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Molecular engineering toward sustainable development of multiple-doped
hierarchical porous carbons for superior zinc ion storage
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ABSTRACT Aqueous Zn-ion hybrid supercapacitors
(ZHSCs) hold great potential as next-generation energy sto-
rage devices due to their low cost, excellent rate capability,
long cycling life, and high safety. Heteroatom-doped hier-
archical porous carbons (HD-HPCs) with integrated high
specific surface area, multiscale pores, and abundant defects
have been regarded as promising cathode materials for
ZHSCs. However, the in situ architecture of HD-HPCs with
these multiple advantages via a sustainable and controllable
method remains an arduous challenge. Herein, a novel mole-
cular engineering strategy was proposed for the in situ con-
struction of N/P/O-doped HD-HPCs via the direct
carbonization of multiple-heteroatom-rich hypermolecules.
Such a strategy has multiple advantages, including the exclu-
sion of pore-making techniques, activation agents, templates,
and complicated and hazard washing processes, demonstrat-
ing its green and sustainable properties. The highly active
multiple-heteroatom-rich hypermolecular precursors con-
tributed to the formation of abundant micro/mesopores due
to the self-abscission of heteroatoms and heteroatom-con-
tiguous carbon atoms at high carbonization temperatures.
Consequently, these active structural/compositional features
endowed the optimal cathodes with outstanding storage ca-
pacities of 139.2 and 88.9mA h g™ at 0.5 and 20 A g”! for
aqueous ZHSCs, respectively. They also delivered a superior
storage performance in quasi-solid ZHSCs (QS-ZHSCs) with a
high specific capacity of 111.5 mA h g™! at 0.5 A g™'. Superior
energy/power densities and long cycling stability were also
achieved for aqueous and QS-ZHSCs. The theoretical calcu-
lation confirmed the synergetic effects of multiple-atom
doping on enhancing the electronic conductivity and reducing
the energy barrier between Zn ions and carbon, which pro-
mote the Zn-ion adsorption capability. These findings shed
fresh light on the straightforward manufacture of superior
HD-HPCs for electrochemical energy storage.

Keywords: molecular engineering, sustainable, hierarchical ar-
chitecture, heteroatom doping, Zn-ion storage

INTRODUCTION
With the growing demand for sustainable large-scale energy
storage devices, the current lithium-ion batteries fail the

requirements of safety and environmental friendliness due to
their flammable and toxic organic electrolytes [1]. Alternatively,
aqueous Zn-based energy storage devices, such as Zn-ion bat-
teries and Zn-ion hybrid supercapacitors (ZHSCs), have
emerged as promising power supply systems owing to multiple
advantages, such as high theoretical gravimetric/volumetric
capacity, low cost ($65/(kW h) for Zn vs. $300/(kW h) for Li),
appropriate redox potential (—0.76 V), and abundant Zn
resources [2]. Moreover, aqueous electrolytes contribute to
green and sustainable manufacturing and working conditions.
ZHSCs integrated with a battery-type anode and a capacitor-
type cathode have received intensive attention due to their
relatively high energy and power densities, excellent rate per-
formance, long cycling stability, and high safety [3,4]. Among
the verified cathode materials, porous carbons (PCs) are
potential for their abundance, environmental friendliness, and
structural stability [5]. However, traditionally, commercial
activated-carbon (AC) electrodes show an undesirable storage
capacity (e.g, <50mAhg™ at 0.5A g™") and a low energy
density for ZHSCs, due to their unitary pore structure and
insufficient active sites [6,7]. The limited capacitive contribution
of the AC cathode is hard to match with the high capacity and
kinetics of the Zn anode. Thus, the design and construction of
advanced PC cathodes for high-performance ZHSCs face the
bottleneck.

Pore engineering and nanostructure design have improved the
intrinsic activity of PCs. The development of open-structured
PCs with a high specific surface area (SSA) and hierarchical pore
channels contributes to abundant active sites and efficient mass
transport [8]. Moreover, the nanostructured design and mor-
phological control of nanocarbons boost the effective electrode/
electrolyte contact and reduce the ion transport distance, further
exposing more active sites for Zn-ion storage. To this end,
various structurally engineered PCs, such as hollow carbon
nanospheres from MnO, nanoflower templates [9], carbon
nanowires from MnO, nanowire templates [10], three-dimen-
sional PCs from SiO, templates [11], K,CO;-activated PCs [12],
ZnO-activated PCs [2], and a series of alkali-metal-activated PCs
[13], have been reported as cathodes for ZHSCs. However, the
fabrication processes are generally based on the indirect carbo-
nization of precursors with demands for activations and tem-
plates. Fig. 1a summarizes the commonly used activation agents
[14]. The addition ratio of raw materials to activation agents is
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(a) Some representative studies on the fabrication of high SSA carbon materials that required pore activation agents, as summarized in Table S1.

(b) Schematic of the fabrication process of N/P/O-PCs. (c) TGA curves under N, at a heating rate of 10°C min™". (d) FTIR spectra of the HCTP, ANI, and

HCTP-ANI precursors.

equal to or larger than 1:4 and can reach up to 1:10 [14,15]. The
extensive usage of activation agents and templates leads to
complicated preparation procedures and time-consuming and
hazard washing processes, which fail to balance environmental
issues and their targeted electrochemical properties. The invol-
vement of alkali and acid results in the corrosion of devices and
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difficulties in the recovery and reuse of harmful waste liquids
[16,17]. Therefore, green, sustainable, and effective synthesis
methods are desired.

On the other hand, heteroatom doping is another efficient
strategy to improve the electrochemical activities of PCs by
modifying the electronic structure, adsorption barrier, structural
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defects, and electrode wettability of carbon materials [18]. Some
doping configurations are electrochemically active to contribute
pseudocapacities via surface faradaic reactions [19]. Currently,
single- and multiple-atom-doped PCs have been applied in
ZHSCs [5]. For example, the single-atom-doped pyridinic N has
been proven to promote Zn-ion storage capacity, due to its high
chemical coordination with Zn ions [20]. The N/P dual-atom-
doped PCs contributed a high capacity of 1644 mAhg™ at
0.2 A g7' [9]. The N/S-rich carbon cathode demonstrated a high
energy density of 95.9 W h kg™' [10]. The N/B dual-atom-doped
carbon nanosheets delivered a specific capacity of
127.7mAh gt at 0.5 A g™* [6]. In addition, the P/B and B/S co-
doped PCs have been synergistically designed to improve the
ZHSC performance [12,19]. Furthermore, multiple N/P/S-doped
carbons exhibited a high capacity of 104.7 mAh g™ at0.1 A g™!
[11]. Most heteroatom-doped PCs for ZHSCs are obtained by
the uneven combination between carbon resources and dopants,
resulting in uncontrollable regulation procedures, arbitrary dis-
tribution of heteroatoms, and difficulties in understanding spe-
cific heteroatom configurations with Zn-ion storage capability
[21]. Moreover, insights into the synergistic effect of multiple-
atom-doping on the Zn-ion storage performance are at their
early stage. Thus, searching for a sustainable and controllable
strategy to engineer carbons with targeted structural and com-
positional properties and further the in-depth understanding of
the structure/composition-performance relationships toward
ZHSCs are absolutely imperative.

Molecular engineering based on cooperative interactions
between the molecular units provides a promising route to the
design of heteroatom-doped hierarchical PCs (HD-HPCs) with
accurate control at the molecular level [22,23]. The molecules
are usually self-assembled or crosslinked via hydrogen or
covalent bonding, enabling the regulated composition and pore
structure of HD-HPCs by the selection of suitable molecules and
specific reactions. For example, metal-organic frameworks with
controllable molecular chains and pore-tunable polymer matrix
[24,25] and heteroatom-rich conjugated polymers with periodic
skeletons (e.g., conjugated polyamides and acrylonitrile copoly-
mers) have been used to fabricate HD-HPCs for ZHSCs [6,26].
However, these frameworks are also obtained from multiple-step
construction methods with the assistance of activation and
templates. Direct molecular engineering is hard to use in the
concurrent realization of HD-HPCs with a high SSA and a
hierarchical structure without activation agents or templates
[27,28]. To the best of our knowledge, for ZSHCs, a direct
molecular engineering strategy for the in situ construction of
advanced HD-HPCs with integrated multiple-heteroatom dop-
ing, high SSA, and hierarchical architectures simultaneously is
rarely reported. Such a strategy is very meaningful for the fun-
damental revelation of the relationship between the optimized
structures, doping factors, and Zn-ion storage performances.

Herein, for the first time, we propose the construction of
highly active multiple-heteroatom-rich hypermolecules for the
sustainable and controllable production of HD-HPCs with high
porosity, multiscale pores, and ternary-doped configurations by
a direct molecular engineering strategy. The hypermolecule
constructed by N/P-rich molecular main chains crosslinked with
N-rich branched units can in situ realize N/P/O-doped and
micro-/mesopore-interconnected PCs (N/P/O-PCs) with a large
SSA over 2000 m* g~' (Table S1). As summarized in Fig. 1a, such
a strategy is green and sustainable without extra hazard activa-
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tion agents, templates, pore-making techniques, toxic reaction
solvents, and high energy consumption. The homogenous
multiple doping effect and hierarchical architecture can be
concurrently and controllably designed to reveal the structure-
performance relationship for ZHSCs. Unlike the reported self-
activation mechanisms requiring alkaline and activated blowing
agents, the micro/mesopores formed in this work should be
ascribed to the uniquely high-active molecular precursors.
Heteroatom-rich carbon precursors can be easily activated by
KOH agents to exhibit a high porosity due to their less stable
carbon structure caused by heteroatom doping effects. Inspired
by this condition, this work proposes that constructing a mul-
tiple-heteroatom-rich skeleton endows hypermolecular pre-
cursors with relatively high activity, enabling the easier
formation of nanopores by regulating carbonization schedules.
As such, a multiple-heteroatom-rich skeleton with a suitable
crosslinking degree and appropriate temperature is necessary. A
relatively high temperature combined with highly active hyper-
molecules contributes to the sufficient self-activation energy for
self-abscission of active heteroatoms and self-removing unstable
heteroatom-closed carbon atoms from the carbon skeleton,
generating massive vacancies or micro/mesopores. The low self-
activation energy (low temperature) and high crosslinking
degree both result in poorly developed pore structures. For
aqueous ZHSCs, the optimized sample delivered an excellent
specific capacity of 139.2 mAh g™ at 0.5 A g™! and a high-rate
capability of 88.9 mA hg™! at 20 A g~!. The maximum energy
density of 107.7 W hkg™ and maximum power density of
17.3 kW kg™' were achieved. The quasi-solid ZHSC (QS-ZHSC)
retained a high storage capacity of 111.5 and 62.5mA h g™! at
0.5 and 20 A g7', respectively. The aqueous and QS-ZHSCs
exhibited long cycling performances. Ex situ investigation
combined with theoretical calculations confirmed the reversible
interactions between the oxygen functional groups and Zn-ion
adsorption, and multiple doping synergistically enhanced the
electronic conductivity and Zn chemical coordination of the
carbon matrix. We believe that such a strategy can be expanded
to design carbon materials for different applications that are not
limited by ZHSCs.

RESULTS AND DISCUSSION

Fabrication and structure characterization

Fig. 1b shows the fabrication process of N/P/O-PCs, that is, the
one-step carbonization of crosslinked hypermolecules assembled
by hexachlorocyclotriphosphazene (HCTP) and aniline (ANT).
HCTP contains three nitrogen and three phosphorus atoms
assembled in an alternating manner to form a cyclic molecular
structure, showing an imperative resource for fabricating N/P-
doped carbon materials [29]. Moreover, HCTP is easily cross-
linked with other functional groups through condensation
reactions due to its reactive free chlorines [29]. Molecules with
functional groups of -OH or -NH, are the representative sub-
stitution units to couple with HCTP [30,31]. ANI is one of the
typical N-rich molecules with -NH, groups, which are also
highly reactive for self-assembly or crosslinking with other
substitutes to form hypermolecules [32]. Therefore, HCTP-ANI
hypermolecules were constructed for the first time to fabricate
HD-HPCs. The pure HCTP without carbon atoms was unstable
and easily volatilized during pyrolysis, as evidenced by the zero
mass retention according to the thermogravimetric analysis
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(TGA) (Fig. 1c). After the co-interaction between HCTP and
ANI, the thermal stability significantly improved with a mass
retention of 20% (Fig. 1c), confirming the strong crosslinking
reaction of the molecular units. Fourier transform infrared
(FTIR) spectra were further determined to investigate the
interaction between HCTP and ANI (Fig. 1d). Table S2 sum-
marizes the FTIR vibration modes and the corresponding peak
positions. For pure HCTP, the characterization absorption peaks
at 1211 and 604 cm™ correspond to P-N and P-Cl bonds,
respectively [33]. For pure ANI and HCTP-ANI composite,
some typical characterization peaks co-exist at around 1600-
1612, 1450-1502, 1400-1480, and 1270-1282 cm™', which cor-
respond to -NH,, C=C, C-C, and C-N bonds, respectively
[34,35]. This finding confirms the successful transfer of the
functional groups from ANI molecular units to HCTP-ANI. An
evident P-N bond peak was also detected in the HCTP-ANI
composite, and it belonged to the HCTP units. Moreover, the
characterization peak of the P-Cl stretching deformation model
was absent in the HCTP-ANI composite, suggesting that the P-
Cl bonds in the HCTP were substituted by ANI molecular units
[33]. These results confirm the successful condensation poly-
merization between HCTP and ANI, which generates multiple-
heteroatom-rich hypermolecules.

The microstructure of the carbons was investigated by scan-
ning electron microscopy (SEM) (Fig. 2a and Fig. S1). The
morphologies of the N/P/O-PCs obtained at different tempera-
tures were generally similar and showed irregular carbon blocks
with particle sizes ranging from a few micrometers to hundred
micrometers. The transmission electron microscopy (TEM)
images (Fig. 2b) confirmed that the amorphous carbons became
more ordered with more pronounced graphitic microdomains as
the carbonization temperature increased. Moreover, some
unregular or uneven pores were observed in the N/P/O-PC-1200
carbon structure, indicating the optimal carbonization tem-
perature for pore formation. A high carbonization temperature
induced the rearrangement of carbon atoms and resulted in the
collapse of the pore structure and low porosity, accounting for

the lack of evident nanopores in the TEM image of N/P/O-PC-
1400. Therefore, a temperature of 1200°C ensured that the car-
bon had a high graphitic crystallite skeleton with excellent
electrical conductivity and an optimal porous structure with
numerous structural defects. The energy dispersive spectroscopy
(EDS) mappings of N/P/O-PC-1200 (Fig. 2c and Fig. S2) showed
that C, N, P, and O were homogenously distributed, and this
finding indicates the successful ternary doping with N, P, and O
atoms into the structure.

The microstructures of N/P/O-PCs were further characterized
by X-ray diffraction (XRD) and Raman spectrum. As shown in
Fig. 3a, two diffraction peaks at around 26 = 23° and 44° were
detected in the XRD patterns, and they corresponded to the
defective or amorphous (002) and graphitic (100) planes of
carbon, respectively [36]. As the temperature increased from 800
to 1000°C, the (002) peak generally became narrower and
sharper, which suggests the formation of a more ordered
structure at high temperatures [37]. At this stage, the low
defective structure was attributed to the reduced doping defects,
because heteroatoms are unstable at high temperatures [23].
However, the (002) peak position became smaller with a broader
and blunter shape at 1200°C, and this result suggests the more
defective structure generated in the N/P/O-PC-1200. This
finding should be ascribed to the formation of abundant
nanopores, which contributes to the rich and intrinsic structural
defects in N/P/O-PC-1200, consistent with the TEM results. As
the temperature further increased, these intrinsic carbon defects
were eventually lost due to the further rearrangement of the
carbon layers, leading to a high graphitic degree but the poor
pore structure of N/P/O-PC-1400. The Raman spectra (Fig. 3b)
showed the presence of two characteristic bands at 1345 and
1585 cm™, which correspond to the defective structure (D) and
graphitic structure (G) bands, respectively [38,39]. The intensity
ratio of D/G band (Ip/Ig) showed a decreasing trend when the
temperature increased due to the formation of more graphitic
domains. These results indicate the optimal temperature of
1200°C for the preparation of PCs in this work.

! Temperature increases

Figure 2 Microstructures of the N/P/O-PCs carbonized from 800 to 1400°C: (al-a5) SEM images, (b1-b5) TEM images, and (c1-c5) EDS mappings of N/P/

O-PC-1200.
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Figure 3  Structure and composition of N/P/O-PCs: (a) XRD pattern, (b) Raman spectra, and (c) full XPS spectra. High-resolution XPS spectra of N/P/O-
PC-1200: (d) C 1s, (e) N 1s, (f) O 1s, and (g) P 2p. (h) N, adsorption/desorption isotherms and (i) PSD curves of N/P/O-PCs.

X-ray photoelectron spectroscopy (XPS) measurement was
carried out to understand the composition of the carbon
materials. As shown in Fig. 3¢, the total XPS spectra demon-
strated the successful doping of N, P, and O heteroatoms into
the carbons, suggesting that multiple dopant defects were con-
structed. The contents of the doped atoms were generally
reduced as the annealing temperature increased. Four types of
doped C 1s configurations were discovered (Fig. 3d), and they
were located at around 284.3, 285.1, 286.3, and 289.8 eV,
representing C=C, C-C, C-O/C-N/C-P, and C=O bonds,
respectively [7]. The high-resolution N 1s spectrum (Fig. 3e)
exhibited that N-doping configurations in N/P/O-PC-1200 can
be resolved into pyridinic N at 398.3 eV, pyrrolic N at 400.1 eV,
graphitic N at 401.2 eV, and oxidized N at 402.6 eV [25]. The
pyridinic and pyrrolic N are good electron-donor configurations
that improve the electrochemical activity and electron transfer
efficiency of carbon materials, contributing to the improvement
of the charge storage performance [40]. The graphitic N con-
figuration can improve the capacitive performance of carbons
due to the enhanced electronic conductivity [41]. Three types of
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oxygen-containing groups, including C=0 (530.8 eV), C-O
(532.0 V), and COOH (533.0 €V), can be obtained from the
high-resolution O 1s spectrum (Fig. 3f) [42]. Some oxygen-
containing groups are electrochemically active and can produce
a high pseudocapacity via surface faradaic reactions to achieve
high-performance carbon electrodes [42]. In addition, oxygen-
containing groups are conducive to the electrolyte wettability of
the carbon electrodes. The P 2p spectra can be deconvoluted into
two peaks (Fig. 3g), including the P-C bond at 130.6 eV and the
P-O bond at 133.0 eV [19]. Phosphorus doping can induce the
charge distribution of the carbon skeleton to improve its elec-
trical conductivity. In addition, the PCO; functional groups in
the carbon lattice can improve the electrode-electrolyte wett-
ability [19] to boost the interfacial reaction kinetics. Moreover,
multiple doping can further induce synergetic effects on the
improvement of electrochemical performance of carbon mate-
rials. Table S3 provides additional information on the chemical
compositions of carbons under different temperatures.

The pore structure was characterized by N, adsorption/deso-
rption measurement. As displayed in Fig. 3h, the samples
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(except N/P/O-PC-800) showed typical type-I curves with the
capillary condensation of N, at the low relative pressure (P) of
P/Py < 0.1, indicating the presence of micropores. Moreover, a
significant hysteresis loop existed at the high relative pressure of
0.4 < P/P, < 1 for the N/P/O-PC-1200 sample, demonstrating the
formation of abundant mesopores [17]. This observation mat-
ches the nanopores discovered in the TEM images. The high
adsorbed volume of N, at the low relative pressure of N/P/O-
PC-1200 confirmed its higher SSA than other samples. The SSA
values calculated using the Branauer-Emmett-Teller (BET)
method were 3.3, 125.1, 719.1, 2195.9, and 1215.3 m* g™* for the
samples carbonized from different temperatures. Therefore, N/
P/O-PC-1200 owns a more open structure constructed by the
interconnected micro-/mesopores with massive intrinsic carbon
defects. The pore size distribution (PSD) curves in Fig. 3i also
confirm that N/P/O-PC-1200 possessed a multiscale pore
structure containing micropores (<2 nm) and mesopores cen-
tered at around 3 nm, but only micropore peaks were observed
for other samples (extremely low peak intensity for N/P/O-PC-
800). Fig. S3 shows the PSD curves of N/P/O-PC-1200 based on
Barrett-Joyner-Halenda (BJH) models. Very few mesopores
larger than 10 nm existed in N/P/O-PC-1200. Combined with
the nonlocal density functional theory (DFT) model, N/P/O-PC-
1200 possesses dominated mesopores in the range of 2-5 nm.
The hierarchical pore architecture of N/P/O-PC-1200 benefits
mass transportation through the realization of high-rate and
high-power ZHSCs. More pore information is summarized in
Table S4.

Pore formation analysis
Based on the above discussion, an interesting question is how
these pores form without any activation agents and pore makers.
The reported self-activation mechanisms are generally based on
carbon precursors embedded with alkaline elements (such as
Na*, K*, Zn*, and Mg*") [43-46], which can induce the self-
activation process during pyrolysis. These self-activation
mechanisms are close to the post-activation by chemical acti-
vation agents, such as KOH, NaOH, and ZnCl,. Another self-
activation mechanism is the direct carbonization of carbon
resources and chemical-foaming agents (e.g., urea, melamine,
and ammonium chloride) [47-49], which can release vast acti-
vation gases (including CO,, NHj, and water steam) during
pyrolysis. However, no alkaline elements and extra foaming
agents were introduced in this study, indicating the unique pore
formation mechanism of our molecular engineering strategy.
The reported theoretical calculations point out that N-rich
and O-rich precursors are more favorable for KOH activation
compared with N-free and O-free precursors [50,51]. The energy
barriers of KOH activation for N-rich and O-rich precursors are
substantially smaller than those for N-free and O-free pre-
cursors, and KOH adsorption positions on the carbon are closer
to N and O atoms, showing a higher binding energy between
KOH and N-rich and O-rich carbons. Therefore, KOH etching is
favored in highly active regions in carbon frameworks [52].
These pioneered studies imply that when molecular precursors
have abundant multiple heteroatoms, which leads to a relatively
high self-active precursor, highly porous HD-HPCs can possibly
be obtained without activation and template agents. The cross-
linking structure and degree of the hypermolecular precursor
were revealed, and the carbonization schedule determined the
microstructure of HD-HPCs [23]. To validate this possibility,
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scientists should first obtain a multiple-heteroatom-rich cross-
linking structure using a rational design. The widely used
covalent triazine-based molecules, such as melamine, tri-
chloroisocyanuric acid, trithiocyanuric acid, and HCTP, are
potential choices. HCTP not only possesses rich heteroatoms,
but is also highly active and can be processed into diverse
macromolecules by replacing chlorine atoms with different
substitution groups [53]. Therefore, HCTP is regarded as an
efficient main chain to realize the high-active multiple-het-
eroatom-rich skeleton.

Next, a reasonable crosslinking degree enabling an appropriate
carbon vyield with a high self-activity is necessary for pore for-
mation. To achieve this goal, the crosslinking degree of the
HCTP-ANI hypermolecules was regulated by different HCTP
dosages. The HCTP was highly active to be volatilized during
pyrolysis according to the TGA results. The pure liquid state
ANI was also easily volatilized, with the release of vast gases
during annealing. Pure ANI-derived carbons have extremely low
porosity (e.g., SSA of 18.14 m? g™*) [54]. After the combination
with an increased HCTP dosage, the digital photos (Fig. S4) of
the precursors showed an evident state evolution, where a liquid
state was observed at a low HCTP addition, and significantly
more solid powders were obtained as the HCTP dosage
increased. This finding indicates the stronger interaction and
higher crosslinking degree of the hypermolecule. As confirmed
by the TGA analysis (Fig. S5), the higher HCTP addition
(HCTP-ANI-9:24) led to a higher (nearly twice) carbon yield
than that of HCTP-ANI-6:24 (the optimal ratio), proving the
higher structural stability of HCTP-ANI-9:24 [23]. However, the
self-activity of the hypermolecule would be reduced under a high
crosslinking degree, leading to a low porosity due to the ther-
mally stable carbon matrix. As confirmed in Fig. 4a, the SSA
value of the carbons derived from HCTP-ANI-9:24 was con-
siderably reduced to 1077.6 m* g~'. The PSD curve also revealed
that only micropores dominated the pore structure of the
HCTP-ANI-9:24 carbon. These results prove that an optimal
crosslinking degree was vital for the rational self-activity of the
hypermolecule to obtain a high SSA and a hierarchical pore
structure.

Finally, a suitable temperature treatment provides sufficient
energy for pore formation. Although HCTP-ANI units were
easily volatilized, and the broken bonding configurations can
form chemical-foaming gases, their effects on porosity activation
were limited. According to the TGA curves (Fig. 1c) and the
corresponding mass spectrometry (MS) curves (Fig. 4b-d), the
rapid mass loss occurred at below 400°C with the release of vast
gases, including NH;, CH,, H,O, CO, O, and CO,, and it
represented the chemical blowing stage due to the breakage of
unstable bonds. However, the carbons obtained at low tem-
peratures (N/P/O-PC-800 or 900) showed an extremely low
porosity, indicating their less influence on pores from gases
blowing. The reported gas-blowing agents (e.g., NH4Cl, mela-
mine, NHj, and CO,) can induce a significant porosity at tem-
peratures around 700-900°C [55,56]. Therefore, in our case,
foaming gases possibly only induced the formation of large pore
channels or cracks during carbonization. According to our
molecular engineering strategy, the presence of multiple het-
eroatoms in hypermolecules results in a high self-activity of the
precursor and a less stable carbon structure during pyrolysis.
During carbonization, the hypercrosslinked polymers can be
processed into a large amount of “duplicate units” with the

February 2023 | Vol.66 No.2



SCIENCE CHINA Materials

ARTICLES

Pore size (nm)

Heteroatom-rich skeleton

Pore size (nm)

Pore size (nm)

Porous framework

(o B ] b e |
I 300- . miz =17 ha miz = 28 |
0.5 -
| ?; 250 ’,;7:4 =~ HCTP-ANI(9:24) = 2.0E-08] miz:=32 l
| « g < |
| 5 200 § uos £ 1.5E-08] I
| @ 150] | & £
2 g 03 § 1.0E-081 I
| © 1004 g o1 S |
17 50l | 30 i 3.0E-10 o, 5.0E-09] |
| 0o 2 4 6 8 14 m
| 0+— r —Lofesige (nm) 0.0E+00 r v r - . v 0.0E+00: . r v r v - I
| 00 02 04 06 08 10 0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700|
| Relative pressure (P/F,) Temperature (°C) Temperature (°C) |
| d |
2.0E-10
| —miz=44 € 1000 T——fcrpreAm SSA= 17044 m? g f —a— HCTP-TEAn]| |
| —e—HCTP-NMAni : = 0.61 & I
1.8E-10{ 800 | —*—HCTP-TnPAni _n-B-B- ! .
:2 = —v—HCTP-TMAni s E A r /'\- I
< o o v
= 16E-10{ CO, % 600 e > 041 '[ ._,'\ |
) s Jia’ssA=1338.9m2 g 2 I
|§ ;,’ v g ‘.. T L} |
:g 1.4E-101 g 400 }f SSA=1077.4m? g™ Q 0.2 l.l \ I
S 3 v g .
™ 1.2E-10] > 5004 SSA=10262m?g"! 3 I \\.. |
I % 0.0 L SeSgunanwun-nu-n-n] |
| 0 100 200 300 400 500 600 700 00 02 04 06 08 1.0 0 2 4 6 8 10:
| Temperature (°C) Relative pressure (P/P,) Pore size (nm) |
I -
I ) 0.5 —8— HCTP-NMAni !1 06 —s— HCTP-TnPAni ! 0.64 —#— HCTP-TMAni :
T T = 05 j\ =
: g 04 g . £ 05 :
= T, 0.4 | S
: » 03] J | o A 3, 04] |
% £ | * o |
| § o2l "-”t SO ¥ 5 03 | ] |
| a L 2 02] T% 7 = |
> y - = ' 1 a 0.2
| & 01] = 2 L) =) " |
g v i 2 0.1 \ 2 \A
| S L™ % . . \. I 1'. e} 0.1 fh |
I = 0.04 .“ 0.04 L "'ll--'--l-----l--»--- % 004 °© = q :
| 0 2 4 6 8 10 0 2 4 5 ) 10 0 2 4 5 ] 10|
| [
| [
| |
| |
| |
| |
| |
| [
| |
| |
| |
| |
| [
| [
| [
| |
| |
| |
| |
| |
| [
| |
| |
: |

Gas blowing

Figure 4 (a) N, adsorption/desorption isotherms and PSD curves of the carbon derived from the HCTP-ANI precursor with a high HCTP content.
(b-d) TGA corresponding to the MS curves of HCTP-ANI (6:24). (e) N, adsorption/desorption isotherms of the carbons derived from crosslinked polymers
based on HCTP unit and other molecules, and (f-i) their corresponding PSD curves. (j) Schematic of the pore formation mechanism of the heteroatom-rich
skeleton. The samples in (e) are referred to the carbon materials derived from the composites polymierized of HCTP with triethylamine (HCTP-TEAni),
HCTP with N-methylaniline (HCTP-NMAni), HCTP with tri-n-propylamine (HCTP-TnPAni), and HCTP with 2,4,6-trimethylaniline (HCTP-TMAni),
respectively.

formation of a meso-/micropore frame, and each unit was
constructed by several C-C, C-N, N-H, and N-P bonds, finally
forming an interconnected carbon framework [57]. Heteroatoms

are easily volatilized and escape from the carbon framework at
high temperatures; meanwhile, carbon atoms near heteroatoms
are highly active, unstable, and self-removed from the carbon
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skeleton at high temperatures [50,51]. The deprivation of het-
eroatoms and partial carbon atoms leads to the creation of many
vacancies or pores on the carbon skeleton. Therefore, a low SSA
and high doping level were observed at low annealing tem-
peratures, but a relatively low doping content and high porosity
were achieved at higher temperatures. Further increasing the
temperature, structural collapse and deformation occurred,
leading to low porosity.

To further gain insights into the universality of such a con-
cept, we also investigated different N-containing units during
their co-polymerization with HCTP molecules to fabricate HD-
HPCs. According to the TGA curves (Fig. S6), the improved
mass retention and thermal stability of the composites compared
with those of pure HCTP demonstrated the successful formation
of the crosslinked hypermolecules from these N-containing
units. The EDS mappings (Fig. S7) and XPS spectra (Fig. S8,
summarized in Table S5) of these carbons confirmed that N, P,
and O were successfully doped into the carbon structure. As
shown in Fig. 4e, all the samples showed significant N,
adsorption quantities at low relative pressures, confirming the
microporous structure. HCTP-TEAni and HCTP-TnPAni
demonstrated an evident mesoporous structure, as reflected by
the significant hysteresis loops at high relative pressures. The
PSD curves (Fig. 4f-i) also revealed that micro-/mesopores co-
existed in HCTP-TnPAni and HCTP-TEAni, but only micro-
pore-dominated structures were present in HCTP-NMAni and
HCTP-TMAni. The SSA values were 1077.38, 1338.86, 1026.25,
and 1794.43 m* g™'. Fig. S9a, b show the PSD curves of HCTP-
TnPAni and HCTP-TEAni based on the BJH model, respec-
tively. The mesopores in these two samples were dominant at
2-5nm, and very few mesopores larger than 10 nm existed.
More pore information is summarized in Table S6. The mole-
cular ratio influences the pore formation behavior, and there-
fore, the relatively low SSA or lack in the hierarchical pore
structure of these carbons may be because such a ratio is not the
optimal condition for these N-containing units. Therefore, these
results were consolidated to determine the unique pore forma-
tion mechanism. As illustrated in Fig. 4j, meso/micropore for-
mation is due to the self-abscission of heteroatoms and some
heteroatom-contiguous carbon atoms at the atomic level,
whereas the gas-blowing effect contributes to the formation of
large pore channels.

Electrochemical performance of ZHSCs

We assembled aqueous ZHSCs with N/P/O-PCs as the cathodes,
Zn foil as the anodes, and 2.0 mol L™} ZnSO, solution as the
electrolyte. Fig. 5a shows the cyclic voltammetry (CV) curves of
Zn//N/P/O-PCs at a scan rate of 30 mV s™'. The CV curves of
Zn//N/P/O-PC-1200 showed a considerably plump and rectan-
gular shape with a higher current response and larger integrated
area than those of other samples, indicating a better storage
performance for N/P/O-PC-1200. Moreover, the near-rectan-
gular shapes of CV curves for Zn//N/P/O-PC-1200 were
retained at 400 mV s™! (Fig. 5b), whereas severe distortions were
observed in the CV curves for other devices at higher scan rates
(Fig. S10), indicating the superior rate performance of the device
based on N/P/O-PC-1200. The hierarchical porous structure and
higher SSA in N/P/O-PC-1200 secured the efficient mass
transfer and effective charge accumulation. Some sub-structures
in the CV curve showed small hump peaks at around 1.0/1.2'V,
suggesting the presence of certain redox processes. According to
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the literature, redox processes are possibly related to the faradaic
redox reactions between oxygen functional groups and Zn ions,
such as -C-OH [58-60], -C=0 [13,58], or —-COOH [42]
(-C-OH + Zn** + e~ = -C-0-Zn + H"; -C=0 + Zn*" + 2¢” =
-C-0-Zn; -COOH + Zn*" + ¢~ = -COO-Zn + H"). The gal-
vanostatic charge-discharge (GCD) profiles further reflected the
superior storage performance of the Zn//N/P/O-PC-1200 device,
which exhibited a high storage capacity (Fig. 5¢, d, and Fig. S10).
The Zn-ion storage capacities of the Zn//N/P/O-PC-1200 device
were 139.2, 118.7, 111.0, 100.1, 98.5, and 88.9 mA h g™! at 0.5,
1.0, 4.0, 6.0, 10.0, and 20.0 A g™! (Fig. 5d), respectively, and these
values were better than those of other devices (36/2.8 mA h g™!
for Zn//N/P/O-PC-900 and 83.3/10.7 mA h g™' for Zn//N/P/O-
PC-1400 at 0.5/10 A g™') (Fig. 5e). As shown in Fig. S11, the
high-loading (5 mgcm™) device can deliver Zn-ion storage
capacities of 125.3, 96.9, 77.5, 59.7, and 40.0 mA h g! (corre-
sponding to 0.63, 0.48, 0.39, 0.30, and 0.20 mA h cm™) at 0.2,
0.5, 1.0, 2.0, and 5.0 A g”', respectively. Compared with the
values in Table S7, the specific capacity and rate capability of our
Zn//N/P/O-PC-1200 device were comparable to those of most
carbon-based ZHSCs. The high specific capacity, excellent rate
capability, and wide potential window of the Zn//N/P/O-PC-
1200 device contributed to an excellent energy density of
107.7 W h kg™ at a power density of 403.2 W kg™ and an out-
standing power density of 17.3 kW kg™ at an energy density of
67.4 W h kg™! (Fig. 5f). These values are comparable to or out-
perform those of the reported aqueous ZHSCs, such as PPy-750
(107.3 W h kg™ at 214.9 W kg™") [25], POP-TAPP-NTCA with
48 Whkg™ at 85 Wkg™' [61], MCHS with 36.8 Whkg™" at
13.7 kW kg™ [62], ACC with 94 W h kg™! at 68 W kg™! [63], N-
HPC with 58.5 W hkg™ at 191 Wkg™' [64], N/S-PCD with
106.7 W h kg™ at 160 W kg™! [24], PSC-A with 65.4 W h kg™" at
15.7 kW kg™! [65], WC-6ZnN-12U with 90.9, 83.8, 75.9, 67.1,
53.7, 43.4 W h kg™! at 450, 675, 1125, 2250, 4500, 6750 W kg™
[66], LC with 15 W h kg™ at 360 W kg™ [6], reduced graphene
oxide (rGO) with 21.2 W h kg™ at 990 W kg™ [6], and YP-50F
with 43.1 W hkg™ at 12 kW kg™ [6]. Moreover, the Zn//N/P/
O-PC-1200 device delivered excellent cycling stability, which
was reflected by a capacity retention of 97.3% and a stable
Coulombic efficiency during the long-term cycling at 1 A g*
(Fig. 5g-i). Moreover, the device can still be stably cycled for
10,000 cycles at 5 A g7! with no evident capacity degradation
(Fig. S12). The stable cycling performance is ascribed to the non-
significant Zn dendrite formation and robust structural stability
of the carbon cathode (in which no structural deformation
occurred) (Fig. S13). These results strongly prove the practical
potential of the N/P/O-PC-1200 ZHSCs.

To further uncover the reasons for the excellent Zn-ion sto-
rage performances, we applied electrochemical impedance
spectroscopy (EIS) to study the electronic and ionic transport
properties within this system (Fig. 6a). The Nyquist plots con-
tained a straight line at low frequency regions coupled to the
semicircle at high-frequency regions, which corresponded to Zn-
ion diffusion resistance and charge transfer resistance. N/P/O-
PC-1200 showed a smaller semicircle than the others, showing a
more favorable charge transfer at the electrode-electrolyte
interface. A more vertically straight line was found for N/P/O-
PC-1200, confirming the faster Zn-ion transport in the N/P/O-
PC-1200 system. This finding also reveals the ideal capacitive
behavior of the N/P/O-PC-1200 sample. The calculated
equivalent series resistance (ESR) values were 2.96, 2.94, and
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Figure 5 Electrochemical performance of ZHSCs: (a) CV curves at 30 mV s™! for N/P/O-PCs, (b) CV curves of N/P/O-PC-1200 at different scan rates,
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device.

3.02 Q for N/P/O-PC-900, N/P/O-PC-1200, and N/P/O-PC-
1400, respectively. The low ESR for N/P/O-PC-1200 was ascri-
bed to its high electronic/ionic conductivity due to the high
graphitic degree and interconnected hierarchical pore structure.
To further reveal the fast electrode kinetics, we further calculated
the diffusion coefficient of Zn-ion in the Zn//N/P/O-PC-1200
system from the EIS analysis using the following equations [67]:

w =2xnf, M
Z=R+ow ', (@)
D =0.5R’T*/ A’n*F*C%?, 3)

where w is the angular frequency, fis the frequency, Z represents
the impedance in the real part, o is the Warburg coefficient, C is
the Zn-ion concentration, R, T, and F are the gas constant,
thermodynamic constant, and Faraday constant, respectively, A
is the surface area, and n corresponds to the electron transfer
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number per molecule. Fig. 6b displays the fitted plots regarding
the relationship between the real part of the impedance and the
low frequencies of the devices. The calculated o values were
121.79, 17.75, and 56.10 Q 572, and the corresponding Zn-ion
diffusion coefficients were 4.00 x 107, 1.88 x 107'%, 1.89 x
107 ecm? s7! for N/P/O-PC-900, N/P/O-PC-1200, and N/P/O-
PC-1400, respectively. Therefore, N/P/O-PC-1200 showed a
more desirable ion diffusion efficiency, which was contributed
by the hierarchical pore structure, and the hydrophilic surface
induced by the N/P/O doping.

The kinetics behaviors of the Zn//N/P/O-PC-1200 device were
further investigated by analyzing the CV curves, which can be
divided into two parts, namely, the capacitive-controlled con-
tribution and the diffusion-controlled process. According to the
power-law equation [6]:

4

. b
i=av,
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Figure 6 (a) Nyquist plots. (b) Relationship between the real part impedance and low frequency. (c) Fitting plots of log(i) versus log(v) of the device.
(d) Capacitive and diffusion contributions to the total current from CV analysis at 10 mV s™". (e) Capacitive and diffusion contribution ratios at different scan
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selected states. (h) Ex situ C 1s XPS spectra at the selected states. (i) Intensity ratios of ~-C-OH and (-C-O-Zn) + (-COO-Zn) peaks according to (h).

where i (A g™') is the total current, v (mV s™') is the scan rate,
and a and b are adjustable parameters. The value of b can be
calculated based on the slope of the fitting linear log(i)-log(v)
relationship. Fig. 6¢ displays the fitted plots of the selected peaks
in the CV curves. The calculated b values of the anodic and
cathodic peaks (as marked in Fig. 6c) were 0.92 and 0.89,
respectively, indicating that both capacitive- and diffusion-con-
trolled processes contributed to the total storage capacity, and
the capacitive-controlled process was predominant. The detailed
capacity contribution ratios of these processes were quantita-
tively determined by the following equation [6]:

i=ky+ky'? ®)

where k; and k, are the constant parameters at a specific scan
rate, and they can be obtained by plotting the relationship curves
of i/v'? and v'? respectively, to evaluate the capacity con-
tribution. As shown in Fig. 6d, the calculated capacitive con-
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tribution ratio at 10mVs™' was 73%. Fig. 6e further
demonstrates the capacitive-dominant behavior and fast elec-
trochemical kinetics at high scan rates.

To investigate the Zn-ion storage mechanism in the N/P/O-
PC-1200 cathode, we implemented ex situ XPS spectra to gain
insights into the evolution of the surface chemical states of the
N/P/O-PC-1200 cathode at different states of charge. The Zn//
N/P/O-PC-1200 device was first charged to 1.8 V (marked A
state) from the open-circuit voltage (around 1.3 V), discharged
to 1.2V as state B, fully discharged to 0.2 V as state C, and then
recharged to 1.2 V (state D) and full charge state E (Fig. 6f). As
shown in Fig. 6g, the Zn 2p intensity gradually increased and
reached the maximum value at state C, indicating Zn-ion
adsorption on the N/P/O-PC-1200 cathode surface during dis-
charge. The lower Zn 2p intensity during the recharging process
suggested the desorption process of Zn ions from the cathode.
From the high-resolution C 1s spectra (Fig. 6h), five config-
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urations at 284.3, 285.8, 286.1, 287.3, and 290.1 eV can be
divided, and they corresponded to the C=C/C-C, C-N/C-P,
-C-OH, -C-0-Zn, -COO-Zn bonds, respectively [42,58]. The
presence of -C-O-Zn and -COO-Zn bonding components
indicated the near-faradaic reactions between the Zn ions and
C-OH/C=0 groups [42]. The evolution of the intensity ratios of
-C-OH peak and (-C-O-Zn) + (-COO-Zn) peaks was ana-
lyzed and displayed in Fig. 6i. The (-C-O-Zn) + (-COO-Zn)
peak ratios increased from stage A to stage C upon discharge
and decreased from stage C to stage E during recharge, con-
firming the reversible faradaic charge storage mechanism
between the Zn ions and oxygen-containing groups [42,58].
The reversible reaction process was further investigated by ex
situ XRD, Raman, SEM, and EDS analysis measurements.
According to the XRD patterns of different discharge/charge
stages (Fig. S14a), the diffraction peaks related to zinc hydroxide
sulfate hydrate were observed at B, C, and D stages and dis-
appeared at the full charge E stage, showing the reversible for-

mation and dissolution of Zn,SO4(OH)s-xH,O [58-60]. This
event was also evidenced by the SEM images (Fig. S15), where
the zinc hydroxide sulfate hydrate nanoflakes gradually formed
and disappeared from stages A to E. EDS mappings (Fig. S16)
further revealed the same content evolution of O and Zn, that s,
their increment during discharge and decrement during charge.
The formation of zinc hydroxide sulfate hydrates was ascribed to
the proton insertion into the carbon cathode while leaving OH~
behind and causing pH increment at the low-potential region
[13]. Therefore, these results also reflected the reversible proton
(de)insertion at the cathode [68]. The structural evolution of the
carbon cathode was further evaluated by Raman spectra
(Fig. S14b). The Ip/Ig ratios of the cathode gradually increased
during discharge and returned to normal values at the full
charge stage, implying the reversible transformation of the dis-
ordered structure of the carbon cathode [13]. The XRD patterns
(Fig. S17) of the Zn anode at different stages only showed similar
locations of diffraction peaks that corresponded to the (002),
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(100), (101), (102), and (103) planes of Zn (PDF: 04-0813),
implying the reversible stripping-deposition conversion of Zn
with nearly no byproduct formation on the Zn surface [69]. This
finding is consistent with the ex situ SEM results, as shown in
Fig. S18, in which the Zn surface experienced a rough mor-
phology with a low amount of nanosheets at different stages.
Therefore, these results proved the highly reversible reaction
processes during the charge/discharge of the ZHSCs.

To demonstrate the feasibility of the N/P/O-PC-1200 cathodes
in practical applications, we further built a QS-ZHSC using
gelation/ZnSO, gel as the electrolyte. The open-circuit voltage
after the self-discharge test (Fig. S19) for 3600 min was 1.139 V.
Thus, the corresponding self-discharge rate can be calculated as
Rop = (1.8 — 1.139)/60 = 11.02mV h™!. The ratio of the
remaining discharge capacity versus the charge capacity was
76.8%. The regular rectangle-like CV curves (Fig. 7a) demon-
strated that the energy storage performance of the Zn//N/P/O-
PC-1200 QS-ZHSC was comparable to that of aqueous ZHSCs.
The well-retained current response at a high scan rate of
500 mV s~ showed an excellent rate performance. As further

E,=1.291eV

E, =0.853 eV

N/O doping

N/P doping

N doping

confirmed by GCD measurements (Fig. 7¢), this device exhibited
well-developed triangle-like GCD profiles at high current den-
sities, revealing its superior rate performance. Fig. 7b, d display
the specific capacities under different current densities. An
outstanding specific capacity of 111.5 mA h g™! was obtained at
0.5A ¢!, and values of 82.8, 73.4, and 62.2mAhg™' were
retained at 5, 10, and 20 A g7', respectively, corresponding to
capacity retentions of 74.3%, 65.8%, and 55.8%. The superior
rate capability should be ascribed to the hierarchical pore
structure and high electrical conductivity for efficient ion/elec-
tron transfer. From the above data, the calculated maximum
energy density of this device was 95.05 W h kg™ at a power
density of 411.3 W kg™', and the maximum power density was
15.4 kW kg™ at an energy density of 59.89 W h kg™'. As shown
by the result in Fig. 7e, the energy and power densities of the
Zn//N/P/O-PC-1200 QS-ZHSC were comparable to or better
than those of previously reported carbon-based QS-ZHSCs, such
as N/B-LDC with 86.8 W h kg™ at 429.6 W kg™! (25 W h kg™" at
12.1 kW kg™) [6], N/B/O-BCF (58.5 W hkg™" at 8.7 kW kg™
[38], CNPK (89.3 Whkg™ at 79 W kg™!) [70], HOFs-derived

E,=0.729¢eV E,=0.115eV

P/O doping N/P/O doping

O doping P doping

P/O doping

N/P/O doping

Figure 8 (a) Simulated graphene models with different doping configurations and the corresponding adsorption energies of the Zn ions on these model
structures. (b) Differential charge density of the above model structures with different doping configurations.
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carbon with 65.5 W hkg™ at 850 Wkg™ (29.7 Whkg™ at
7.3kW kg™) [71], and HCSs (59.7 W hkg™" at 447.8 W kg™")
[72]. Importantly, this device still exhibited 65.4 mA h g™ at
5 A g~ with nearly 100% Coulombic efficiency after 1000 cycles
(Fig. 7f), corresponding to a capacity retention as high as 80%.
The capacity degradation for such QS-ZHSC is unlikely due to
the Zn and carbon electrodes, and it was reflected by the non-
significant dendrite formation and absence of structural defor-
mation in the Zn anode and carbon cathode (Fig. S20),
respectively. The instability of the gelatin-based gel electrolyte
under an acidic environment during charge and discharge may
be responsible for the receding capacity [73]. More information
is discussed in Supplementary information in Fig. S20.

To reveal the influence of heteroatom doping on the Zn-ion
storage performance, we performed DFT calculations to
understand the adsorption and interaction between the Zn ions
and the carbon matrix. The undoped carbon, single-atom-doped
carbons, binary-doped carbons, and ternary-doped carbon
models were optimized to calculate the relative adsorption
energy (AE,q) values of Zn atom (Fig. 8a). Compared with the
pristine carbon, heteroatom-doped carbons showed significantly
lower AE,q values, indicating a stronger interaction between the
Zn atom and doped carbons. Moreover, the AE,q values of the
carbons significantly decreased from single-doping to ternary
doping configurations, confirming the synergistic adsorption
effect induced by multiple-atom doping [9,19]. It could be
assigned to the high electron richness of N/P/O doping which
favors the adsorption of Zn-ion to improve the storage perfor-
mance. Fig. 8b shows the charge density difference diagram of
different carbon models after Zn-ion adsorption. Heteroatom
doping modified the electronic structure of the models. In all
cases, a net gain of electronic charge can be observed between
the Zn atom and the carbon matrix, showing that charge
depletion and accumulation mainly occurred on Zn and het-
eroatom adsorption sites [9]. This finding indicates the charge
transferred from the adsorbed Zn-ion to its nearest neighboring
C atoms. The charge transferred to the bonding carbon atoms in
the heteroatom-doped structure, and the charge accumulation
was close to the heteroatom-doped sites [74]. This result also
confirms that the heteroatom-doped carbons possessed a
stronger interaction between the Zn ions and the carbon matrix.
The heteroatom-doped carbon provides a fast electron transfer
pathway to promote Zn-ion adsorption. Therefore, N/P/O
doping induces a high affinity between Zn and carbon and
improves the electronic conductivity of carbon, contributing to
excellent Zn-ion storage performance.

CONCLUSION

In summary, we successfully provided an innovative molecular
engineering strategy for the design of advanced HD-HPCs based
on the simple pyrolysis of multiple-heteroatom-rich hypermo-
lecules. Given the high activity of the molecular precursor,
heteroatoms and carbon atoms adjacent to heteroatoms are
easily detached from the carbon matrix to form abundant pores.
Such an activation-free and template-free molecular engineering
strategy contributed to the sustainable and controllable fabri-
cation of HD-HPCs with multiple advantages. The structure-
performance relationship was comprehensively established.
Consequently, the N/P/O-ternary-doped, meso-/microporous
carbon materials with a large SSA of 21959 m”g™' were
obtained, and they showed excellent storage performance for
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aqueous and  QS-ZHSCs.  High  specific  capacity
(139.2/111.5mA h g™! at 0.5A g™"), excellent rate capability
(88.9/62.2 mAh g™ at 20 A g™'), and high power and energy
densities  (107.7 W hkg™'/17.3kW kg™',  95.05 W h kg™/
15.4 kW kg™') were achieved for aqueous ZHSCs and QS-
ZHSCs. The ZHSCs also exhibited long cycling stability. More-
over, the synergistic mechanisms of N/P/O doping on the
enhancement of Zn-ion storage performance were theoretically
investigated, and the results showed that ternary doping
improved the electronic conductivity and promoted the chemi-
cal adsorption of Zn ions, resulting in superior storage capacity.
Therefore, this work not only paves the way for the sustainable
design of advanced PC materials, but also offers insights into the
Zn-ion storage mechanism.
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