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le of solvent–precursor
interaction in fabricating heteroatomic carbon
cathode for high-energy-density Zn-ion storage†

Hui Duan,‡ Ziyang Song,‡ Ling Miao, Liangchun Li, Dazhang Zhu, Lihua Gan *
and Mingxian Liu *

Adsorption-type carbon cathodes deliver great potential for application in aqueous Zn-based hybrid

supercapacitors but systematic tailoring of carbon microstructures to optimize the supercapacitive

activity of the Zn ion remains a perplexing topic. Herein, a solvent-mediated strategy has been

demonstrated to design heteroatomic carbons with tailor-made features for activating Zn storage sites.

The solvent–precursor interaction is optimized by a solubility parameter model and molecular growth

trajectory simulations, which promote the thermodynamic solubilization (�5.93 kcal mol�1) and growth

kinetics (�151.4 kcal mol�1) of the polymeric intermediates with an energy-minimized reaction

roadblock. Flake-shaped carbon nanoarchitectures with substantial electrosorption spaces (1022 m2 g�1)

and rich O/N motifs (6.03/6.01 wt%) are also demonstrated. Such profitable features implanted in the

customized nanocarbon enable low ion migration hurdles for accommodating electroactive species and

fast heteroatomic phase conversion for delivering redox response, contributing to a super-high energy

density of 92.8 W h kg(cathode)
�1 and an ultrastable cycle-life of 40 000 cycles at 40 A g�1 in the

constructed Zn-based hybrid supercapacitor. Comprehensive characterization untangles the high-

kinetics chemical adsorption of N-substituted active sites and the powerful redox reactivity of the

hydroxyl/carboxyl functionalities on the host Zn ions during each round-trip discharge/charge cycle. This

work proposes a design concept of regulating the solvent–precursor interaction for structuring carbons

toward highly efficient Zn-ion storage.
Introduction

Aqueous zinc batteries have captured signicant research
interest in energy storage by virtue of their unique merits
including superb energy delivery, excellent chemical stability of
Zn in water, and high safety.1–7 However, the dissolution of
electrode materials in electrolyte and parasitic reactions
generally triggers irreversible capacity attenuation and degrades
the work lifetime of zinc metal batteries, thus hindering their
further development.8–10 Therefore, the objective being pursued
is to harvest compatible features of superb capability output
and long-life performance for zinc-based devices, which yet
remains a considerable challenge. By introducing the capacitive
charge storage mechanism in the cathode side of zinc batteries,
the coupling of a capacitive cathode and a battery-type zinc
anode can assemble into a hybrid Zn-based supercapacitor.11–14
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As a result, the rapid plating/stripping process of Zn2+ on the Zn
anode promises battery-level energy supply, while the highly
reversible adsorption/desorption of Zn2+ on the carbon cathode
ensures capacitor-mode power output, which creates the
possibility of collaborating the advantages of two standalone
technologies.15–18 The task remaining in this strategy is to
develop capacitive cathode materials with the following two
traits: (i) the synergy of non-faradaic/faradaic charge storage
mechanisms is highly desired to match the zinc anode to ach-
ieve high specic capacity and energy density; (ii) the sluggish
ion diffusion kinetics should be substantially eliminated to
deliver high capacity retention and power output at large
current rates.

Carbon materials, beneting from great tunability in geom-
etry, pore structure, and surface chemistry, are extensively
implemented as an important category of electrode materials
for fullling efficient energy storage.19–23 The microstructure
engineering of carbons is an effective and essential route to
boost the electrode/electrolyte contact interface, lower ion
diffusion length, and promote structural stability, thus
enhancing the electrochemical reaction kinetics and capacitive
energy storage.24–26 In addition, functionalizing porous carbon
surfaces with heteroatomic motifs (e.g., O, N, and P species) is
J. Mater. Chem. A, 2022, 10, 9837–9847 | 9837
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an efficient strategy to simultaneously regulate their electronic
structure and chemisorption capability for boosting electro-
chemical ion storage.10 Solution chemistry has been frequently
devoted to engineering versatile carbons with designable
performances.27–29 In this process, organic molecules as starting
materials undergo polymerization in solvents to prepare poly-
mers that can be easily converted into carbons through
carbonization.30–32 In comparison to chemical vapor deposition
and solid phase fabrication, the solution synthesis strategy
allows the design of carbon materials with a broad tailoring of
their microstructures that are crucial indicators for use in
energy storage.32–35 The solvent effect undoubtedly plays
a crucial role during the liquid-phase carbon fabrication.
Different solvent–polymer interactions or compatibility exert
a notable inuence on the nucleation, growth, and assembly of
the polymeric intermediates, thus affecting the microstructure
properties of the resultant carbons.36–39 Therefore, unraveling
the role of solvent–precursor interaction to synthesize heter-
oatomic porous carbons with optimized microstructures would
substantially promote carbon design for energy-related
applications.

Herein, an efficient solvent-regulated synthesis strategy is
developed to design dual heteroatom-decorated carbon cath-
odes with tailored microstructures for building advanced Zn-
ion hybrid supercapacitors. Tuning the solvent–precursor
interaction signicantly shapes the dissolution behavior, poly-
merization energy barrier, and growth kinetics of the polymeric
midbody, thereby affecting the resultant carbon features. With
an increase in the solvent–polymer interactions, the carbons
show gradually rened geometries from particles to sheets
along with improved electrosorption spaces (from 33 to 1022m2

g�1) and tunable O/N motifs. Using the optimized carbon
cathode, a constructed Zn-ion hybrid supercapacitor delivers
a superb energy supply of 92.8 W h kg(cathode)

�1, an excellent
power output of 28.3 kW kg�1, and an ultralong lifespan over
40 000 cycles at 40 A g�1 with an ultralow capacity decay rate of
1.6% per 10 000 cycles. Ex situ spectral characterization
untangles the intrinsic chemical adsorption and conversion
coupling mechanisms of the assembled hybrid device on the
host Zn ions, in which the O/N-embedded carbon frameworks
as nanoreactors demonstrate robust chemical adsorption
capability for accepting electroactive species, and the hydroxyl/
carboxyl groups trigger signicant redox phase switching for
triggering the pseudocapacitance. This work provides invalu-
able guidance for optimal nanostructured carbon design and
sheds new insight into the mechanism of boosting Zn-ion
storage.

Results and discussion

Based on the Schiff-base reaction between 1,5-diaminonaph-
thalene and glyoxal in different solvents (including water,
tetrahydrofuran (THF), dioxane (DOA), N-methyl-2-pyrrolidone
(NMP), dimethylformamide (DMF), and ethanol (EtOH)) and
the subsequent carbonization procedure (Fig. S1†), various
carbon materials were synthesized (termed as CX; X represents
the used solvent). The identical characteristic peaks of the
9838 | J. Mater. Chem. A, 2022, 10, 9837–9847
obtained polymers were detected in the Fourier transform
infrared (FT-IR) spectra (Fig. S2a†). The absorption peak at
1615 cm�1 is assigned to C]N covalent bonds, which corrob-
orates the successful formation of the polymers.38 Aer
carbonization at 700 �C, the polymers exhibit varied carbon-
ization yields of 43.0–78.8% (Fig. S2b†), in which the polymer
synthesized using EtOH solvent displays optimal thermal
stability. The X-ray powder diffraction (XRD) patterns depicted
in Fig. S3† show two distinct broad diffraction peaks, indicating
the amorphous feature of the carbons.40 Further, the morphol-
ogies of CX are well-maintained compared with the polymers
(Fig. S4†), revealing good thermal stability. The scanning elec-
tron microscopy (SEM) images of CX display various geometries,
including bulk for CWater (Fig. 1a), micron-scaled particles for
CTHF and CNMP (Fig. 1b and d), adhesive microspheres for CDMF

(Fig. 1e), thick akes for CDOA (Fig. 1c), and thin nanosheets for
CEtOH (Fig. 1f). Therefore, the reaction solvent plays a signicant
role in the assembly of organic precursors into versatile
carbons. The corresponding element maps (Fig. S5†) show the
homogeneous distribution of nitrogen and oxygen heteroatoms
throughout the carbon matrix.

The N2 adsorption/desorption measurements of CX show
representative type-I isotherms with a signicant increase at
a relative pressure of P/P0 < 0.1 (Fig. 1g), featuring a high-density
microporous structure.41,42 All the CX exhibit a similar micro-
porous distribution of < 1 nm, together with few mesopores
(Fig. 1h). Abundant micropores in these carbons are created by
the decomposition of the polymers and the release of volatile
matters during the heat-treatment process.43,44 The surface area
of CX is consecutively but radically boosted from 33 to 1022 m2

g�1 (Table 1) by tuning the solvent polarity. CEtOH exhibits the
highest surface area among these resulting carbons, which can
be assigned to nanosheets arranged in the three-dimensional
directions. In contrast, CDMF, CNMP, CDOA, and CTHF with less-
dened architectures display relatively low surface areas (286–
803 m2 g�1). In particular, a very low surface area of 33 m2 g�1 is
produced in CWater due to the dense massive structure. The X-
ray photoelectron spectrum (XPS) clearly depicts the strong C
(284.2 eV), N (400.2 eV), and O (532.4 eV) signals (Fig. 1i). As
shown in Table 1, with the increase in the polymer/solvent
compatibility, the N dopant of CX is boosted from 2.78 to
6.01 wt%, while the O content declines from 10.17 to 6.03 wt%.
The highest surface area of CEtOH markedly magnies the
surcial functional species exposed to electroactive ions. The
high-resolution N 1s and O 1s spectra reveal the chemical
natures of the heteroaromatic moieties in CEtOH (Fig. S6†).
Three nitrogen signals of the N-6, N-5, and N-Q species repre-
sent pyridinic-nitrogen, pyrrolic-nitrogen, and quaternary-
nitrogen, respectively.45 The N-6/N-5 species provide rich elec-
trochemically active sites, thus effectively boosting the chemical
adsorption of the electrolyte ions.46 N-Q enhances the electrical
conductivity of the carbon frameworks and lowers the electron
transfer barrier. The O 1s core-level spectrum can be tted into
three genres of C]O (O-1), C–OH (O-2), and COOH (O-3).47,48

The O groups are capable of substantially optimizing the
surface wettability, which leads to the electrolyte ions having
easy access to the electrode surface.47 A surge in the
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a–f) SEM images of nanostructured carbons synthesized using (a) water, (b) THF, (c) DOA, (d) NMP, (e) DMF, and (f) EtOH as solvents. (g)
Nitrogen adsorption/desorption isothermal curves, (h) pore size distributions, and (i) wide-scan XPS survey spectra of CX.

Table 1 Surface areas (SBET, m
2 g�1) and O/N heteroatom contents

(wt%) of CX, Hansen solubility parameters (d, MPa0.5) of diverse
solvents, and the compatibility between the solvent and the polymer

Solvent SBET O N dT dD dP dH jdTj Ra RED

Water 33 10.17 2.78 47.9 15.5 16 42.4 22.0 25.60 5.03
THF 286 9.30 3.90 19.5 16.8 5.7 8 6.4 10.32 3.12
DOA 572 8.40 4.10 20.5 19 1.8 7.4 5.4 13.48 2.65
NMP 790 9.58 5.12 23.1 18.0 12.3 7.2 2.7 11.48 2.26
DMF 803 7.23 5.59 24.8 17.4 13.7 11.3 1.1 8.24 1.62
EtOH 1022 6.03 6.01 26.5 15.8 8.8 19.4 0.6 2.26 0.44
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heteroaromatic N/O species of CEtOH unravels the incorporation
of substantial defects into the nanostructure skeleton, which is
energetically compatible with the adsorbing electrolyte ions.

It was widely held that themacroscopic properties of carbons
pertain to the microscopic molecular structure and the growth
state of the polymer precursors.49 To deeply understand the
inuence mechanism of the solvent on the morphology of
carbon materials, Hansen solubility parameters (HSP) are
applied to estimate the solvent–polymer interaction, which
depicts the interaction intensity between the associated matter
as follows27
This journal is © The Royal Society of Chemistry 2022
dT
2 ¼ dD

2 + dP
2 + dH

2 (1)

where dT, dD, dP, and dH are the total solubility parameter, the
dispersive force, the permanent dipole force, and the hydrogen
bonding interaction, respectively. Obviously, the dispersion
ability of the polymer in the experimental solvents is getting
worse from le to right (Fig. S7†). Of these six solvents, EtOH
has slightly better dispersion for the polymer than DMF, fol-
lowed by NMP, DOA, and THF, while water hardly disperses the
polymer. By measuring the absorption spectrum of each
solvent/polymer suspension using ultraviolet visible near
infrared (UV/Vis) spectroscopy, the absorbance per path width
(A/l) at the specic absorption wavelength can be extracted
(Fig. 2a). EtOH exhibits the highest absorption strength among
the six solvents. The A/l of diverse solvent/polymer suspensions
as a function of dT, dD, dP, and dH of various solvents (Table S1†)
are plotted, and the results are displayed in Fig. 2b–e. The
values of dT, dD, dP, and dH of the prepared polymer were
determined to be 25.9, 16.6, 8.9, and 17.8 MPa0.5, respectively.

A closer dT value for a given material in a solvent means
a stronger interaction and a better intimacy. Therefore, we
further introduce the difference (jdj) of HSP between the solvent
and the polymer as theoretical guidance to go deep into the role
of the solvent in the formation of the differences.49
J. Mater. Chem. A, 2022, 10, 9837–9847 | 9839
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Fig. 2 (a) UV/Vis absorbance per cell path length (A/l) of the polymer in diverse experimental solvents. (b–e) Relationships between the solvent/
polymer suspension absorbance and dT, dD, dP, and dH, respectively. (f) Hansen solubility sphere of the polymer and dD, dP, and dH values of the six
solvents.
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jdTj ¼ jdT, polymer � dT, solventj (2)

The dT values of THF, DOA, NMP, DMF, EtOH, and water are
19.5, 20.5, 23.1, 24.8, 26.5, and 47.9 (MPa)0.5, respectively (Table
1). According to the Hansen solubility parameters theory,50 if
jdTj > 3, the solvent is poor and not suitable for polymer
synthesis; if 1 < jdTj < 3, the solvent could be an intermediary
medium; when jdTj < 1, the solvent could be an optimal candi-
date for polymer growth. In case of water (jdTj ¼ 22.0), it has
a higher hydrogen-bond solubility parameter than the polymer
that can form strong hydrogen bonds with itself; its inability to
dissolve the reactionmonomer well and weak stability results in
the inferior-dened blocky structure and inferior surface area
(33 m2 g�1) and N doping (2.78 wt%). For THF and DOA, the jdTj
values are 6.4 and 5.4 (MPa)0.5, indicating faint affinity that
provides weak interactions between these two solvents and the
polymer. Therefore, these two solvents are not conducive for the
growing polymer, producing polymers with heterogeneous
particle morphologies, nite active sites (286–572 m2 g�1), and
relatively low N content (3.90–4.10 wt%). In contrast, the jdTj
values for DMF and NMP are calculated to be 1.1 and 2.7, sug-
gesting their moderate compatibility with the polymer, which
contributes to improved surface areas (790–803 m2 g�1) and
enriched N contents (5.12–5.59 wt%) for CDMF and CNMP. EtOH
with quite a close dT to the polymer (jdTj ¼ 0.6) shows superior
matching. The formed linear polymeric intermediates prefer to
associate more exclusively with EtOH during the polymerization
process and subsequently tend to grow into the sheet assembly
due to strong p–p interactions between the adjacent polymer
chains. The nanosheet architecture has the potential to maxi-
mize the surface area for contact between the polymer and the
EtOH solvent. This may be the driving force to extend the
9840 | J. Mater. Chem. A, 2022, 10, 9837–9847
interweaving of the nanosheet into a large particle structure.
Therefore, CEtOH achieves a large surface area up to 1022 m2 g�1

with optimized micro/mesoporous distribution, and high-
level N doping of 6.01 wt%. These results demonstrate that the
solvent nature is a striking factor governing the formation of the
geometries, pore structure parameters, and functions of the
fabricated carbon networks.

Furthermore, the adaptation of three individual energies (dD,
dP, and dH) for the solvent/polymer was further assessed by
introducing another indicator, HSP distance (Ra), which
describes the distance between a solvent and a polymer in
a three-dimensional Hansen space known as the Hansen solu-
bility sphere (Fig. 2f) and depends on their separate solubility
parameter (dD, dP, and dH) constituents.51

Ra ¼ [4(dD, solvent � dD, polymer)
2 + (dP, solvent � dP, polymer)

2 + (dH,

solvent � dH, polymer)
2].5 (3)

Table 1 gives the calculated Ra values of the polymer in these
solvents, among all the tested solvents; the polymer has the
smallest Ra value in EtOH. The closer the d values between the
polymer and the solvent, its higher stability would be due to the
optimum balance of the mixing energy delivered by interactions
between and within the matters.52 In a Hansen solubility
sphere, the HSP of a desired solvent should be represented at
the center of the sphere, and the sphere radius is called the
interaction radius R0 (R0 ¼ dT, polymer

0.5). On the basis of the
Hansen solubility measurement results, an ideal three-
dimensional sphere model was built (Fig. 2f). The center coor-
dinates of the sphere correspond to the solubility parameters of
the polymer (dD ¼ 16.6, dP ¼ 8.9, and dH ¼ 17.8). A dot in the
sphere interior represents a good solvent, whereas a dot outside
This journal is © The Royal Society of Chemistry 2022
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the sphere indicates a bad solvent. Therefore, EtOH located
inside the sphere represents a good solvent for this polymer
system. Another very useful parameter is the relative energy
difference (RED) value dened as follows.53

RED ¼ Ra/R0 (4)

A good solvent should be inside the sphere (RED < 1), an
acceptable solvent is at least near the sphere surface, while
a poor solvent is outside the region of the sphere (RED > 1),
indicating low affinity.50 The RED value is 0.44 for the EtOH
solvent, which is much lower than that of other solvents (Table
1), conrming the similar interaction force between the poly-
mer and the solvent, and a higher miscibility for each other.

To further unravel the solvent effects on the dissolution and
growth kinetics of the polymer precursor, density functional
theory-based molecular dynamics (DFT-MD) simulation was
performed (Fig. 3). The dynamic simulation trajectories of the
growing polymer in EtOH and water solvent were quantitatively
characterized by the representatively initial and nal snapshots,
reecting the stability of the polymer structures and the
polymer/solvent interactions.54 On the one hand, to uncover the
dissolving effect of various solvents on the polymer, the dis-
solving energy for each system was calculated as follows

DEdissolution ¼ Etotal � (Esolution + 2Epolymer) (5)

where DEdissolution denotes the needful energy for one solvent to
dissolve the polymer, Etotal represents the energy of each energy-
minimized system in equilibrium, Esolution is the energy of the
single solution without any compounds, 2 is the molecule
number, and Epolymer is the individual polymer energy. The
dissolution heats are calculated to be �151.4 and
518.7 kcal mol�1 for EtOH and water, respectively, indicating
that the process of EtOH dissolving the polymer releases heat,
Fig. 3 The representative initial and final snapshots for dynamic simulat
respectively.

This journal is © The Royal Society of Chemistry 2022
while it is still endothermic even if water dissolves the polymer
completely. This can also be observed directly from the
following dynamic simulation results. It is not easy for water to
dissolve the organic monomer and the formed intermediates
tend to agglomerate, conrming that the interaction between
water and intermediates is not as strong as that of the inter-
mediates. Therefore, water as a solvent is thermodynamically
disadvantageous to dissolve the organic molecule well for
promoting the polymerization process, resulting in the forma-
tion of the carbon precursor with an inferior structure. In sharp
contrast, EtOH exhibits a ne dissolution effect and does not
exist such agglomeration phenomenon, promoting the ther-
modynamic solubilization and growth kinetics of the polymeric
intermediates with an energy-minimized reaction roadblock.

Besides, a COSMO solvation model was constructed to reveal
the inuence of both solvents on the growth kinetics of the
polymer. The binding energy (DEbinding) in the rst step of
polymerization was calculated through the equation below

DEbinding ¼ Edimer � (Esolvent + Emonomer) (6)

where Esolvent and Emonomer represent the energies of the solvent
and reaction monomer, respectively, and Edimer is the energy of
the dimer. The solvation binding energies of the EtOH/polymer
and the water/polymer were estimated to be �5.93 and
�2.75 kcal mol�1, respectively. The negative values of DEbinding
indicates that the process is an exothermic reaction, and
a higher negative value implies more heat release that benets
the formation of a robust polymeric skeleton. The lower
DEbinding of the EtOH/polymer compared with water/polymer is
conducive for the formation of stronger solvent–precursor
interaction for facilitating polymer growth. Overall, both
experimental and theoretical research conrm that EtOH is an
optimal solvent to generate well-structured carbons derived
from 1,5-diaminonaphthalene and glyoxal.
ion trajectory of the polymer system in (a) EtOH and (b) water solvent,

J. Mater. Chem. A, 2022, 10, 9837–9847 | 9841
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Fig. 4 A schematic illustration of the effects of the solvent–precursor interaction on the formation of the heteroatomic carbons with varied
structures and surface functional groups.
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Fig. 4 shows the schematic illustration of the effects of the
solvent–precursor interaction on the formation of the heter-
oatomic carbons with varied structures and surface functional
groups. Regulating the solvent–precursor interaction signi-
cantly shapes the thermodynamic solubilization and growth
kinetics of the polymeric intermediates, thereby affecting the
resultant features of CX. As the solvent–precursor interaction
increases, CX exhibits gradually rened morphologies from
particles to nanosheets along with boosted surface areas (from
33 to 1022 m2 g�1), and variable O/N functional groups (from
10.17/2.78 to 6.03/6.01 wt%).

The controlled tuning of morphology, pore structure, and
surface chemistry of carbons is highly desirable for energy
storage applications. The electrochemical performances of CX
Fig. 5 Electrochemical performances of CX-based Zn-ion hybrid superca
CEtOH device at different current densities. (c) Rate performances. (d) Ra

9842 | J. Mater. Chem. A, 2022, 10, 9837–9847
were investigated by constructing Zn-ion hybrid super-
capacitors using zinc metal foil as the anode, CX as the cathode,
and 3 mol L�1 Zn(SO3CF3)2 aqueous solution as the electrolyte.
Rapid ion adsorption/desorption with redox responses on the
CX cathode and reversible Zn/Zn2+ deposition/stripping on the
Zn anode enable the hybrid devices to efficiently harvest/deliver
electrical energy.55,56 The specic capacities of six aqueous Zn-
ion devices were determined by galvanostatic charge–
discharge (GCD) proles (Fig. 5a). A high reversible capacity of
170 mA h g�1 at 1 A g�1 is achieved for the CEtOH-based device
(30–148 mA h g�1 for other CX devices), along with a retained
value of 100mA h g�1 at 40 A g�1 (Fig. 5b), showing a superb rate
capability. The coulombic efficiency of the fabricated CEtOH-
based supercapacitor achieves 95.3 and 97.2% at 1 and 2 A g�1,
pacitors. (a) GCD curves of CX devices at 1 A g�1. (b) GCD profiles of the
gone plots. (e) Cycle stability after 40 000 cycles at 40 A g�1.

This journal is © The Royal Society of Chemistry 2022
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respectively, and almost 100% at 5–40 A g�1 (Fig. S8†), indi-
cating its superb electrochemical reversibility and capacitive
behaviors. The specic capacity and cycling performance of the
CX-based devices under various rates within ten cycles are
shown in Fig. 5c. As the current density rises from 1 to 40 A g�1,
the CEtOH-based supercapacitor displays optimal rate perfor-
mance with a capacity retention of 58.7% in comparison to its
counterparts (16.6–54.5%), suggesting a superb large-current
tolerance. Aer a 40-times increase in the current density, the
device capacity entirely reverts to the original level, which is
indicative of high reversibility and good structural rmness.
Besides, a maximum energy density of 92.8 W h kg�1 at 545 W
Fig. 6 (a) Nyquist plots and (b) relationship between Z and u�.5 in the mid
storage kinetics of the assembled CEtOH-based Zn-ion devices: (c) GCD
and f) capacitive contribution (yellow) and diffusion-controlled process
capacitive and diffusion-controlled processes; (h) a typical GCD curve; (i)
the oxygen species during the charge/discharge process; (l) ex situ S 2p

This journal is © The Royal Society of Chemistry 2022
kg�1 (based on the carbon cathodic mass) is obtained for the
CEtOH-based device (Fig. 5d), which is higher than those of other
ve CX devices (20.3–83.6 W h kg�1) and the recently reported
carbon-based Zn-ion supercapacitors (Table S2†). In addition,
based on the total mass of the CEtOH cathode and Zn anode, the
constructed CEtOH-based Zn-ion supercapacitor achieves an
energy density of 13.6 W h kg�1. With the power output sharply
rising until 28.3 kW kg�1, the device still delivers an ultrahigh
energy output of 70.4 W h kg�1, implying superior charge
storage capability. Signicantly, the CEtOH device presents an
ultralong high-rate cycle life of 93.5% capacity retention at
40 A g�1 aer 40 000 cycles (Fig. 5e), superior to those of the CX
dle frequency region of six CX-based Zn-ion supercapacitors. Charge-
profiles; (d) the relationship between current (i) and the scan rate (v); (e
at 5 and 100 mV s�1; (g) histograms of the capacity contributed by

XRD patterns; (j) ex situC 1s XPS spectra; (k) the relative ratio variation of
XPS spectra.
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counterparts (37.4–88.7%). The SEM image of the CEtOH cathode
aer cycling (Fig. S9†) indicates the superior structural stability
in the Zn-ion hybrid supercapacitor. Through overall compar-
ison (Fig. S10a†), CEtOH achieves the best electrochemical
performances due to the well-dened geometry, enhanced
surface area, and surface chemistry. Besides, the constructed
CEtOH-based Zn-ion hybrid supercapacitor with a voltage
window of 1.8 V can light up an orange light-emitting diode
(LED) lamp (Fig. S10b†), showing considerable potential for
energy storage.

Considering the high supercapacitive activity and superior
rate capability of the CEtOH device, electrochemical impedance
spectroscopy (EIS) measurements were further performed to
estimate the ion/electron transfer behaviors in depth (Fig. 6a).
All CX devices demonstrate incomplete semicircles with linear
tails, which are analogous to the features of combining typically
fast-kinetics-diffusion-controlled processes as well as the
pseudocapacitive process.57,58 Of the six devices, the CEtOH

supercapacitor exhibits the smallest equivalent series resistance
(Rs) of 1.09 U and charge-transfer resistances (Rct) of 15.9 U

(Table S3†) due to the all-round improvements in the ion-
accessibility, interface compatibility, and electrochemical
activity of the carbon cathode. The small Rs and Rct are key
attributes for CEtOH because thin carbon nanosheets furnish
shortened ion diffusion and electron transport distance, and
generate large active surface for ion contact. Except for the
effective charge transfer dynamics, these devices also display
ultrasmall diffusion resistances (s), reecting remarkable ion
reaction kinetics. Fig. 6b indicates the linear relationship of the
real part of impedance (Z0) and the reciprocal of the square root
of frequency (u�0.5) to collect the s values from the slope of the
tted straight lines based on the following equation.59

Z0 ¼ su�.5 + Rs + Rct (7)

CEtOH yields the lowest s value of 24.2 U s�0.5, followed by
CDMF (32.9 U s�0.5), CNMP (37.1 U s�0.5), CDOA (77.2 U s�0.5), CTHF

(86.6 U s�0.5), and CWater (134.6 U s�0.5). In addition, the Zn2+

diffusion coefficient (D) within the carbon cathodes can be
obtained based on the following formula.60

D ¼ R2T2

2A2F 4C2n4s2
(8)

The smallest s value of the CEtOH device corresponds to
a DZn

2+ value of 4.23 � 10�9 cm2 s�1, which is higher than that
of other devices (0.76–3.11 � 10�9). This result highlights the
vital role of the favorable morphology and porous structure in
accelerating electrolyte inltration and ion diffusion in CEtOH.

Quasi-rectangular CV proles with pronounced redox signals
(Fig. 6c) of the CEtOH device are indicative of ion adsorption-
induced electrical double-layer capacitance and heteroatom-
triggered pseudocapacitance.61,62 With ultralow ion diffusion
resistivity, CEtOH is expected to possess ultrafast charge/discharge
kinetics. Therefore, the ion diffusion and charge transport
kinetics of the CEtOH device were further investigated. The charge-
9844 | J. Mater. Chem. A, 2022, 10, 9837–9847
storage kinetics information can be collected by analyzing the
relationship between current (i) and the scan rate (v).63

i ¼ kvb (9)

By plotting log i vs. log v, the b values were calculated to be
0.94/0.93 for the cathodic/anodic peaks in the scan-rate range of
5–100 mV s�1 (Fig. 6d), approaching that of an ideal capacitor (b
¼ 1) and suggesting the ultrafast charge-storage behavior of the
CEtOH device.64 The respective capacitance contribution from
fast and slow reactions can be quantitatively differentiated
based on the following equations65

i ¼ k1v + k2v
1/2 (10)

i/v1/2 ¼ k1v
1/2 + k2 (11)

where k1 and k2 are constants, k1v accounts for the capacitive
contribution, and k2v

1/2 corresponds to the diffusion-limited
process. i/v1/2 and v1/2 are anticipated to have a linear relation-
ship; thereby, the capacitive contribution can be differentiated
by linear tting.66 The ratio of capacitive contribution to overall
capacitance equals the ratio of the yellow region to the total CV
area. The decoupling results of the CV proles at 5 (Fig. 6e) and
100 mV s�1 (Fig. 6f) of CEtOH distinctly demonstrate high
capacitive contributions of 77.4 and 93.3%, respectively. As
shown in Fig. 6g, the capacitive process increases gradually with
increasing scan rate and dominates that of the diffusion-
controlled process. This result conrms the capacitive-
dominant nature and fast kinetics of the CEtOH cathode at
large scanning rates.

To further clarify the charge storage mechanism of the
CEtOH//Zn device, ex situ X-ray diffraction (XRD) as depicted in
a GCD prole (Fig. 6h) was conducted to characterize the
structural variation on the CEtOH cathode surface (Fig. 6i). Broad
peaks at �22.4� can be observed, suggesting the signicant
adsorption/desorption feature of Zn2+ facilitated by N doping
and the unchanged carbon skeleton.40 Sharp peaks at 26.4�

correspond to the (002) plane of graphite.67 During the
discharge process, the peak intensity continuously increases,
along with the shi of the peak position to the low angle region.
In the following charge process, the opposite trend can be
observed. It is worth mentioning that the characteristic peak of
the Zn(CF3SO3)2[Zn(OH)2]3$xH2O byproduct formed during the
electrochemical reactions is also located at �26.4�. The varied
peak location and intensity conrm the reversible increase and
disappearance transformation of the Zn(CF3SO3)2[Zn(OH)2]3-
$xH2O phase on the CEtOH surface.40 Boosted Zn ion adsorption
derived from strong electronegative oxygen functionalities
could be a typical reason for the reversible formation/
dissolution process of the zinc compound product.

To monitor the surface chemistry transformation of the
CEtOH cathode during the charge/discharge course in detail, ex
situ XPS measurements at different voltage states were per-
formed (Fig. 6j). Three obvious characteristic peaks at 284.4,
285.3, and 288.1 eV at primitive condition (I) originate from C–
C, C–OH, and COOH species.68–70 From 1.8 to 0 V in the
This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d2ta00754a


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
3 

M
ar

ch
 2

02
2.

 D
ow

nl
oa

de
d 

on
 5

/2
7/

20
24

 6
:4

3:
22

 P
M

. 
View Article Online
discharge process, both C–OH and COOH signals undergo
a continuous decrease. In the charge process from 0 to 1.8 V,
they exhibit a contrary trend, indicating the highly reversible
chemical reactions between the C–OH/COOH groups and Zn
ions during the whole discharge/charge cycles. As a proof of
concept, two new peaks at 287.5 and 290.1 eV derived from C–
O–Zn and COO–Zn bonding were detected at full discharge state
(III) and gradually faded away in the charge process (state IV to
V), suggesting the reversible faradaic reactions of Zn ions with
C–OH and COOH groups.71 Fig. 6k summarizes the ratio varia-
tion trend of these two typical Zn-ion bonding groups during
the charging/discharging courses, further proving the highly
reversible pseudocapacitive Zn-ion storage mechanisms. The
signal of S element can be used to track the trajectory of the
SO3CF3

� anions in the system, which proves that they
contribute to capacity storage. The S signal gradually decays in
the process of 1.8–0 V discharging and almost returns back to
the original state in the reverse course of 0–1.8 V charging
(Fig. 6l). This result indicates that the reversible desorption/
adsorption process of the SO3CF3

� anions takes place on the
carbon surface during the full discharge/charge process and
thus contributes to the electric double-layer capacitance.
Besides, in view of the large spatial size of the SO3CF3

� anions
and a majority of <1 nm micropores in CX, it is expected to
trigger severe steric hindrance for SO3CF3

� diffusion/
adsorption within the carbon micropores, leading to a very
small amount of anion storage. The hybrid charge storage
mechanisms of the CEtOH cathode involves two sources of
chemical Zn2+/SO3CF3

� adsorption within the porous carbon
scaffold (electric double-layer capacitance) and extra redox
responses (pseudocapacitance) originating from the variation
in the redox states of the oxygen-containing functional groups.

Overall, the CEtOH-based Zn-ion hybrid supercapacitor ach-
ieves excellent electrochemical energy storage, which can be
attributed to the structural and functional design of the carbon
cathode: (i) the open carbon nanosheet assembly avoids the
severe restacking of nanosheets and minimizes the loss of
electroactive interfaces, enabling sufficient space for charge
accumulation; (ii) the porous architecture with large surface
area favors the exposure of more active sites and promotes
efficient ion diffusion kinetics with a low energy obstacle,
contributing to superb supercapacitive activity and rate capa-
bility; (iii) anchoring functional nitrogen groups on the carbon
surfaces improves the charge distribution environment and
boosts the electrode/electrolyte interface interaction, signi-
cantly facilitating the chemical adsorption capability of Zn ions
for contributing to electric double-layer capacitance. Electro-
active oxygen substituents drive reversibly signicant redox
reactions between the C–OH/COOH groups and Zn ions for
harvesting pseudocapacitance. The synergistic coupling of
these aspects endows the CEtOH-based Zn-ion hybrid super-
capacitor with signicant electrochemical performances.

Conclusion

In conclusion, an efficient solvent–precursor interaction-
customized strategy is developed to design porous
This journal is © The Royal Society of Chemistry 2022
heteroatom-decorated carbons with tailor-made physicochem-
ical properties. By tailoring the solvent–polymer compatibility,
the polymerization kinetics and growth behaviors of the oligo-
mers can be regulated systematically, endowing the resultant
carbon materials with wide tunability of geometries (bulk,
particle, sphere, and sheet), surface areas (33–1022 m2 g�1), and
N/O functionalities (2.78/10.17–6.01/6.03 wt%). By constructing
a solubility parameter plot and performing molecule dynamic
simulations, ethanol solvent is proved to be an optimum,
facilitating low binding roadblock (�5.93 kcal mol�1), and
robust reaction interaction (�151.4 kcal mol�1) between the
solvent and the precursor, thus achieving the accurate synthesis
of carbons with optimized nanostructures. With the assistance
of the optimal CEtOH cathode, the assembled Zn-ion hybrid
supercapacitor achieves a battery-level energy density of 92.8
W h kg(cathode)

�1 and a capacitor-level power density of 28.3 kW
kg�1, and a prodigious cycle performance of 93.5% energy
retention over 40 000 cycles at 40 A g�1. Besides, systematic
characterization conrms the intense adsorption ability of the
N-embellished structural sites and robust chemical interactions
of the hydroxyl/carboxyl surface groups with the Zn ions, giving
ultrarapid ion reaction kinetics and superb supercapacitive
charge storage. This work provides enlightening insights into
strategic carbon design and electrochemical mechanism study
for efficient Zn-based carbon supercapacitors.
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