect of MMSC-A during charge and discharge processes,
highlighting the size compatibility between pores and charge
carriers.[218] Upon the initial charging to 1.8 V and subsequent
discharging to 0.2 V, the slight increase in intensity and broad-
ening of the D- and G-bands is observed. This phenomenon can
be attributed to the interaction between carbon walls with SO,2~
and [Zn(H,0),]*" (Equations (1) and (2)). Notably, during dis-
charge to 0.2 V, the effect becomes more pronounced, attributable
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to larger size of solvated [Zn(H,O)4]** (0.86 nm) in comparison
to SO,%~ (0.76 nm)), along with the chemical adsorption of oxy-
gen species onto [Zn(H,0)]*". The unaltered positions of the
D- and G-bands throughout the electrochemical process suggest
the absence of ion insertion/extraction processes (Figure S13a,
Supporting Information).[??! Instead, the process exclusively in-
volves ion adsorption/desorption, which is favorable for cycling
performance. At 1.8V, the rise in I,/ I value correlates with the
release of [Zn(H,0)]** from internal occupied defects. The ad-
ditional increase in defects at 0.2 V is associated with the chem-
ical adsorption of [Zn(H,0)]**, which plays a significant role
in increasing carbon material defects (Figure S13b, Supporting
Information).[?3]

In situ attenuated total reflection-Fourier transform infrared
(ATR-FTIR) spectroscopy was employed to study the dynamic
changes of carbon surface functional groups occurring at the
electrode/electrolyte interface (Figure 3b). The peak at 700 cm™!
corresponds to the in-plane bending vibration of CO—H, which
exhibits consistent variations with O—H stretching vibration at
3350 cm~1.12*] Upon charging to 1.8 V, a notable increase in
O—H peaks is observed, which can be attributed to the des-
orption of Zn?*, causing the breakage of chemical adsorption
bonds involving C—O—Zn (Equation (3)). Additionally, during
discharging to 0.2V, the slight enhancement of O—H peaks can
be observed, which is attributed to the active participation of
H* with C=0 in the reaction to form C—OH (Equation (4)).
The inverse trend observed in C—O peak!®! at 1081 cm™! in-
dicates the highly reversibility of Zn?** adsorption/desorption.
When discharged to 0.2 V, the adsorption of Zn** by C=0 leads
to the formation of C—O—Zn, resulting in a stronger C—O vi-
bration peak. The peak observed at 1646 cm™' is associated
with the vibration of C=C, and the increased intensity signifies
an augmentation in defect density.l?] In alignment with the in
situ Raman spectroscopy results, the increase in defects is de-
tected at both the maximum positive polarization and negative
polarization states. The vibration at 3155 cm™! is attributed to
the stretching vibration of =C—H,*®) which originates from the
O=C—H group (Figure S14a, Supporting Information). In com-
parison to MMSC, MMSC-A exhibits abundant surface oxygen
and minimal nitrogen. This aligns with XPS analysis and sug-
gests that surface pseudocapacitance primarily arises from the
oxygen species (Figure S14b, Supporting Information). The in-
crease in =C—H vibration peaks is notable at 1.8 V and becomes
the second highest at 0.2 V with an opponent trend to that of
C—O peak, providing additional support for the highly reversible
conversion between C=0 and C—O—Zn.

The participation of H* in the reaction is discerned through
the intensity fluctuations in the CO—H bond, as observed by in
situ ATR-FTIR analysis. Moreover, in situ XRD measurement
(Figure 3c) provides further evidence of H* involvement by ob-
serving the precipitation/dissolution of Zn,SO,(OH),-5H,0 at
32.6° (Equation (5)).1°] Ex situ SEM analysis illustrates struc-
tural evolution on the Zn anode surface in five different states
(Figure S15, Supporting Information). In contrast to the original
zinc anode, the surface at various potentials exhibits increased
roughness without dendrite formation, which is attributed to
the highly reversible Zn deposition/stripping, benefiting long-
term cyclic stability.[?”] Ex situ XPS was conducted to probe the
chemical states of MM SC-A across five distinct charge/discharge
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Figure 3. In situ characterization and charge-storage mechanism for MMSC-A. a) In situ Raman spectra, b) in situ ATR-FTIR spectra, c) in situ XRD
measurements, and d—g) ex situ XPS survey spectra during st cycle of charge and discharge in 2 mol L=! ZnSO, electrolyte. h) Schematic illustration

of the charge storage mechanism inferred from the above analysis.

states. During the initial charging to 1.8 V (State A), a notice-
able intensity of Zn 2p is observed, indicating favorable wet-
tability and spontaneous adsorption between [Zn(H,0)¢]** and
MMSC-A (Figure 3d). As the discharge proceeds to 0.2 V (State
C), the intensity of Zn 2p reaches its peak, highlighting substan-
tial chemical adsorption of Zn?* during deep discharge. Upon
subsequent recharging to 1.8 V again (State E), the intensity of
Zn 2p diminishes as Zn?* ions retreat from pores (Equation (6)).
At State A, a notable adsorption of SO,?~ occurs with a high in-
tensity of S 2p (Figure 3e). Subsequently, the intensity reaches
its maximum due to the precipitation of Zn,SO,(OH),-5H, 0,8
consistent with the results from in situ XRD. The dissolution
of Zn,SO,(OH),-5H,0 with elevated potential is manifested by
the gradual decrease in intensity. To provide further evidence for
the reversible chemisorption of Zn?*, the ex situ C 1s XPS re-
sult is deconvoluted into four components (Figure 3f). At 0.2V,
the C=0 bond exhibits the lowest intensity, while the C—O—Zn
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and C—O bonds reach their highest levels, corresponding to the
chemisorption of C=0 with Zn** to form C—O—Zn and the in-
teraction of C=0 with H* (Equation (7)). Meanwhile, the O 1s
spectrum is resolved into three components and the variation in
content of C=0 and C—O exhibits opposite trends (Figure 3g).
The alignment with the results from the C 1s spectrum reveals
the high reversibility of the C=0 and C—O conversion for the
Zn?* storage.[¥]

On the basis of above in situ and ex situ character-
izations complemented by theoretical calculation, we may
elucidate the charge storage mechanism of MMSC-A cath-
ode in 2 M ZnSO, electrolyte. The possible reactions oc-
curring on the MMSC-A cathode can be summarized as
follows.[>¢&¢]

Physical adsorption/desorption

C+Zn* & C||Zn** (1)
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Cl|SO;” & C+ S0}~ )
Reversible chemical adsorption/desorption

C=0+7Zn*42e” - C-0-Zn (3)

C=0+H'+e" < C-0-H )
Precipitation/dissolution

4Zn** 4 SO + 60H +5H,0 < Zn,SO,(OH),-5H,0  (5)
Reversible electrochemical interaction

C---O+Zn**+2e - C---0---Zn (6)

C---O+H'+e - C---0---H 7)

With these reactions, the charge storage mechanism during the
charging and discharging process is summarized in Figure 3h.
First, the alignment between pore sizes and charge carriers has
been verified by NLDFT pore size distribution, theoretical calcu-
lation, and in situ Raman spectroscopy. This alignment, coupled
with high SSA and ample pore volume, is beneficial for high den-
sity Zn®* storage. Second, the traditional coadsorption mecha-
nism of Zn?* and SO,%~, which has been verified by in situ Ra-
man spectra, occurs in the low and high potential regions, respec-
tively. Third, the involvement of H* in the reaction has been ob-
served by in situ FTIR spectra and XRD measurements, with H*
bonding at low potential and releasing at high potential, result-
ing in dynamic local pH changes. Finally, the reversible chemical
adsorption of Zn?* has been revealed by in situ FTIR and ex situ
XPS results. The high reversibility of C=0 and C—O conversion
to form C—O—Zn introduces pseudocapacitance and contributes
to the total charge density.

Aqueous ZICs were assembled by employing MMSC-A as
the cathode material and Zn foil as the anode. As discussed
above, the reactions involve reversible plating/stripping of Zn
at the anode, rapid adsorption/desorption of Zn** and SO,*",
and reversible precipitation/dissolution of intermediate species
of Zn,SO,(OH),-5H, O at the cathode (Figure 4a). Cyclic voltam-
metry (CV) curves at 1 mV s~! exhibit a rectangle-like shape with
characteristic redox peaks for both MMSC-A and MMSC based
devices (Figure S16, Supporting Information). This suggests that
the charge-storage mechanisms are associated with pseudocapac-
itive behavior, a phenomenon that is also reflected by the linear
galvanostatic charge—discharge (GCD) curves (Figure 4b). The in-
tegrated area of MM SC-A is nearly twice that of MMSC. The dis-
charge capacities calculated from the GCD curves conducted at
0.1 A gt are 257.3 and 150.1 mAh g~! for MMSC-A and MMSC,
respectively (Figure 4b). Hence, the former delivers higher spe-
cific capacity than the later. Regarding rate performance, it is a
fact that micropores suffer from poor rate performance due to
kinetics limit.[?”] Hence, the incorporation of intermediate meso-
porous shell is expected to benefit the ion transport. A reversible
capacity of 68 mAh g! is achieved at 20 A g~! (Figure 4c; and
Figure S17, Supporting Information). The maximum specific ca-
pacities achieved by the MMSC-A cathode-based ZIC surpass
those reported in recent literature (Figure 4d).[*>'4] Moreover, the
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quasisolid-state device based on MMSC-A renders a storage ca-
pability of 245 mAh g=' at 0.2 A g~! (Figure 4e). This improved
Zn?* storage performance can be attributed to the pore structure
that is comparable to the size of the ions, which minimizes the
Debye length and lowers the adsorption energy.

For potential practical applications, the specific capacity and
energy density of MMSC-A ZIC at 0.5 A g~! with varying mass
loadings (0.96-11.58 mg cm™2) are explored. When the loading
is below 5.79 mg cm™2, no discernible voltage drop is observed
(Figure 4f; and Figure S18, Supporting Information). An further
increase in mass loading results in significant capacity drop due
to inefficient ion transport, a phenomenon well-documented in
nanoconfined carbon materials. In our design, the 1D structure
with CNT backbone and gradient pore shells may have stream-
lined the ion transport. However, further holistic optimization of
the electrode structure is still necessary to achieve high power
performance.

We analyze the kinetic property of the devices in two ways.
First, the capacitive and diffusion contributions to the capacity
can be estimated by fitting the CV curves using the empirical
equation i = av?, where i represents the peak current, v denotes
the sweep rate, and a and b are constants.[?8] A b value of 0.5 sug-
gests diffusion-controlled behavior, whereas the b value of 1.0
indicates the capacitive-dominating behavior. The CV curve of
MMSC-A shows no significant deformation as the scanning rate
increases from 1 to 20 mV s, illustrating its favorable kinetics
(Figure S19, Supporting Information). Specifically, the calculated
b values for the MMSC-A cathode are 0.77 and 0.72 for the re-
dox peaks, indicative of a mixed charge storage process (Figure
S20a, Supporting Information). Our b values are relatively small
compared to the most porous carbon electrodes which give b val-
ues close to 0.9. This discrepancy highlights the size compati-
bility between pores and hydrated ions, which promote a capac-
ity enhancement while compromising charging kinetics. Further
kinetic analysis(®!! reveals that the proportion of the capacitive
contribution to the total capacity over the diffusion-controlled
process is 52.7% at 2 mV s7! and surges to 93.7% when the
scan rate increases by ten times (Figure S20, Supporting Infor-
mation). Second, the Nyquist plot in electrochemical impedance
spectroscopy (EIS) also indicates more efficient charge transfer
for the MMSC-A device than MMSC as benefited from the opti-
mized pore structure (Figure S21, Supporting Information). The
equation C(w) = C’(w) +jC ’(w) calculated from EIS test is em-
ployed to analyze the variations in capacitance, where C(w) is the
total capacitance, C’(w) and C”’(w) denote the real and imagi-
nary capacitance, respectively.*) The MMSC-A exhibits a higher
C’(w) of 73 mF, over twice that of MMSC. Consistently, the
MMSC-A device has higher C”“(w) and smaller time constant.
This result also reveals fast Zn?* diffusion kinetics in MMSC-
A.

According to the Ragone plot, the MM SC-A based ZIC shows
an energy of 199.8 Wh kg=! at the power of 77.6 W kg7,
surpassing most of reported carbonaceous materials in ZICs
(Figure 4g).18302bhl Assyming the active material constitutes
one-fourth of the device total mass,**! our MMSC-A based ZIC
device can deliver an energy density of 50 Wh kg™'. Two ZIC de-
vices assembled in series illuminate a “Carbon” light bulb com-
prising 99 red light emitting diodes. Furthermore, the MMSC-
A and MMSC device retain 95.4% and 90.8% of their initial
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Figure 4. Electrochemical behaviors of Zn-ion capacitors (ZICs). a) Schematics of the structure and working mechanism of ZICs. b) GCD curves of ZICs
made from MMSC-A and MMSC at 0.1 A g~'. ¢) Comparison of specific capacities at various current densities. d) Comparison to various cathode ZICs
in literature.3%14] ¢) GCD curves of MMSC-A quasisolid-state ZICs at different current densities. f) Energy densities and specific capacities of MMSC-A
ZICat 0.5 A g™ as a function of mass loadings. g) Ragone plot in comparison to state-of-the-art carbon cathodes based ZICs. The calculation is based
on mass of the active carbon materials only. The inset shows 99 red LEDs are illuminated by two ZIC devices in series. h) Capacity retentions of both
electrodes at 2 A g~'. Insets are the GCD curves of the first and last ten cycles.

capacity at 2 A g™! after 10 000 cycles, respectively (Figure 4h).
The GCD profiles for the initial and final ten cycles maintain
the nearly linear and symmetric shapes with negligible degra-
dation. As the characteristic property of a capacitor device, the
CV curves of quasisolid-state device based on MMSC-A exhibit
rectangle-like shape without significant deformation as the scan-
ning rate increases from 2 to 20 mV s~! (Figure S22a, Supporting
Information). When the current density exceeds 5 A g1, the spe-
cific capacity undergoes a sharp drop (Figure S22b, Supporting
Information), which can be explained by the fact that the microp-
ores and small-sized mesopores are less efficient for ion transport
than the large-sized mesopores. The output voltage/current of de-
vice can be enhanced through series/parallel connection to fulfill
the energy/power requirement (Figure S23, Supporting Informa-
tion). Moreover, the device was flexed over a range from 0° to
180° with capacity retention close to 100% (Figure S24, Support-
ing Information). The improved comprehensive electrochemical
performance, coupled with flexible and durable operation, posi-
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tions MMSC-A as a promising candidate for high-performance
ZICs.

3. Conclusion

We have designed a micro-mesoporous carbon nanofibers cath-
ode and achieved significantly enhanced charge storage capac-
ity of hybrid zinc ion capacitor. This results from a leveraged
gradient-pore 1D electrode structure, in which the aligned pores
with appropriate sizes facilitate efficient ion access without ion
sieving effect, and the oxygen-rich functional groups render sur-
face redox reactions. A series of in situ characterizations re-
veals that the Zn?* storage within small-sized pores involves sev-
eral mechanisms, including the traditional coadsorption mech-
anism of Zn** and SO,?", participation of H* in reaction with
additional pseudocapacitance, and high reversibility of surface
C=0 and C—O conversion reactions with Zn?*. Benefiting from
high surface areas and abundant affinity charge storage sites, the

(8 of 10) © 2024 Wiley-VCH GmbH
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