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Progress in the use of organic potassium salts for
the synthesis of porous carbon nanomaterials:
microstructure engineering for advanced
supercapacitors
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Porous carbon nanomaterials (PCNs) are widely applied in energy storage devices. Traditionally, PCNs
were mainly synthesized by activation and templating methods, which are time-consuming, tedious, cor-
rosive and relatively high cost. Therefore, the development of easier and greener methods to produce
PCNs is of great significance. Recently, organic potassium salts (OPSs) emerged as versatile reagents for
synthesizing PCNs. The OPS-based synthesis of PCNs can avoid the use of large amounts of corrosive
chemical agents. Potassium carbonate generated in situ from the decomposition of OPSs could serve as
both a green activation agent and a water-removable template to produce nanopores. Potassium oxide
and potassium formed at higher temperature could generate additional porosity, contributing to a highly
porous architecture. The carbon-rich organic moiety could function as a carbon precursor and chemical
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blowing agent. This review aims to elucidate the multifunctionality of OPSs in the synthesis of PCNs and
the capacitive performance of the corresponding PCNs. To this end, recent progress on the capacitive
performance of PCNs synthesized from OPSs is summarized. This review provides constructive viewpoints

rsc.li/nanoscale for the cost-effective and green synthesis of PCNs with the aid of OPSs for application in supercapacitors.
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1. Introduction

Porous carbon nanomaterials (PCNs) are promising materials
for energy storage devices, including supercapacitors (SCs),
lithium-ion and lithium-sulfur batteries, CO, capture, dye
absorption, and other fields."”” According to the classification
of the International Union of Pure and Applied Chemistry,
nanopores in porous materials are divided into micropores
(<2 nm), mesopores (2-50 nm), and macropores (>50 nm).5™°
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For SCs, macropores make a major contribution to the total
pore volume (V;) of PCNs and serve as reservoirs for electrolyte
ions while mesopores function as the diffusion channels for
electrolyte ions. Compared with mesopores and macropores,
micropores play a dominant role in ion storage and they con-
tribute more to the specific surface area (SSA) and specific
capacitance (Csp)."' > PCNs can be obtained by the pyrolysis
of various carbon precursors with templates and/or activation
agents.'** PCNs prepared by a template-assisted process
usually exhibit a meso-/macro-pore dominated architecture
with a relatively low SSA (<500 m* g™') and small C, (<200 F
¢71),>*2% while PCNs prepared by an activation agent based
synthesis usually exhibit micropore-dominated porosity with
quite a high SSA (>1000 m* g™') and much larger Cy, (>300 F
g 1).1627:28 Therefore, activation is considered to be an
effective approach for enhancing the capacitance performance

of PCNs, and activation agents have been
d29—32

various
explore

Nowadays, PCNs can be produced on an industrial scale by
traditional carbonization-activation procedures. In general,
activation can be divided into physical activation and chemical
activation (Fig. 1)."*7> Steam, CO,, and air (in fact O, plays
the role) are often used as activation agents in physical
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Fig. 1 Comparison of physical activation and chemical activation in the
synthesis of porous carbon.

activation.">?* > pores are generated by the oxidation-

reduction reactions between the activation agents and carbon
matrix during the physical activation process (eqn (1)-(3)).*

C -+ H,0 — CO + H, (1)
C+ CO, — CO (2)

C+ 0, — CO, (3)

Although the agents involved in physical activation are less
corrosive,*’ ! physical activation usually requires a longer acti-
vation time, a higher activation temperature, and results in
relatively lower yields, smaller pore sizes, lower SSAs and a
lower tap density compared to chemical activation.”®>*

Chemical activations, on the other hand, possess the advan-
tages of high yields and mild activation conditions, and thus
are more promising for the industrial manufacture of PCNs.
There are abundant choices of activation agents for chemical
activation, including alkaline metal hydroxides (KOH, NaOH,
etc.), alkaline metal carbonates/bicarbonates (K,CO3z, Na,COs3,
KHCO3, NaHCO;, etc.), metal chlorides (ZnCl,, CaCl,, etc.) and
oxidative acids (HNOs, H,S0,, H;P0,).”* %" Among them, KOH
is the most powerful activation agent and the activation
mechanism can be expressed as outlined below:""

6KOH + 2C — 2K + 3H, + 2K,CO; (4)
K + KOH — K,0 + H, (5)

K,0 + CO, — K,CO3 (6)
K,CO3 + 2C — 2K + 3CO (7)
K,0+ C — 2K+ CO (8)

Normally, PCNs obtained from chemical activation possess
high SSAs ranging from 500 to 3600 m* g~ ".""%°! Galt acti-
vation agents, such as ZnCl,, generate PCNs with a lower
SSA.%>** Due to the strong corrosive effect, high cost and high
consumption of KOH, KOH activation has limited application
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for industrial production.”® Salt activation agents, such as
ZnCl,, generate PCNs with lower SSAs that are also corrosive.
Furthermore, the high consumption of these agents results in
severe contamination, making the development of green and
efficient chemical activation agents an urgent task.'™?>%°
Recently, organic potassium salts (OPSs) were explored for the
synthesis of PCNs with various morphologies (Fig. 2).7 !
Compared to KOH, the OPSs and their intermediate products
(KHCO3, K,CO3, K,0, K, etc.) show much lower corrosion to
facilities and require a lower dosage in the activation process.
In some cases, OPSs could even serve as the carbon source,
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y  HPCs-800
4

100 nm

40 nm
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Fig. 2 A brief timeline of porous carbon materials produced from
various organic potassium salts and other reagents: CN-800-4 from
potassium gluconate and melamine,®? IMPC from poly(acrylamide-co-
acrylic acid) potassium salt,>> CK-850 from potassium citrate,>* carbon-
3:1-800 from potassium biphthalate and magnesium powder,>®
carbon-K-800-1 from potassium tartrate,*® PCN/CNF from potassium
citrate and bacterial cellulose,®” HPCs-800 from potassium acetate and
resol,®® NPS-800 from K-MOF(1),°® HSACS from EDTA-2K,°® UPCNs-
600 from potassium benzoate,®* IPC-800 from potassium alginate,®?
GPCNS-3 from potassium formate and pink bark,®®> NHPC from potass-
ium humate and manganous nitrate,** LCN-750-3 from potassium
phthalimide,®®> HPNCF-1.5-900 from potassium histidine,®® C-1.5 from
potassium oxalate and cornstalk,®” D-SCN from potassium benzoate
and pitch,®® NOPC-2 from potassium citrate and g-C3zN,,%° HA-K-650-
M-Q from potassium humate,”® HPCMS-31 from potassium oxalate,
CaCl, and cassava starch,”* h-PC-2 from potassium citrate, petroleum
asphalt and g-C3N4.”? Reproduced with permission from refs. 52-72.
Copyright 2014, 2014, Royal Society of Chemistry; Copyright 2014,
American Chemical Society; Copyright 2014, Royal Society of
Chemistry; Copyright 2015, 2016, 2017, Elsevier; Copyright 2018, 2018,
Wiley; Copyright 2019, 2019, Elsevier; Copyright 2019, American
Chemical Society; Copyright 2019, 2020, Elsevier; Copyright 2020,
Springer; Copyright 2020, Royal Society of Chemistry; Copyright 2020,
2020, 2021, 2021, 2022, Elsevier.
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Fig. 3 Schematic of OPSs involved in the synthesis of PCMs and their
application in supercapacitors.

template and activation agent simultaneously (Fig. 3)."°>7'°° In

spite of their relatively low content, the intermediate products
could be uniformly dispersed within the organic matrix at a
molecular level, enabling an effective activation process.''**"?
The organic matrix and its derived carbon matrix will confine
the growth of inorganic intermediate products, resulting in the
formation of highly micro-/mesoporous carbonaceous
products.”>*>""* In this way, PCNs with a large SSA can be syn-
thesized in one simple step without using large amounts of
corrosive chemicals. Organic salts are emerging as versatile
precursors in the design of PCNs with special textural pro-
perties at the molecular level."'*"** Compared to other
organic salts, OPSs show advantages in performing an acti-
vation function and facilitating the template removal
process.®®10%1237127 The jin situ formed nanosized potassium
bicarbonate, potassium carbonate and potassium oxide could
serve as effective activation agents and templates for generat-
ing massive micro-/meso-pores, which greatly surpassed their
counterparts derived from organic salts of Li, Na, Mg, Ca, Al,
Zn, etc."”® 3! Moreover, the intermediate potassium species
could be removed easily by water."*> While the graphitic
carbon layer encapsulating metal nanoparticles derived from
organic salts of Fe, Co, Ni, Cu, etc., are hard to completely
removed, even upon treatment with strong acids. Therefore,
OPSs are good choices for the facile and green production of
PCNs.

2. Factors influencing the
capacitance performance of PCNs

The energy storage mechanism of PCN-based supercapacitors
is mainly based on physical charge accumulation at the elec-
trolyte/electrode interface, known as electrochemical double-
layer capacitance (EDLC)."**'*> Heteroatom doping could
contribute appreciable pseudocapacitance to the total
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capacitance.”*®"*” Also, the capacitance performance of PCNs
is greatly influenced by the pore structure and electrical con-
ductivity, which are discussed next.

2.1 The influence of pore structure on the capacitance
performance of PCNs

Theoretically, the capacitance of PCNs is directly related to the
electrolyte wetted surface area. Typically, increasing the SSA
and V; of PCNs can effectively boost charge accumulation at
the electrical double layer formed at the interface of electrode/
electrolyte, thus contributing to a larger EDLC.> However,
some research revealed that ultrahigh SSAs led to a declining
volumetric capacitance due to a relatively lower packing
density."*® Hence, good control of the pore size to maximize
the ion-accessible surface area and minimize the dead volume
is of great importance. Experimental and theoretical studies
confirmed that the maximum capacitance could be achieved
when the pore size (mainly micropores) of PCNs well matched
the size of cations/anions in the liquid electrolytes,'*'
which was favorable for the formation of the electrical double
layer. However, a high capacitance can only be acquired at a
low or moderate charge-discharge rate due to a slow ion deso-
Ivation and diffusion process in sub-nanometer micropores,
which restricts the rate capability and power density."*" This
issue can be resolved by introducing meso-/macropores into
microporous PCNs since the macropores can serve as electro-
lyte reservoirs to shorten the ion transport pathways and meso-
pores are beneficial for accelerating ion diffusion, contributing
to a high capacitance retention at large charging/discharging
current densities.'** On account of this, it is vital to control
the ratio of micro-/meso-/macropores in PCNs to achieve a
high specific capacitance, good rate performance and satisfac-
tory power density performance.

2.2 The influence of electrical conductivity on the
capacitance performance of PCNs

Besides pore structure, electrical conductivity is also an essen-
tial factor affecting the capacitance performance of PCNs,
especially the rate performance.'**'** The electrical conduc-
tivity of PCNs can be enhanced by increasing the pyrolysis
temperature or introducing graphitization catalysts."***>°
However, the specific capacitance may decrease with an
increase of the pyrolysis temperature due to the decreased
content of heteroatoms, which leads to a hydrophobic surface
on the PCNs and decreased SSA due to the conversion of
micropores into mesopores at higher temperature.'>'"'??
Adding conductive agents is another effective approach to
enhance the electrical conductivity of PCNs. Graphene
quantum dots, carbon nanotubes (CNTs), graphene
nanosheets (GNSs), and Ag nanowires have been demonstrated
to have enhanced -capacitance performance.'**"*® The
addition of CNTs and GNSs not only enhances the electrical
conductivity of PCNs, but also benefits the assembly of flexible
electrode materials.'>$71¢*

This journal is © The Royal Society of Chemistry 2022
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2.3 The influence of heteroatom doping on the capacitance
performance of PCNs

Heteroatom doping, which can modify the surface chemistry
of PCNS, proved to be another effective approach to enhance
the capacitance performance of PCNs.'”**'0*71% without
sacrificing the SSA, heteroatoms (B, N, F, O, S Si and P) are
capable of generating functional groups on the carbon surface
to induce Faradaic reactions and produce pseudocapacitance.
Take commonly used N doping as an example, it is validated
that the negatively charged pyrrolic and pyridinic N serve as
faradaic sites for pseudocapacitance, whereas the positively
charged graphitic N and pyridinic N oxide can enhance the
electrical conductivity of PCNs."®*'%® B doping is also revealed
to induce an uneven charge distribution for faster charge
transfer.'®>'”® Compared to single atom doping, multiple
doping could generate an enhanced effect by facilitating elec-
tron transport.'”*”"”* Surface oxygen functional groups are also
effective and have been confirmed to contribute up to 30% of
the total capacitance of PCNs in alkaline solution.'”> The
introduction of heteroatoms could also enhance the wettability
of the carbon surface, contributing to an enhanced effective
surface area and electrical double-layer capacitance.'®>'”®'7”

3. Porosity development
mechanisms for OPS-based synthesis
of PCNs

The function of OPSs greatly relies on the structure of the
anions. If the oxygen content in the organic anion is higher
than the carbon content, OPSs would be converted into potass-
ium carbonate upon pyrolysis at high temperature.'”® The
formed potassium carbonate would then serve as the acti-
vation agent. In this case, OPSs are the precursor of the acti-
vation agent. Potassium formate and potassium oxalate fall
into this category.®*¢717%180

When the oxygen content is much lower than the carbon
content in organic anions, carbonaceous products would be
obtained along with potassium carbonate through the direct
pyrolysis of OPSs.'®*'81182 The formed potassium carbonate
not only acts as an activation agent but also acts as template.
In this case, the OPSs serve as the precursors of carbon, acti-
vation agents, and templates simultaneously. Most OPSs
including but not limited to potassium acetate/citrate/tartrate/
gluconate/humate/benzoate/biphthalate/alginate fall into this
category.®>®%7%1837187 pyring the pyrolysis process, molecu-
larly dispersed potassium carbonate is formed in situ and
nanopores are generated effectively. In this way, PCNs with
SSAs of 1410 m* g~* to 3179 m* g~ ' can be obtained by only
one simple step, avoiding the introduction of large amounts of
external corrosive chemical agents.®®''° The pyrolysis process
of those OPSs shows certain analogies to the activation process
of KOH. At relatively low temperatures (i.e., 500-650 °C), the
formation of K,CO; takes place.'''® At higher temperatures,
K,CO; decomposes (K,CO; — K,0 + CO,) and the evolved CO,

This journal is © The Royal Society of Chemistry 2022

View Article Online

Review

then reacts with the carbon matrix (C + CO, — 2 CO), generat-
ing micropores.'®*°! Simultaneously, metallic potassium is
generated from the reduction of potassium oxide by the
carbon matrix (eqn (8)). Metallic potassium plays a vital role in
the formation of additional porosity because its vapor is inter-
calated between the graphene layers, resulting in swelling and
disruption of the carbon microstructure.’*®'”® These reactions
synergistically lead to the generation of PCNs.

Generally, the yields of PCNs obtained from the direct pyrol-
ysis of OPSs are relatively low. Hence, additional carbon
sources are always introduced into the process. In those cases,
OPSs serve primarily as the activation agents. The following
subsections are organized according to the function of OPSs in
the synthesis of PCNs in the order of activation agents,
primary carbon sources, activation agents and partial carbon
sources.

4. Capacitance performance of PCNs
synthesized with OPSs as the
activation agent

Usually, oxygen-rich OPSs such as potassium formate, potass-
ium acetate and potassium oxalate are decomposed and con-
verted into potassium carbonate, carbon dioxide and water at
elevated temperature. Therefore, these OPSs often serve as the
activation agents to generate PCNs."?>'°® As listed in Table 1,
PCNs could be synthesized from various precursors by using
oxygen-rich OPSs as the activation agent. Wang et al. syn-
thesized graphene-like porous carbon nanosheets (GPCNS-X)
from pine bark with potassium formate as the activation agent
for a nonaqueous supercapacitor (Fig. 4a).°® The effect of the
weight ratio between potassium formate and pine bark on the
morphology and microstructure of the resulting products was
investigated. It was found that all the products exhibited a
wrinkled nanosheet structure (Fig. 4b) in the range of 2:1 to
4:1 but the size and thickness decreased with an increase of
the ratio. The porosity of GPCNS-X samples was dominated by
micropores and mesopores as confirmed by the type I and type
IV characteristics of the nitrogen adsorption-desorption iso-
therms (Fig. 4c). The SSA and V; increased from 1627.5 m* g~
to 2085.6 m> g ', and 1.08 cm® g to 1.59 cm® g™, respect-
ively, with an increase of the potassium formate content.
Micropores decrease and mesopores increase with an increase
of the ratio and the average pore size is increased from
1.73 nm to 2.98 nm. The capacitance performance was evalu-
ated by using a symmetric coin cell in 1 M TEABF,/AN electro-
Iyte. Among the three samples, GPCNS-3 synthesized with a
ratio of 3: 1 exhibited the best rate performance of 128.1 F g~
at 1 A g and retained 97.8 F g”" at 40 A g~' (Fig. 4d).
GPCNS-3 also showed good stability with a capacitance reten-
tion of 93.9% after 10 000 cycles at 5 A g~ (Fig. 4e). Moreover,
the maximum energy density (En.x) and power density (Ppax)
of GPCNS-3 reached 32.4 W h kg™' and 30.375 kW kg,
respectively.
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Zhang et al. explored the capacitance performance of hier-
archical porous carbons (HPCs) synthesized by the pyrolysis of
a mixture of resol and potassium acetate (1:3, w/w) at 600 °C
to 800 °C.*® The volume of mesopores and macropores
increased dramatically with increasing pyrolysis temperature.
The SSA and V; increased from 897 m* g ' and 0.43 cm® g™*
for HPCs-600 to 1201 m* g~ and 1.09 cm® g~ for HPCs-800.
Potassium acetate plays a key role in the formation of a honey-
comb-like porous network structure. The control sample syn-
thesized without potassium acetate showed a relatively smooth
surface with no obvious pores. The C, of HPCs-700 and HPCs-
800 reached 226 F ¢~ " and 222 F g~ at 0.05 A g™ '; these values
were much larger than that of HPCs-600 (186 F g~ *). HPCs-800
showed the best rate performance with a capacitance retention
of 73.0% at 20 A g~ *. To improve the capacitance performance
of HPCs, urea was introduced into the synthesis of the carbon
source, resulting in a phenol-urea-formaldehyde resin prepo-
lymer (Fig. 5a)."”” A series of nitrogen-doped porous carbon
(NPCs) were obtained by the pyrolysis of the resin prepolymer
and potassium acetate at 700 °C to 900 °C. From the pore size
distribution curves (Fig. 5b), one could tell that the porosity of
NPC-700 was dominated by micropores while larger mesopores
gradually increased with an increase of the pyrolysis tempera-
ture. The SSA and V, increased from 791 m® ¢~ and 0.37 cm?
g~ for NPC-700 to 1946 m”> g~ " and 0.98 cm® g~ ' for NPC-900.
The nitrogen content decreased from 6.37% for NPC-700 to
1.79% for NPC-900. The charge and discharge curves of
NPC-800 at current densities ranging from 0.5 A g~" to 20 A
¢! (Fig. 5¢) presented approximately symmetrical triangular
shapes, suggesting almost ideal EDLC behavior and good
electrochemical reversibility of NPC-800. The Cgj, reached 312
F g 29 Fg'and 259 F g ' at 0.5 A g~' for NPC-700,
NPC-800, and NPC-900, respectively (Fig. 5d). NPC-700 showed
the largest C, at low current density owing to it possessing the
highest N content, which contributed substantial pseudocapa-
citance. However, the capacitance retention ratio increased
gradually with an increase of temperature due to the loss of
unstable nitrogen species at high temperature resulting in a
reduction of the pseudocapacitance. On the other hand, the
increase in EDLC contribution will contribute to an enhanced
rate performance. The capacitance retention ratios at 20 A g™*
of NPC-700, NPC-800 and NPC-900 in a symmetric super-
capacitor device were 61%, 73% and 74%, respectively.
NPC-800 also showed good stability with a capacitance reten-
tion of 96.5% after 5000 cycles at 2 A g~ " (Fig. 5e).

Li and coworkers synthesized a series of N-doped hierarchi-
cal porous carbon materials by pyrolysis of a mixture of bean
curd and potassium acetate at 750 °C."*® The porosity of PCNs
increased with increasing mass percentage of potassium
acetate. The control sample (HPC-0) and the sample prepared
from 5% potassium acetate (HPC-5) displayed a rather dense
structure while the ones pyrolyzed from 15% and 20% potass-
ium acetate (HPC-15 and HPC-20) exhibited a honeycomb-like
structure. The SSA of HPCs increased from 89 m?> g™' to
2180 m”> g~' as the mass fraction of potassium acetate
increased from 5% to 15% and decreased to 1672 m> g~ ' when

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Schematic diagram demonstrating the synthetic process and application of GPCNSs in supercapacitors. (b) FESEM image showing the
thin layer structure of GPCNS-3. (c) Nitrogen adsorption—desorption isotherms of GPCNS samples. (d) Specific capacitance of GPCNS samples at
different current densities. (e) Cycling stability test of GPCNS-3 at 5 A g™%; inset shows the charge/discharge curves after the initial and 10 000th
cycles. Reproduced with permission from ref. 63. Copyright 2019, American Chemical Society.

the dosage of potassium acetate was 20%. The variation ten-
dency of the microporous surface area, mesoporous surface
area, V; and V;, is similar. HPC-15 showed the highest Cs, of
355 F g ' at 0.1 Ag™"in 1 M H,SO, electrolyte and 284 F g~ ' at
0.1 Ag™'in 6 M KOH electrolyte among all the samples. The
Emax and Py, of HPC-15 reached 12 W h kg™ and 10 kW kg™*
in 1 M H,SO, electrolyte.

Qiao et al. reported a nitrogen-doped hierarchical porous
carbon synthesized by pyrolyzing a mixture of chitosan, potass-
ium carbonate, and potassium acetate at 800 °C.'*° It was
found that the PCNs produced from the mixture of potassium
carbonate and potassium acetate showed enhanced porosity
compared with the ones synthesized from a single potassium
salt. The porosity of the three PCNs synthesized from the
mixture of potassium carbonate and potassium acetate with
molar ratios of 0.5:1 to 1.5:1 was dominated by micropores
(77.7% to 97.3%) with a total SSA higher than 2200 m”> ¢”" and
V, higher than 0.9 em® g”'. The PCNs synthesized from dual
potassium salts showed a much better capacitance perform-
ance than those from a single potassium salt. PC-2 obtained
from potassium carbonate and potassium acetate with a molar
ratio of 0.5:1 exhibited a Cyp, of 374.4 F g™ at 1 A g™, which
was the best capacitance performance among all the PCNs.
The samples produced only from potassium carbonate and
potassium acetate showed Cj, values of 201.4 F g~ and 148.2
F g™, respectively. All the PCNs exhibited high capacitance
retention above 75% at a cutrent density of 10 A g~ '; this was
attributed to the hierarchical pore structure.

This journal is © The Royal Society of Chemistry 2022

Potassium oxalate is another effective activation agent for pre-
paring high capacitance PCNs. Zheng’s group reported the syn-
thesis of hierarchically porous carbon microspheres (HPCMSs)
for supercapacitor with cassava starch as the carbon precursor
and potassium oxalate monohydrate and calcium chloride as the
activators.”' The yield of HPCMSs reached ~50% (to hydrochar
intermediates), which was much higher than that for PCNs
obtained by KOH activation (10-15%). The HPCMSs showed a
nice spherical shape with sizes of 4-6 pm. The SSA values of
HPCMSs were all above 1200 m* g™, Pore structure analysis indi-
cated that calcium chloride was effective at generating meso-/
macro-pores. The HPCMS synthesized from hydrothermal pro-
ducts of cassava starch, potassium oxalate and calcium chloride
at a mass ratio of 1:3:1 showed the best capacitance perform-
ance of all the samples with a Cy, of 286 F g™" at 0.5 A g~' and
retained 71% capacitance at 50 A g~ in 6 M KOH electrolyte.

A series of sponge-like hierarchical PCNs were synthesized
by the pyrolysis of potassium oxalate impregnated semen
cassiae at 600 °C to 800 °C.>°° Potassium oxalate could effec-
tively introduce porous structures into PCNs. ASC-700 syn-
thesized at 700 °C exhibited the largest SSA of 1123.8 m* g~* of
the three activated samples, while the control sample pro-
duced without potassium oxalate showed quite a low SSA of
10.2 m®> g~'. The thickness of the carbon layers gradually
decreased as the calcination temperature increased. ASC-700
showed the best capacitance performance with a high Cg, of
401 Fg 'at1Ag " and retained 275 Fg ' at 30 Ag” in 1 M
H,S0, electrolyte.
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Fig. 5 (a) Schematic diagram demonstrating the fabrication process for NPC. (b) Pore size distribution curves of NPC samples. (c) Charge/discharge

curves of NPC-800 at varied current densities. (d) Specific capacitance of NPC samples at different current densities. (e) Cycling stability of
NPC-800 at 2.0 A g7t in a two-electrode system. Reproduced with permission from ref. 197. Copyright 2018, Elsevier.

Two-dimensional N-doped hierarchical porous carbon
nanosheets (2D-NPC) were synthesized using potassium
oxalate as the activating agent, glucose as the carbon source
and melamine as the nitrogen source and blowing agent.*!
Melamine plays a decisive role in the formation of a sheetlike
structure while potassium oxalate generates a lot of meso-/
macro-pores on the nanosheets. As shown in Fig. 6a, the car-
bonaceous products produced from different recipes exhibited
varied morphologies. Large brick-like carbon particles (G-C)
were obtained from the direct carbonization of glucose.
Nitrogen-doped carbon (G-NC) with a sheetlike structure was
obtained from the pyrolysis of a mixture of glucose and mela-
mine owing to the blowing effect of melamine. Porous carbon
(G-PC) particles exhibited a fragmented bulk morphology
along with some exfoliated thin carbon nanosheets, which
were obtained from the pyrolysis of a mixture of glucose and
potassium oxalate. 2D-NPC showed a thin sheet structure with
big pores on the edges generated from the pyrolysis of a

8222 | Nanoscale, 2022, 14, 8216-8244

mixture of glucose, melamine and potassium oxalate. The SSA
and V; increased in the order of G-C < G-NC < G-PC < 2D-NPC
with 106 m* g~ and 0.09 cm?® ¢™* for G-C and 1730 m* g~ and
1.51 em® g7' for 2D-NPC. From the pore size distribution
curves (Fig. 6b), it could be observed that, once melamine was
introduced, the pore size of 2D-NPC was extended to 2-4 nm
in comparison with that of G-PC (mainly micropores). The for-
mation mechanism of 2D-NPC based on the synergistic effect
of melamine and potassium oxalate is depicted in Fig. 6c.
Potassium oxalate accelerated the dehydration and polymeriz-
ation of glucose. The carbon precursor was exfoliated into
nanosheets by the gas released through the decomposition of
melamine. Potassium carbonate was formed from the
decomposition of potassium oxalate and etched the 2D carbon
nanosheets, resulting in a high amount of meso-/macropores
(64%). The nitrogen element from the decomposition of mela-
mine was incorporated into the carbon structure simul-

taneously. The CV curve of 2D-NPC exhibited a quasi-rectangu-

This journal is © The Royal Society of Chemistry 2022
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(a) Synthesis of samples via a one-step pyrolysis process and corresponding SEM images of G-C, G-NC, G-PC, and 2D-NPC. (b) Pore size dis-

tribution curves of porous carbon samples. (c) lllustration of the formation process of 2D-NPC. (d) CV curves at 20 mV s™%. (e) Cycling stability of
2D-NPC at 10 A g‘l. (f) CV curves of the flexible supercapacitor device at varied bending radii in the PVA/LiCl gel electrolyte. Reproduced with per-

mission from ref. 201. Copyright 2020, American Chemical Society.

lar shape, indicating the dominant role of EDLC (Fig. 6d). The
redox reaction of oxygen/nitrogen dopants caused the defor-
mation of the CV curve. 2D-NPC exhibited the largest capaci-
tance, as depicted by the largest CV integral area. The Cj, of
2D-NPC reached 523 F ¢”" at 0.5 A g~ which was much larger
than that of the sample derived from glucose and melamine
(49 F g7") and the sample from glucose and potassium oxalate
(294 F g™"). 2D-NPC also exhibited a good rate performance
with 347 F ¢”" at 20 A g7, and good stability with no capaci-
tance decay after 10 000 cycles at 10 A g™ (Fig. 6e). A super-
capacitor based on 2D-NPC exhibited good flexibility as the CV
curves showed little changes between the flat and the bent
state (Fig. 6f).

Table 1 summarizes the use of potassium formate, potass-
ium acetate, and potassium oxalate as efficient activation

This journal is © The Royal Society of Chemistry 2022

agents for the synthesis of PCNs from various carbon sources.
Compared to KOH, the OPSs are less corrosive with low tox-
icity, while their prices are a little higher than that of KOH.
The dosage of the OPSs used for activation is always more than
the mass of carbon precursor. Potassium formate is more
efficient at producing carbon nanosheets while potassium
acetate and potassium oxalate tend to generate porous net-
works. Generally, the porous structure of PCNs could be tuned
by varying the mass ratio of those OPSs and the carbon precur-
sor and changing the pyrolysis temperature. The pores of PCNs
synthesized with a low mass ratio of OPSs to the carbon source
or carbonized at relatively low temperature (e.g. <800 °C) are
always dominated by micropores. Conversely, hierarchical
PCNs will be obtained if high mass ratio of OPSs to the carbon
source or higher carbonization temperature is selected.

Nanoscale, 2022, 14, 8216-8244 | 8223
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Irregular blocky microparticles are obtained in the absence of
OPSs. The SSA and V, surpass 2000 m* g " and 1.1 cm® g~ for
the optimal sample. Blocky carbon materials with SSAs of
0.7 m* g~ to 106 m* g~ are obtained without OPSs as the acti-
vation agents."”®?°**°"  Compared to the Cy, of control
samples (23.5 F g* to 28 F g~') prepared without OPSs,>?***!
the Cgp, of those samples synthesized with the addition of pot-
assium citrate shows greatly enhanced capacitance perform-
ance (183.3 Fg™" to 523 F g~ 1)."9%2!

5. Capacitance performance of PCNs
synthesized with OPSs as the primary
carbon sources

Potassium citrate is the most widely used OPS for the synthesis
of PCNs because it possesses the largest carbon yield among
common OPSs.®® As summarized in Table 2, various PCNs
could be synthesized from potassium citrate. Sevilla et al. did
pioneering research in the design of PCNs with carbon-rich
OPSs.''® They reported the facile synthesis of highly porous
carbon from organic salts of Na, K or Ca (gluconates, alginates
and citrates) by heat-treatment at 800 °C and an acid washing
process.'*® The morphology of the resulting carbon materials
varied from irregular particles to vesiculated particles, sponge-
like particles, and nanosheets, greatly depending on the
organic salts used. The SSAs span from 650 m* g~" for sodium
citrate-derived carbon to 1960 m> g~' for potassium citrate-
derived carbon. For the K salt-derived carbon materials, the
pores were basically made up of micropores (~75% V;) together
with a small fraction of mesopores. The pores of sodium gluco-
nate and calcium citrate-derived carbon materials were domi-
nated by mesopores. The mesoporous carbon nanosheets
derived from sodium gluconate showed uniform mesopores of
around 12 nm. The calcium citrate-derived mesoporous
carbon displayed textural properties with a uniform mesopore
size of ~10 nm, a high SSA of 1510 m* g%, and a large pore
volume of 2.6 cm?® g™ The porosity formation process was dis-
cussed. For the K and Na salts, carbonates were formed at
500-650 °C, while oxides were obtained at higher tempera-
tures, which were finally reduced to metallic Na and K by the
carbon matrix. Micropores were generated from the activation
process of CO, (evolved from the decomposition of carbonates)
and the intercalation effect of Na and K. Compared to their
counterparts derived from K and Na salts, the carbon
materials obtained from Ca salts possessed a larger portion of
mesopores; this was attributed to the template effect of CaO.

The carbon nanosheets derived from potassium citrate are
of special interest for supercapacitors considering the short
diffusional paths, which contribute to enhanced ion-transport
kinetics.

Hence, Sevilla et al. further explored the capacitance per-
formance of potassium citrate-derived carbon materials in 1 M
TEABF,/AN electrolyte.>® Carbon particles assembled from
interconnected microporous carbon nanosheets (PCNS) with

8224 | Nanoscale, 2022, 14, 8216-8244

Table 2 Pore structure and capacitance performance of potassium citrate derived PCNs

Ref.

Rate performance

Cycle life

Prnax (kW

kg™)
17

Emax (W h

kg™
18

Cop (F g

Electrolyte

d
(nm)

Ve (em?®
g)

SSA (m?
g

Other reagents

PCNs

54

85% at 150 A g™"

90%, 10* cycles at 10 A

150 Fg ™' at

1M

1.11

2220

CK-850
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(a) Schematic diagram demonstrating the preparation of porous carbon nanosheets from potassium citrate. (1) Pyrolysis of potassium citrate

and the formation of K,COs; (2) decomposition of K,COs3 to K,O; (3) reduction of K,O with the formation of metallic K; (4) removal of inorganic pot-
assium compounds. (b) Nitrogen sorption isotherms of PCNS samples obtained by pyrolysis at different temperatures. (c) Ragone plots of the
samples in 1 M TEABF,4/AN electrolyte. (d) Schematic of the formation mechanism for IPCNs and their corresponding FE-SEM images. From left to
right, microporous IPCNs produced from potassium citrate (K850), hierarchical micro-/mesoporous IPCNs derived from a 8:2 (w/w) mixture
(KN850(8:2)) and a 5:5 (w/w) mixture (KN850(5:5)) of potassium citrate and sodium citrate, and mesoporous IPCNs synthesized from sodium

citrate (N850). The insets show magnified images of the corresponding

samples. (e) Pore size distribution curves of IPCNs. (f) Specific capacitance

of IPCNs at different scan rates. (g) Schematic of the preparation of S-PCN and its dual applications. (h) Nitrogen adsorption—desorption isotherms
of samples. (i) Specific capacitance at different current densities. Reproduced with permission from ref. 49, 112 and 111. Copyright 2014, American

Chemical Society; Copyright 2018, Elsevier; Copyright 2021, Elsevier.

thicknesses less than 80 nm were obtained by the carboniz-
ation of potassium citrate at 750-900 °C (Fig. 7a). Nitrogen
sorption isotherms were categorized as type I (Fig. 7b), indicat-

This journal is © The Royal Society of Chemistry 2022

ing that the porosity was dominated by micropores. A widening
of the isotherms takes place as the carbonization temperature
increases from 750 to 900 °C, which implies an enlargement

Nanoscale, 2022, 14, 8216-8244 | 8225
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of the micropore size with an increase of temperature. There
are two pore systems in the micropore range. As the carboniz-
ation temperature increases from 750 to 900 °C, the main
maximum shifts from 0.7 to 0.85 nm, whereas the second pore
system is widened from 0.95 nm (750 °C) to 1.6 nm (900 °C).
The carbon particles are mainly composed of carbon (>93
at%), with an amount of oxygen (<6.6 at%). The V. of the
carbon particles increased from 0.59 cm® g~* (CK-750, 750 °C
sample) to 1.30 ecm® g~' (CK-900, 900 °C sample), while the
SSA reached a maximum of 2220 m”* g~ at 850 °C. The electri-
cal conductivity increased from 1.7 S ecm™ to 7.4 S em ™" with
an increase of the carbonization temperature. The carbon
sample synthesized at 850 °C (CK-850) showed the best capaci-
tance performance among all the samples. The C, of CK-850
reached a maximum of ~150 F ¢ at 1 mV s™' and retained
55% capacitance at a high scan rate of 1 V s~. CK-850 could
reach a high current density of 150 A g~* with only 15% decay.
The Ragone plot in Fig. 7c compares the activated carbon
Supra and the PCNS samples. The energy density of CK-850
was 18 W h kg™ " at 2.5 kW kg™' and retained 12 W h kg ™" at
17 kW kg™, which was much larger than that of Supra (9 W h
kg™" at 2.5 kW kg™'). CK-850 also showed good stability with a
capacitance retention of 90% after 10 000 cycles at 10 A g
The good capacitance performance of CK-850 is attributed to
its unique interconnected nanosheet structure, which inhibits
the aggregation of carbon nanosheets and facilitates electron
transport.

Lee and co-workers also reported the synthesis of intercon-
nected porous carbon nanosheets (IPCNs) from the pyrolysis
of alkali metal citrates in a single step and proposed a self-
templating mechanism."" Microporous, mesoporous, and
hierarchical micro/mesoporous IPCNs could be obtained by
the carbonization of tripotassium citrate monohydrate, triso-
dium citrate dihydrate, and their mixtures at 850 °C for 3 h,
respectively. The stepwise formation mechanism of IPCN is
depicted in Fig. 7d. The potassium carbonate and sodium car-
bonate formed in situ during the pyrolysis process acted not
only as activation/etching agents but also as templates for the
formation of carbon nanosheets. SEM images showed that the
IPCNs derived from different organic salts exhibited different
morphologies. The porous carbon nanosheets obtained from
potassium citrate and potassium/sodium citrates connected
with each other and formed an angular shape, while the
carbon nanosheets produced from sodium citrate displayed
more rounded corners. The thickness of the carbon
nanosheets produced from potassium citrate and potassium/
sodium citrates was about 20-50 nm (with an edge length of
500-2000 nm), which was thicker than that of their counter-
parts derived from sodium citrate (5-10 nm, with an edge
length of 100-400 nm). The SSA of potassium citrate derived
IPCNs reached 1736 m® g~ ', which was about 5 times the value
of sodium citrate derived IPCNs (361 m> g~'). The IPCNs pro-
duced from the mixture of potassium citrate and sodium
citrate showed an intermediate SSA (1442 m®> g~ ' for 8:2
sample, 1261 m”> g~ for 5:5 sample). The pore size distri-
bution curves in Fig. 7e indicated that the IPCNs exhibited

8226 | Nanoscale, 2022, 14, 8216-8244
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different pore structures. Potassium citrate derived IPCNs were
predominantly comprised of micropores while their sodium
citrate derived counterparts contained mostly mesopores. The
IPCNs derived from mixed citrates contained both micropores
and mesopores. The differences in pore size distribution and
particle morphology between IPCNs are probably attributed to
the differences in the size and morphology of potassium car-
bonate and sodium carbonate. Pores could also be produced
from the volatilization of K/Na generated from carbothermal
reduction. The hierarchical micro-/mesoporous IPCNs derived
from the mixed citrates showed a better capacitance perform-
ance than the ones generated from a single citrate (Fig. 7f).
The Cy, of KN850(8:2) reached 200 F g”' at 5 mV s~ ' and
retained 49% capacitance at 500 mV s~'. The supercapacitor
based on KN850(8 : 2) also showed good cyclability without any
evident decay after 1000 cycles at 100 mV s~ .

Recently, Hou et al. developed a simple strategy to prepare
intrinsic defect-rich porous carbon nanosheets (S-PCN) by the
pyrolysis of potassium citrate in a sealed tube at 800 °C for 2 h
(Fig. 7g).""" It was found that the interior pressure in the
sealed tube caused the formation of intrinsic defects, and the
density of defects could be adjusted by the volume of the
sealed tube. The yield of PCNs could reach 20 wt% in the
sealed tube, which was 5-fold the value in an open porcelain
boat. For the samples prepared in the open porcelain boat,
in situ generated K,CO; cubes were tightly covered by smooth
carbon shells. Distinct hollow carbon cubes (O-HCC) were
obtained in the open porcelain boat after the removal of
K,CO3. When prepared in the sealed tube, the rough surfaces
of the carbon shells were covered by many fissures and the
final S-PCNs were small-sized nanosheets. It was proposed
that the pressure-induced extrusion force in the sealed tube
induced the different morphologies of the two types of
samples. The N, adsorption/desorption isotherms (Fig. 7h)
confirmed the coexistence of micropores and mesopores. The
SSA of S-PCN decreased from 1160 m* g~ " to 727 m”> g~ as the
volume of the sealed tubes decreased from 80 mL (S-PCN-1) to
30 mL (S-PCN-3). The Cg, reached 277 F g~' at 1 A g~' for
S-PCN-3 (Fig. 7i) which was about two-fold the value of O-HCC
(142 F g"). S-PCN-3 exhibited a good rate performance with a
Csp of 144 F g~ " at a high current density of 200 A g™".

Zhang’s group reported a highly porous and hierarchical
carbon material with a high SSA of 2085 m* g~ and V; of
2.80 cm® g~ synthesized from tripotassium citrate monohy-
drate by a ZnO template carbonization approach.?>® N, adsorp-
tion—desorption isotherms confirmed the coexistence of
micro-/meso-/macropores in the carbon matrix. The capaci-
tance performance was tested in 1 M H,SO, with dual-redox
additives of phosphotungstic acid (PTA, 15 mM) and potass-
ium ferricyanide (KFC, 15 mM). The Cj, of the carbon material
reached 77 F g~ at 2 A g%, along with an E,, of 21.1 W h
kg™, which were larger than the values obtained with PTA or
KFC or no additive (~60 F g* for KFC, ~55 F g~ * for PTA, ~40
F ¢! for no additive).

Sevilla and coworkers evaluated the capacitance perform-
ance of highly porous N-doped carbons produced by the car-
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bonization of a frozen dried mixture of potassium citrate and
urea (1:1, w/w) in the temperature range of 700-900 °C.'*?
SEM images revealed that the pyrolysis of potassium citrate/
urea mixtures generated irregular particles with a conchoidal
appearance. The particles were made up of an agglomeration
of carbon nanoparticles (~100 nm in size) surrounded by a
thin carbon layer. The pore size distribution curves confirmed
the presence of numerous micropores in the range of 0.85 to
2.0 nm and small mesopores of up to 5.0 nm. It was found
that the sample carbonized at 800 °C (CU-800) showed the
largest SSA of 3350 m® g™* and V; of 2.65 cm® g~ *. The nitrogen
content decreased from 4.53 wt% for CU-700 to 0.46 wt% for
CU-900. The formation of potassium cyanate and potassium
cyanide during the carbonization process was evidenced from
the XRD patterns. It is assumed that the developed pore structure
of carbon materials derived from the mixture of urea and potass-
ium citrate is mainly due to the interaction between the carbon
matrix and potassium cyanate. The capacitance performance of
CU-800 was analyzed in an ionic liquid of 1-ethyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide (EMIMTFSI) in
the potential window of 0.0-3.0 V in a two-electrode cell. The
CU-800-based supercapacitor delivered a Cg, of 44 F g ata
low rate and 25 F g ' at 15 A g~'. The energy density reached
56 W h kg™ " and retained 16 W h kg™ at ca. 10 kW kg ™.

Fan’s group synthesized a N-doped aligned carbon
nanosheet network (N-ACN10) from potassium citrate with
MgO nanosheets as the hard template by pyrolyzing the
mixture (MgO : potassium citrate = 1:10 w/w) under a N,/NH;
atmosphere at 850 °C for 1 h.*°> During the carbonization
process, pyrolytic carbon moieties from potassium citrate not
only deposited on the surface of MgO sheets to form carbon
nanosheets but also grew on the surface of MgO templated
carbon sheets to generate aligned nanosheets with sizes
around 50 nm, thus resulting in a hierarchical porous struc-
ture. The HRTEM image revealed the thickness of the carbon
nanosheet of N-ACN10 to be about 2 nm, and there were
numerous micro-/meso-pores on the sheet due to the removal
of MgO, K,0 and K,CO;. The SSA of N-ACN10 reached 1630 m>
g~! which was 16 times the value of potassium citrate-derived
CS (104 m* g7"). X-ray photoemission spectroscopy (XPS) ana-
lysis confirmed that N-ACN10 contained 3.7 at% N, which was
composed of pyridinic N, pyrrolic N, and graphitic N. The Cj,
of the N-ACN10 electrode reached 331 F g " at 2 mV s™*, which
was more than 4 times the value of the CS electrode (76 F g ™).
Attributed to the interconnected nanochannels for fast ion
transport, the N-ACN10 electrode exhibited superior rate capa-
bility with 203 F g~* at 5 V s'. The N-ACN10 electrode also
showed good cycling stability with a capacitance retention of
98% after 10 000 cycles at 200 mV s~ . A high energy density of
20.6 W h kg~' was obtained for a symmetrical supercapacitor
tested at 0.0-1.6 V in 1 M Na,SO,. The energy density of the
symmetrical supercapacitor reached 120.4 W h kg™ when the
potential window was extended to 0.0-4.0 V in 1-ethyl-3-
methylimidazolium tetrafluoroborate electrolyte.

Chang et al. synthesized 3D coralline-like N,O-codoped
microporous carbon nanosheets by the one-step pyrolysis of a
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mixture of potassium citrate and ammonium citrate at 800 °C
for 1 h, during which the aggregation of carbon sheets was
synergistically hindered by the self-activation of in situ gener-
ated potassium compounds (K,CO; and K,O) and the gas
blowing effect of ammonium citrate.*** By changing the mass
of ammonium citrate, a series of NMCNSs were prepared and
the thickness and scale of the carbon sheets decreased with an
increase of ammonium citrate content. The N content
increased from 1.05 at% to 3.32 at% with an increase of the
ammonium citrate content, while the O content showed an
inverse trend (23.43 at% to 8.86 at%). The SSA of potassium
citrate-derived carbon was 943.7 m> g~!, while it increased
from 1659.9 m*> g' to 1900.5 m> g~ for NMCNS. The
NMCNS-1 synthesized by the pyrolysis of 5 g potassium citrate
and 1 g ammonium citrate showed the best capacitance per-
formance among all the samples. The Cy, of NMCNS-1
reached 356 F g~' at a current density of 0.5 A g~ and still
maintained a value of 238 F g~' at 20 A g~'. The NMCNS-1-
based symmetric supercapacitors can withstand a high voltage
of 1.8 V in 0.5 M Na,S0O, electrolyte. The NMCNS-1 electrode
can deliver a high C, of 320.8 F g~ and 136.4 F g~' in KOH
and Na,SO, electrolytes in symmetric supercapacitors, respect-
ively. It still maintained a value of 218 F g™ " at 20 A g~ in KOH
and retained ~52% capacitance for the Na,SO,-based
supercapacitor.

Zhao et al. synthesized N,O-codoped hierarchical porous
graphitic carbon by an in situ activation-graphitization
method of directly pyrolyzing a mixture of potassium citrate,
iron citrate and diammonium oxalate monohydrate
(Fig. 8a).'*” The samples obtained from the direct pyrolysis of
potassium citrate (PC-750) and a mixture of potassium citrate
and iron citrate (PGC-750) showed a bulky monolithic mor-
phology. With the introduction of diammonium oxalate mono-
hydrate, a well-defined 3D honeycomb carbon framework
(HPGC-750) was obtained; this was attributed to the physical
activation effect of chemically released gases. The pore size
distribution curves (Fig. 8b and c) confirmed that the porosity
of PC-750 and PGC-750 was dominated by micropores while
that of HPGC-750 was dominated by small mesopores
(2-4 nm). The SSA and V, of PC-750, PGC-750 and HPGC-750
reached 1194 m* g7, 1445 m* g7, 2973.3 m* ¢ " and 0.60 cm?
¢! 1.25 cm® ¢7" and 1.62 ecm?® g7, respectively. XPS analysis
confirmed that HPGC-750 contained 3.24 at% N and 11.65
at% O. HPGC-750 showed the best capacitance performance
with a high Cy, of 322.6 F g™' at 0.5 A g”' and maintained
258.4 F g " at 30 A g~ (Fig. 8d).

N,0-Co-doped hierarchically porous carbon nanosheets
(NOPC) could also be synthesized by the pyrolysis of g-C3N,
and potassium citrate (Fig. 8e).®” Potassium citrate could act
as the carbon precursor and endo-templates. The pore struc-
ture and surface compositions could be regulated by g-C;N,.
The OPC sample synthesized from potassium citrate alone
exhibited an irregular nanosheet structure with a SSA of
872 m* ¢! and micropore sizes centered at 0.86 nm. With the
introduction of g-C3;N,, thin and crumpled nanosheets with a
high density of nanopores were formed. The pore size distri-
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size distribution curves of NOPCs. (g) Charge/discharge curves of NOPC-2 at various current densities. Reproduced with permission from refs. 69
and 147. Copyright 2021, Nature Publishing Group; Copyright 2021, Elsevier.

bution curves (Fig. 8f) revealed the presence of rich micro-
pores and mesopores in NOPC. The SSA of NOPC was affected
by the amount of potassium citrate. The SSA increased from
2135 m”> g~! (NOPC-1, 0.5 g g-C5N, + 3 g potassium citrate) to
2557 m®> ¢~" (NOPC-2, 0.5 g g-C3N, + 5 g potassium citrate),
and then decreased to 2338 m* g~ (NOPC-3, 0.5 g g-C3N, + 7 g
potassium citrate). The content of active pseudocapacitive
species of pyrrolic-N/phenol-O/carboxyl-O in NOPC-2 was 9.02
at%, which was much higher than those in NOPC-1 (5.03 at%)
and NOPC-3 (7.61 at%). NOPC-2 exhibited the best capacitance
performance among all the samples. The charge/discharge
curves (Fig. 8g) showed a slight deviation from linear shapes,
indicating the presence of pseudocapacitance along with

8228 | Nanoscale, 2022, 14, 8216-8244

EDLC. The C, of NOPC-2 reached 527 F g”' at 1 A g" and
retained 339 F ¢~ " and 245.4 F g~' at 100 A ¢”" and 200 A g7},
respectively. A symmetrical supercapacitor assembled based
on NOPC-2 showed a Cy, of 104 F g7' at 1 A g7', and it
remained over 59% at 100 A g~". The cell also delivered good
long-term cycling stability with 94.3% capacitance retention
after 20 000 cycles at 10 A g™,

N,S-Co-doped three-dimensional succulent-like hierarchical
carbon (NS-SHC) was synthesized by the carbonization of a
supramolecular cluster made up of potassium citrate (carbon
source) and thiourea (N/S source).>** The supramolecular pre-
cursors were produced from freeze drying a solution contain-
ing thiourea (8 g) and different amounts of potassium citrate

This journal is © The Royal Society of Chemistry 2022
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(6 g, 8 g, 10 g). Porous carbon was obtained by pyrolyzing the
supramolecular precursors at 800 °C for 2 h and acid washing.
The succulent cluster structure consisted of numerous ran-
domly directed tapered rods with diameters of about
100-200 nm. This intriguing structure for the NS-SHC series
can serve as electrolyte buffering reservoirs and ensure that
the active sites are well exposed to aid rapid ion/charge trans-
port and enhance the capacitance performance. The SSA of
NS-SHC increased from 192 m? g™' to 209 m”> g~' with a
decrease in the amount of potassium citrate from 10 g to 6 g.
XPS analysis confirmed the presence of N (8.5 wt%) and S
(2.4 wt%) in NS-SHC-8:8. All the NS-SHC electrodes showed
enhanced capacitance performance compared to the non-
doped and N-doped samples. The NS-SHC-8:8 electrode
exhibited the best capacitance performance with a high Cg, of
258.5 F g~' at 0.5 A g and 206.5 F g ' at 10 A g ". The
NS-SHC-8: 8 electrode also showed good cycling stability with
94.4% capacitance retention after 20 000 cycles at 100 mV s~
Besides potassium citrate, other carbon-rich OPSs could
also be used as precursors to synthesize PCNs (Table 3).
Potassium humate is a popular potassium salt that is widely
applied in agriculture and gardening. Potassium humate is a
green precursor for producing PCNs.>°® Microporous carbon
with an irregular morphology could be obtained by the direct
pyrolysis of potassium humate in an inert gas.”*”>°° The SSA
of the resulting carbon materials spans from 589 m* g™ to
890 m> g~ depending on the carbonization temperature and
raw reagents. The Cy, was above 200 F g~' at a low current
density (<1 A g”") in KOH electrolyte. The influence of the elec-
trolyte on the capacitance performance was analyzed by Zhang
et al.”>®® The Cy, decreased in the order of acidic electrolyte (1
M H,S0,), basic electrolyte (3 M KOH), and neutral electrolyte
(1 M Na,S0O,). The pore structure and capacitance performance
of potassium humate-derived carbon could be tuned by intro-
ducing activating agents and templates.®**'>*!'" With the
addition of potassium acetate as the activating agent, a large
number of micropores were generated, and the SSA of the
carbon materials increased from 1160 m* g~ to 1315 m* g™,
which was more than twice that of blank sample (525 m?®
g ").?"° The Cy, was 317 Fg™', 311 F g™, and 136 Fg " at 0.1 A
g7'in 1 M H,S0,, 2 M KOH, and 1 M Na,SO,, respectively.
When using Mn(NO3), as a hard template, hierarchical porous
carbon (NHPC) with abundant mesopores and a defective
microporous morphology with structural disorder was pro-
duced (Fig. 9a) while the potassium humate-derived HPC
showed a blocky structure with random meso-/macropores.®*
The adsorption-desorption isotherms of both NHPC and HPC
were of combined type I/IV (Fig. 9b), revealing the hierarchical
porous structure from micropores to macropores. NHPC
showed a better developed mesoporous structure than the
HPC, as confirmed by the more pronounced hysteresis loop.
Two sharp peaks centered at ~1.9 nm and ~5.5 nm were found
in the pore size distribution curves (Fig. 9¢). NHPC showed a
remarkably enhanced mesoporosity in the range of 5-6.5 nm
in comparison with HPC. Compared to HPC, NHPC showed a
slightly increased SSA, Vi, and V,,, while the total mesopore
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volume increased from 0.129 ecm® g~ to 0.26 cm® g~'. The
charge/discharge curves of NHPC displayed typical triangular
shapes at varied current densities (Fig. 9d), revealing nearly
ideal EDLC behavior and good Columbic efficiency. The Cy;, of
NHPC reached 258 F g™ " at 0.046 A g~ and retained 160 F g~
at 4.65 A g7' (Fig. 9¢), which was much better than that of
HPC (217 Fg ' at 0.046 Ag~' and 97 F g~ " at 3.72 A g~ "). The
Nyquist plots (Fig. 9f) indicated that the NHPC possessed a
charge transfer resistance of 2.2 Q, which was much lower
than that of HPC (7.0 Q). NHPC showed good stability with a
capacitance retention of 93.6% after 10000 cycles at 2.32 A
¢! Liu et al. reported a hierarchical porous carbon (HA-K-650-
M-Q) prepared by the pyrolysis of a mixture of municipal
sludge derived potassium humate and sodium chloride at
650 °C for 2 h, followed by calcining in air at 200 °C for 2 h
and quenching in water (Fig. 9g).”° It was found that NaCl
reduced the activation energy required for carbonization, and
secondary pyrolysis favored the formation of pyridinic-N and
pyrrolic-N  (2.06 at%). The HRTEM image showed that
HA-K-650-M-Q had a pan-graphite crystal structure (Fig. 9h).
Nitrogen adsorption/desorption isotherms (Fig. 9i) and pore
size distribution curves (Fig. 9j) confirmed the micropore-
dominated porosity of HA-K-650-M and the hierarchical pore
structures of HA-K-650 and HA-K-650-M-Q. HA-K-650-M-Q
showed the largest SSA of 574.4 m*> g~ with a V; of 1.54 m®
g~'. HA-K-650-M-Q also showed the best rate performance with
aCyof 395F g " at 1 A g™" and retained 309 F g~ ' at 10 A g™!
(Fig. 9k).

Luo et al. reported the synthesis of 3D sponge-like PCNs via
the direct carbonization of potassium tartrate and sodium tar-
trate.’® The pore structure of PCNs was greatly affected by the
carbonization temperature. The pore structure of potassium
tartrate-derived PCNs carbonized from 600 °C to 800 °C was
dominated by micropores, while it contained both micropores
and mesopores for the one carbonized at 900 °C. The SSA, V;,
and V,, of PCNs carbonized at 600 °C, 700 °C, 800 °C and
900 °C were 422, 847, 1017, and 1291 m?> g%, 0.20, 0.43, 0.72,
and 0.49 cm® g7, and 0.17, 0.37, 0.42, and 0.31 cm® g7},
respectively. Compared to potassium tartrate-derived PCNs,
their counterpart obtained from the pyrolysis of sodium tar-
trate (800 °C for 1 h) showed a much lower SSA (432 m”> g™*)
and a smaller V, (0.48 cm® g™"). The as-obtained PCNs could
serve as conductive agent-free electrode materials for super-
capacitors. The impact of the carbonization holding time (at
800 °C) on the capacitance behavior was investigated in a
three-electrode system with 6 M KOH as the electrolyte. The
Csp decayed by ~30% for all the samples as the scan rate was
raised from 5 to 200 mV s™'. Besides, the sample carbonized
for 1 h showed significantly lower resistance to ion motion
than that of the samples carbonized for 0.5, 2, and 3 h. The
1 h sample delivered a Cy, of 296 F g™ at 0.7 A g~ and
retained 213 F g~ at 20 A g . A capacitance retention of
95.1% was observed after 5000 cycles at 3 A g~'. Compared to
the potassium tartrate-derived PCNs, their sodium tartrate-
derived counterpart showed a much worse capacitance per-
formance. All of the sodium tartrate-derived PCNs showed a
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Fig. 9 (a) TEM image of NHPC demonstrating its mesoporous structure, inset shows the corresponding HRTEM image. (b) N, adsorption—desorp-
tion isotherms of samples. (c) Pore size distribution curves. (d) Charge/discharge curves at different current densities. (e) Specific capacitance at
different current densities. (f) Nyquist plots of HPC and NHPC. (g) Schematic diagram of the synthesis of HA-K-650-Q-M. (h) HRTEM image demon-
strating the porous nature of HA-K-650-Q-M. (i) N, adsorption—desorption isotherms of the HA-K samples and (j) corresponding pore size distri-
bution curves. (k) Rate performance in 6 M KOH electrolyte. Reproduced with permission from refs. 64 and 70. Copyright 2019, 2021, Elsevier.

low Cp, below 100 F g™' (at 5 mV s™' and 0.9 A g™'). The big
capacitance difference between the potassium tartrate and
sodium tartrate derived PCNs could be attributed to the large
gap between the activation effect of potassium oxide and
sodium oxide, which resulted in quite different porosities.
Zhang et al. investigated the pyrolysis behavior of seven pot-
assium salts (i.e., potassium tartrate, potassium sorbate, pot-
assium citrate, ethylenediamine tetraacetic acid di-potassium

This journal is © The Royal Society of Chemistry 2022

(EDTA-2K), ethylenediamine tetraacetic acid tri-potassium,
lauric acid potassium, potassium oleate) by thermogravimetric
analysis, and they found that the thermal property and mole-
cular structure of the potassium salts influenced the micro-
structure and porosity of the resulting PCNs.®® The SSA values
of PCNs pyrolyzed at 800 °C for 3 h were higher than 1500 m?>
¢~', among which the value of EDTA-2K derived PCNs reached
3000 m> g, The pore structures of PCNs from different pot-
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assium salts were different, and the ratio of micropores to the
total pore volume varied from 50% to 80%. The EDTA-2K
derived PCNs were made up of 2D sheets with thicknesses of
around 200 nm and resulted in networks on the scale of tens
of micrometers. The carbon nanosheets were amorphous with
distorted lattice fringes (Fig. 10a) due to incomplete graphiti-
zation. Nitrogen adsorption/desorption isotherms (Fig. 10b)
and pore size distribution curves (Fig. 10c) confirmed that the
porosity of EDTA-2K derived carbons (pyrolyzed at 850 °C for
3 h) was rich in micropores (0.5 nm to 2 nm) and mesopores
(2 nm to 4 nm). The SSAs of EDTA-2K derived PCNs pyrolyzed
from 700 to 900 °C for 3 h were all larger than 2500 m> g™
The SSA increased from 2676 m® g " to 3179 m* g~ and the V;
increased from 1.4 cm® g™ to 3.4 cm® g~ from 700 to 850 °C,
while the SSA further decreased above 850 °C due to the
merging of micropores into mesopores. The V,, of PCNs
increased slowly when the pyrolysis temperature was raised
from 700 to 850 °C and then decreased at temperatures above
850 °C, resulting in the changes of the SSA. However, the V; was
almost enhanced by 100% as the temperature was raised from
800 to 850 °C; this was attributed to the merging of micropores
into mesopores. The V; and V,, of PCNs both decreased at
900 °C due to the formation of macropores. The rectangular
shape of the CV curves at different scan rates (Fig. 10d) and the
triangular shape of the charge-discharge curves recorded at
different current densities (Fig. 10e) confirmed the EDLC behav-
ior of HSACS (EDTA-2K pyrolyzed at 750 °C). HSACS displayed
the best capacitance performance among all the samples carbo-
nized at different temperatures with the largest Cy, of 268 F g~
at 5 mV s~ and a good rate performance (187 F g~' at 500 mV
s™'). The HSACS electrode showed a comparable capacitance

(b)2500
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performance in 1 M H,SO, with 270 F g~ at 0.5 A g~ and 195 F
¢! at 20 A g”'. Furthermore, the HSACS electrode retained a
high Cy, of 266 F g™ at 0.5 A g”' and 200 F g™ at 10 A g™'
within a 1.6 V potential window in 2 M Li,SO, electrolyte
(Fig. 10f). The symmetrical supercapacitor showed an Ey,,, of
23.6 Wh kg " and a Pp,a Of 6.4 KW kg ™.

Kang and coauthors reported the synthesis of a highly
porous carbon via simple thermal treatment of potassium
acetate and investigated the effect of pyrolysis temperature and
holding time on the porosity, electrical conductivity, and
capacitance performance of the resulting PCNs.*’® SEM
images revealed that the products were clusters of irregular-
sized carbon flakes. The porosity analysis results indicate that
the SSA, V,, and V, increased from 811 m* g~* to 1325 m* g™/,
from 0.368 cm® g™' to 0.594 cm® g', and from 0.280 cm® g™*
to 0.486 cm® g™, respectively, with increasing pyrolysis temp-
erature from 700 °C to 900 °C and a fixed holding time of 1 h.
When fixing the pyrolysis temperature at 900 °C, the SSA, V,,
and V,, increased from 1266 m> g~' to 1704 m> g~', from
0.562 cm® ¢™' to 0.887 cm® ¢!, and from 0.476 cm® g™* to
0.742 em® g™, respectively, upon extending the holding time
to 4 h, but decreased to 1183 m*> g™, 0.750 cm® g7, and
0.484 cm® g™, respectively, when the holding time was further
extended to 10 h. The electrical conductivity increased from
4089 S em™" to 22950 S em™' upon extending the holding
time to 10 h. The capacitance performance of PCNs was tested
in coin-type supercapacitors in 6 M KOH electrolyte. It was
found out that the Cy, did not increase linearly with the SSA
and electrical conductivity of PCNs. The sample synthesized by
pyrolysis at 900 °C for 1 h showed the largest Cs, of 195 F g~*
at 0.5 A g~ among all the samples. The rate capability at high
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Fig. 10

(a) HRTEM image of EDTA-2K derived carbon. (b) N, adsorption—desorption isotherms and (c) pore size distribution curve of HSACS pyro-

lyzed at 850 °C for 3 h. (d) CV curves of HSACS at different scan rates. Charge/discharge curves of the HSACS at different current densities in (e) 6 M
KOH electrolyte and (f) 2 M Li,SO4 aqueous electrolyte. Reproduced with permission from ref. 60. Copyright 2018, Wiley.

8232 | Nanoscale, 2022, 14, 8216-8244

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2nr01986h

Published on 10 May 2022. Downloaded by Y unnan University on 8/24/2025 4:39:57 AM.

Nanoscale

scan rates and large current densities was enhanced from 43%
to 91% by increasing the holding time to 4 h; this was attribu-
ted to the widened pore size at a longer holding time. The
supercapacitor also showed excellent cycling stability with a
capacitance retention of 99.0% after 80 000 cycles at 5 A g~ .

Fuertes and coauthors reported the synthesis of N-doped
microporous carbons by the pyrolysis of a mixture of mela-
mine and potassium gluconate.>® It was found that the pyrol-
ysis temperature had a great influence on the porosity of car-
bonaceous products. The samples carbonized at 500 °C and
650 °C were almost non-porous (SSA < 5 m* g~'). The samples
carbonized at 800 °C to 900 °C possessed SSAs of 660-1040 m>
g " and V; of 0.29-0.42 cm® g~ . It was also found that the SSA
and V,, increased with a decrease of the amount of melamine
in the recipe. SEM images revealed that the N-doped samples
synthesized at >800 °C possessed a sponge-like structure made
up of fully interconnected thin layers. In comparison with the
N-doped samples, the undoped samples showed better textural
development. The undoped sample synthesized from the pyrol-
ysis of potassium gluconate at 800 °C for 1 h (C-KG) possessed
tremendous micropores and mesopores with a SSA of 1410 m?>
g ' and a V; of 0.76 cm® g ". The elemental analysis results indi-
cated that the N wt% and the N/C atomic ratio increased with
an increase of the melamine content but decreased with an
increase of the pyrolysis temperature. The conductivity
decreased with an increase in the N content. The electrical con-
ductivity of C-KG was 3.7 S cm™', which was much higher than
that of its N-doped counterpart synthesized at >800 °C (2.5, 0.4
and 0.03 S cm™" for CN-900-2, CN-850-2 and CN-800-2, respect-
ively). The capacitance performance of the porous carbon was
tested in 1 M H,SO, electrolyte in a two-electrode system. The
results indicated that, compared to the C, values (170-186 F
g™') of the doped samples, the undoped sample showed a
slightly enhanced Cy, (190 F g~ ' at 0.1 A g~ ') and better rate per-
formance. CN-850-2 exhibited a better capacitance performance
than those of CN-900-2 and CN-800-2 with an Ey,,, of 10.2 W h
kg™ and a Py of 5.7 KW kg™ at 1.2 V. The symmetrical super-
capacitor also exhibited good stability with the Cy, decreasing
by only 2% after 6000 cycles at 5 A g™

Li and coworkers reported the synthesis of N/S co-doped
ultrathin carbon nanosheets (GK-NS) by carbonizing a mixture
of potassium gluconate and thiourea (8:1, w/w) at 850 °C for
1 h (Fig. 11a).>"* GK-NS exhibited a very thin thickness ranging
from ~108 nm to ~720 nm and possessed an amorphous
structure (Fig. 11b). The relative atomic percentages of N and S
in GK-NS reached 12.74 at% and 2.88 at%, respectively.
Nitrogen adsorption/desorption isotherms (Fig. 11c) and pore
size distribution curves (Fig. 11d) confirmed the microporous
structure of GK-NS and hierarchical pore structures of the
other samples. The SSA and V; of GK-NS were 1026.96 m> g~*
and 0.568 cm® g~', respectively, which were comparable to
those of their undoped counterparts (921.51 m”> g~ ' and
0.766 cm® g~!). The undoped samples were synthesized by the
pyrolysis of potassium gluconate from 750 °C to 900 °C for
1 h. The SSA increased with an increase in the temperature
and reached a maximum at 850 °C. The C, of GK-NS reached
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339.5 F g~' at 0.5 A g~" and retained 206.7 F g~' at 20 A g~
(Fig. 11e), which was much larger than that of the undoped
samples (200.0 to 285.8 F g~' at 0.5 A ¢”" and 88.0 to 179.9 F
g ' at 20 A g”"). For a symmetrical supercapacitor assembled
from GK-NS and 6 M KOH electrolyte, the En.c and Ppay
reached 11.2 W h kg™' and 10.0 kW kg™, respectively. The
potential window of the symmetrical supercapacitor could be
extended to 2.0 V, resulting in an even higher energy density of
24.5 W h kg™" and a power density of 20.0 kW kg™".

Wu et al. also explored the capacitance performance of a
N/S co-doped porous carbon (NSHPC) derived from potassium
gluconate and thiourea by two-step pyrolysis.'®* The undoped
samples were synthesized by pyrolyzing potassium gluconate
from 600 °C to 800 °C for 2 h. The sample obtained at 700 °C
(HPC-700) was mixed with thiourea (1:3, w/w) and further
heat treated at 750 °C for 2 h to produce NSHPC (Fig. 11f). The
TEM image revealed that the three-dimensional intercon-
nected porous framework of NSHPC was formed by a substan-
tial amount of highly interconnected mesopores (Fig. 11g).
Nitrogen adsorption/desorption isotherms (Fig. 11h) and pore
size distribution curves (Fig. 11i) further confirmed the meso-
porous structure of the HPC samples. The SSA increased from
370 m® g7! to 920 m® g7, and V, increased from 0.36 cm?® g™*
to 0.69 cm® g~! with an increase of the pyrolysis temperature.
After doping treatment, the SSA and V, increased slightly
(721 m? g~* and 0.69 cm?® g7, respectively). The relative atomic
percentages of N and S in NSHPC were 4.3 at% and 1.2 at%,
respectively. The CV curve of NSHPC displayed a relatively rec-
tangular shape in contrast with the other samples, indicating
better capacitive characteristics of NSHPC (Fig. 11j). The
higher current response of NSHPC indicated it had a larger
specific capacitance than the other samples. The deviation of
the CV curve from an ideal rectangular shape and slightly dis-
torted triangular contour of the charge/discharge curves
(Fig. 11k) indicated the presence of pseudocapacitance. The
Csp of NSHPC reached 320 F g™" at 0.5 A g~' and retained 200
Fg ' at50 A g™ (Fig. 111) which was a little larger than that of
HPC-700 (~285 Fg ' at0.5Ag 'and ~170 Fg ' at 50 Ag ™).

Li et al. reported a facile approach to prepare ultrathin
porous carbon nanosheets (UPCNs) by the carbonization of
potassium benzoate from 600 °C to 800 °C for 2 h.** The
UPCNs were assembled from crumpled sheets with sizes from
hundreds of nanometers to several micrometers. The thick-
ness of the sample pyrolyzed at 700 °C (UPCNs-700) was
approximately 1.7 nm. The porosity analysis results indicated
that the SSA, V,, and V,, increased from 597.8 m> g™ to
1542.2 m* g7, from 0.53 cm® g7* to 1.02 em® g7, and from
0.22 cm® ¢7' to 0.62 cm® g™, respectively, with increasing
pyrolysis temperature from 600 °C to 800 °C. The average pore
diameter decreased from 3.52 nm to 2.63 nm with an increase
of pyrolysis temperature. It was found that UPCNs-700 dis-
played the best capacitance performance. The Cy, of UPCNs-
700 reached 261 F ¢ " at 1 A ¢ ' and retained 209 F g~" at 30 A
g~ ". The Cg, of the UPCNs-600 and UPCNs-800 were 189 F g~*
and 165.8 F g~' at 1 A g™, respectively. A symmetrical super-
capacitor based on UPCNs-700 presented an E,,x and Py, of
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Fig. 11 (a) Schematic of the preparation procedure of N/S co-doped carbon nanosheets. (b) TEM image of GK-NS. (c) N, adsorption/desorption iso-

therms, (d) pore size distribution curves and (e) rate performance of GK

-X. (f) Schematic diagram illustrating the synthesis process for NSHPC. (g)

TEM image of NSHPC. (h) N, adsorption/desorption isotherms, (i) pore size distribution curves of the HPC-X samples. (j) CV curves of the porous
carbon electrodes at 50 mV s™2. (k) GCD curves of the NSHPC electrode at different current densities. (1) Specific capacitance at various current den-
sities. Reproduced with permission from refs. 214 and 183. Copyright 2019, Elsevier.

11.73 W h kg™" and 12.3 kW kg™, respectively. The symmetri-
cal supercapacitor also exhibited good stability with Cjp
decreasing by 5% after 5000 cycles at 20 A g~ .

Puthusseri and coauthors reported beehive-like PCNs
assembled from interconnected microporous carbon (IMPC)
sheets by the direct pyrolysis of poly(acrylamide-co-acrylic acid) pot-
assium salt at 1000 °C without adding any activation agents or
additional templates.”® K,CO; was formed in situ during carboniz-

8234 | Nanoscale, 2022, 14, 8216-8244

ation and generated pores by reacting with the carbon framework,
resulting in a high SSA of 1327 m® g™". The pore structure of IMPC
was dominated by micropores with pore sizes ranging from 1 to
2 nm, which contributed to 80% of V. 1.9% of nitrogen and 10%
of oxygen were detected by XPS. The capacitance performance of
IMPC was tested in both aqueous (1 M H,SO,) and non-aqueous
(1 M LiPF¢ in ethylene carbonate-dimethyl carbonate) electrolytes
in a two-electrode system. The C, reached 254 F g™" at 0.5 A g™*
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and maintained 150 F g* at 30 A g ' in 1 M H,SO,. The
maximum power density was 13.6 kW kg~ with an energy density
of 3.1 W h kg™". A capacitance retention of 90% was observed after
5000 cycles at 2 A g~'. The Cy, was 138 F g' at 0.25 A g~ and
retained 100 F g ' at 10 A g~" with an E,, of 31 W h kg™" and a
maximum Py, of 11 kW kg™ in non-aqueous electrolyte.

As a carbon-rich natural polymer, potassium alginate can
also function as a carbon precursor to prepare PCNs. Sun et al.
reported a facile and scalable way to prepare three-dimensional
interconnected porous carbons by the pyrolysis of potassium
alginate.®” With an increase of the pyrolysis temperature (from
700 °C to 900 °C), the carbon wall gradually fragmented, and
the pore size was enlarged due to the merging of micropores
into mesopores. The porosity analysis results indicated that
the SSA and V; increased from 722.0 m* ¢”" to 1281.8 m”* g™/,
and from 0.35 cm® g7' to 0.72 cm® g, respectively, with
increasing pyrolysis temperature from 700 °C to 900 °C. The
sample produced by pyrolysis at 800 °C (IPC-800) showed an
intermediate SSA of 1145.8 m* g~ with a V; of 0.58 cm® g™
IPC-800 displayed the best capacitance performance among
the three samples. The Cy, of IPC-800 reached 279 F g™ at 1 A
g~ and retained 200 F g~ " at 50 A g~'. The IPC-800 electrode
also exhibited good stability with 96.6% capacitance retention
after 10000 cycles at 100 mV s~ . It also revealed that the
potential window could be extended to 1.6 V in 1 M Na,SOy,
contributing to a high energy density of 16.9 W h kg™ ".

Carbon-rich OPSs are promising precursors for producing
PCNs. Among various OPSs, potassium citrate is the most fre-
quently used one for the synthesis of PCNs; this is attributed to
its low price and relatively high yield of PCNs.®° Taking sustain-
ability into consideration, renewable source derived OPSs
including potassium citrate/gluconate/tartrate/humate/alginate,
etc. are preferred for the design and synthesis of PCNs. Porous
carbon nanosheets and assembled sponge structures could be
obtained by the direct pyrolysis of OPSs with relatively high
oxygen content (e.g., potassium citrate/tartrate/gluconate/benzo-
ate, and ethylenediamine tetraacetic acid di-potassium), owing
to the prominent chemical blowing/foaming effect of H,O, CO,
and other volatile substances. Blocky structures of PCNs with
irregular shapes will be formed by the pyrolysis of OPSs with
relatively low oxygen content (e.g., potassium humate/biphtha-
late/alginate) due to fusion, condensation of the precursor and
an inconspicuous foaming effect. Carbon nanosheets also could
be prepared from OPSs with a relatively low oxygen content by
introducing templates. Porous carbon nanosheets always show a
greatly enhanced capacitance performance compared to that of
their counterparts with blocky structures.

6. Capacitance performance of PCNs
synthesized with OPSs as activation
agents and partial carbon sources

As discussed above, OPSs can serve as both carbon sources
and activation agents in the preparation of PCNs. However, the
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option of using OPSs is limited when taking cost, yield of
PCNs, pore structure and other factors into consideration. It is
meaningful to combine them with other carbon sources,
especially renewable sources, to extend the multifunctional
effects of OPSs (Table 4).

Among various OPSs, potassium citrate is often chosen to
be combined with other precursors such as resorcinol/formal-
dehyde resin, petroleum asphalt, carbon black, cellulose, and
agar to prepare PCNs for supercapacitors.’”*'°*2° Carbon
nanofiber (CNF)-bridged porous carbon nanosheets (PCNs)
could be obtained by the pyrolysis of a mixture of bacterial
cellulose and potassium citrate at 850 °C (Fig. 12a).””
Potassium citrate not only served as the carbon source for the
formation of PCNs, but also generated potassium as a chemi-
cal activation agent during the pyrolysis process. In the CNF-
bridged PCNs, the small size of the CNFs could provide a large
specific surface area for charge accommodation and also func-
tion as a spacer to inhibit the aggregation of PCNs.
Meanwhile, the 3D interconnected network structure was vital
for the rapid diffusion/transport of electrons and electrolyte
ions in all directions. N, adsorption/desorption isotherms
(Fig. 12b) displayed combined characteristics of type I and IV
isotherms, revealing the presence of micropores and meso-
pores. The pore size distribution curves (Fig. 12c¢) further con-
firmed the existence of micropores and mesopores. The SSA
and V, of the PCN/CNF composite reached 1037 m* ¢~* and
1.04 cm® g'; these values were much larger than those of
CNFs (510 m* g~" and 0.74 em® g~') and PCNs (381 m® g~
and 0.37 cm® g7'). The charge/discharge curves of PCN/CNF
exhibited little deviation from the typical isosceles triangular
shape (Fig. 12d), indicating the presence of pseudocapacitance
owing to the oxygen-containing functional groups. The Cg, of
PCN/CNF was 261 F g~ at 2 mV s™' and retained 200 F g™*
with a retention ratio of 76.6% at 500 mV s~' (Fig. 12¢). The
symmetric supercapacitor could deliver an Ey,,, of 20.4 W h
kg™' and a Py, of 17.8 kW kg™,

A series of porous carbon nanosheet-assembled hierarchi-
cal architectures (NHCAs) were synthesized by using potassium
citrate as the activation agent as well as an in situ template and
petroleum asphalt as the precursor (Fig. 12f).>*° Direct pyrol-
ysis of petroleum asphalt only produced irregular carbon par-
ticles. By introducing potassium citrate, pores with sizes of
microns could be generated and the thickness of the pore-
walls could be further decreased by increasing the dosage of
potassium citrate (Fig. 12g). N, adsorption/desorption iso-
therms of NHCAs displayed type I characteristics, demonstrat-
ing the presence of rich micropores (Fig. 12h). The small hys-
teresis loop at medium pressure disclosed the existence of a
low content of mesopores. The pore size distribution curves
(Fig. 12i) further confirmed the microporous structure of
NHCAs. The SSA and V; of NHCAs increased from 836 m* g~*
and 0.41 cm® g~' to 1437 m®> g and 0.60 cm® g~ upon
increasing the mass ratio of petroleum asphalt to potassium
citrate from 1:2 to 1: 6. NHCA-4 obtained from a mass ratio of
1:4 exhibited the best capacitance performance. The Cg, of
NHCA-4 reached 307 F g™" at 0.05 A g~ (Fig. 12j) which was
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5 } :& - for S-900. The S-850 sample displayed a superior specific
§ o O B 3 £ 2 capacitance with little significant chemical blowing/foaming
g . |8 g 5 % ° £ £ €z 8 effect of potassium citrate. Both the renewable sources (e.g.,
£ 2 g 5 %o 3 . ) .
ke g % £ ¥ £ 8 E g £ ﬁﬁ 2 bacterial cellulose, agar, poplar catkin) and the chemical
= — o] = - iy o= . .
g %ﬁ % g S 8 § g % e B @ 2= reagents (e.g., resin, polyacrylamide, petroleum asphalt) could
=~ o o= S —_— . .
g 5|8 Ecp &8 % . e § =g £ gfé serve as the carbon source to produce PCNs with the aid of
‘@A i) — =0 o] . . — .
£ g g 8% vg; §: I gc go S £%253%5  potassium citrate.””*'7*'9?*> The SSA and V, could be facilely
§ adjusted by varying the pyrolysis temperature and the mass
< ratio of carbon source to potassium citrate. The porosity of
C . . . P .
® £E &8 E &8 & & £E & & & PCNs was dominated by micropores. With rising pyrolysis
o ] . . X
3 é g é g é g é g é g é g é g é g é g é s temperature and an increase of the mass ratio of potassium
é § ;g £ ;g £ ;g £ ;g £ ;g £ ;g £ ;g £ ;g £ ;g £ ;g £ citrate, the specific capacitance reached 281 F g™ at 1 A g7,
: cHeReReReRe OR RO RE While $-900 showed a higher specific capacitance under a high
o @ . current density (190 F g~' at 20 A g~'). The symmetric super-
<« % w 5 S ‘: é o capacitor based on S-850 could be operated over a potential
(=} ~ . . —
2 2|z % 2 § § 0 E‘ § g 9 window of 0 to 1.4 V and displayed an E., of 13.3 W h kg™
oo .
e £l T S & Z B Z Z I zdaa and a Py, of 14.0 kW kg™ in 1 M Na,SO, electrolyte.
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Fig. 12 (a) Schematic of the synthesis process for the PCN/CNF composite; inset shows the TEM image of the PCN/CNF composite. (b) N, adsorp-
tion/desorption isotherms and (c) pore size distribution curves of porous carbon materials. (d) charge/discharge curves of the PCN/CNF composite
at varied current densities. (e) Specific capacitance at different scan rates. (f) Schematic diagram of the synthesis of NHCA-4. (g) SEM image of the
NHCA-4; inset shows the corresponding TEM image. (h) N, adsorption/desorption isotherms and (i) pore size distribution curves of HCA and
NHCAs. (j) The rate performance of HCA and NHCAs. (k) SEM image of NPC-700-2-2; inset shows the corresponding TEM image. (1) Pore size distri-
bution curves of samples. (m) Specific capacitance at different current densities. Reproduced with permission from refs. 57, 220 and 221. Copyright
2016, 2019, 2019, Elsevier.
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Highly porous carbon materials could be synthesized by
introducing potassium citrate into the recipe as the carbon
source, such that the contribution of mesopores to SSA and V,
would be enhanced. The SSA and V; reached 2185.6 m* g~*
and 1.35 cm® g7 for the optimal sample.?** Blocky carbon
materials with a SSA less than 100 m® g~ were obtained
without potassium citrate.”’”**"**> Compared to the C, of
control samples (91 F ¢”* to 161 F g~ ') prepared without pot-
assium citrate, the Cy, of those samples synthesized with the
addition of potassium citrate showed a greatly enhanced
capacitance performance (261 F g~* to 357 F g™ 1).%7217,219-222

Besides potassium citrate, potassium benzoate is also used
in combination with other precursors to produce functional

View Article Online
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PCNs. Zhang et al. synthesized N/S dual-doped stacked carbon
nanosheets (D-SCN) from coal tar pitch in the presence of pot-
assium benzoate and N,N-diphenylthiourea (Fig. 13a).°® A
plausible mechanism for the formation of nanosheets is
depicted in Fig. 13b. The partial decomposition of MCTP at
200-500 °C generated considerable micropores, providing
massive conduits for the impregnation of potassium benzoate.
Potassium benzoate melted and reacted with the carbon to
yield appreciable K,O and K,CO; at temperatures up to
~500 °C, which were decomposed further to generate potass-
ium. Due to strong permeability, potassium could intercalate
into the carbon matrix to produce the KC, compounds. The
KC, compounds then decomposed, and the regenerated pot-

(a) cre M @Evaporation
‘,{.' 110°C,2 h i
A I 1 I ©Heat treatment > C;HsKO, @In-situ activation
- 300°C,2 h P 900°C,1 h
v | — :ﬁ : ¥ — )
' .............................................................................................................................
\ (DMDPB) cHy
"’:c W CH, /CHICHS 3
o e + Q8L — @
\b/' () HC
O Ultrasonic dispersion S o + etchi
50°C, 1 h Free-radical thermal K* etching and intercalation
* K,CO,

Fig. 13

D-LCN

~900°C

’ —e—D-CTPA
—=—N-SCN
—a—D-SCN

1 10 100
Pore width (nm)

[ D-CTPA
[ N-SCN
[ D-SCN

1 10
Current Density (A g")

(a) Proposed synthetic protocol for D-SCN from CTP. (b) A plausible formation mechanism for the nanosheets of SCN. (c) SEM images of

D-SCN. (d) The pore size distribution curves of D-CTPA, N-SCN and D-SCN. (e) Schematic of the multi-scale features of D-SCN. (f) Specific capaci-

tance at different current densities. Reproduced with permission from ref.
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assium evaporated at ~900 °C, leading to the rearrangement of
sp® carbon structures and generation of sp> carbon structures.
Fig. 13c demonstrates the desirable interconnected layer-
stacked architecture of D-SCN and regular contour lines could
also be observed. The pore size distribution curves illustrated
that the porous carbon materials possessed abundant micro-
pores and small mesopores between 2 and 5 nm (Fig. 13d).
D-SCN exhibited a high SSA of 2285 m?® ¢™' and a V, of
1.11 em® g7, The multi-scale features of D-SCN (Fig. 13€) con-
tributed to good capacitance performance. The Cg, of D-SCN
reached 458 F ¢ " at 0.1 A ¢”! and maintained 282 F g"* at 50
A g7"in 2 M KCl electrolyte (Fig. 13f), thus revealing an accep-
table rate performance. D-SCN showed a high packing density
of 0.78 g ecm™, contributing to the maximum volumetric
capacitance of 288 F cm™ at 0.4 A cm™>, which was twice as
high as that of commercial activated carbons (~138 F cm?)
and much higher than those of other carbon materials
(60-100 F ecm™3).

7. Summary and outlook

PCNs are promising electrode materials for supercapacitors, as
a result of their high SSAs, tunable porosity and good stability.
Chemical activation is an effective strategy to enhance the
capacitance performance of PCNs. Traditional activation
agents including KOH and ZnCl, are corrosive and cause
severe environmental problems. OPSs are good candidates to
replace KOH and ZnCl, owing to the low corrosive nature of
self-generated K,CO;. The in situ formed molecularly dispersed
K,CO; exhibits a good activation effect to produce PCNs with
high SSAs above 3000 m* g~ and Cy, above 300 F g
Although much progress has been made in the OPS-based syn-
thesis of PCNs for supercapacitors, there are some key issues
and challenges that need to be solved.

(1) The pore formation mechanisms have not been fully
revealed and need further exploration. At present, PCNs
obtained from OPS-based synthesis processes always show
relatively wide pore size distributions. The ratio among micro-,
meso- and macro-pores is not fully optimized and hard to
control. From the point of view of volumetric performance and
tap density, PCNs with a high ratio of well-developed large
micropores (>0.7 nm) and small mesopores (2 nm to 10 nm)
are preferred. However, the design of PCNs with fine-tuned
pore sizes is still highly challenging. The porosity of PCNs
obtained from OPS-based synthesis processes is greatly influ-
enced by many factors, including pyrolysis temperature,
heating rate, holding time, and the mass ratio between OPSs
and other reagents. At present, only limited research has
studied some of these issues on the porosity and capacitance
performance of PCNs. More systematic research is needed to
probe the intricate relationships between these issues. In situ/
operando characterization techniques to monitor the dynamic
morphologies and microstructural changes during the carbon-
ization process will be highly beneficial for revealing the pore
formation mechanisms. It will be more efficient to optimize

This journal is © The Royal Society of Chemistry 2022
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the porosity of PCNs by revealing the pore formation mecha-
nisms. New strategies for producing PCNs with well-controlled
pore sizes through more cost-effective and efficient approaches
are desired. The template method is still the most effective
approach to generate a uniform pore size distribution.
Combining OPSs with new templates that display well-con-
trolled architectures and more effective template-removal
methods would provide scalable and low-cost approaches for
the production of PCNs with well-controlled porosity.

(2) The conductivity of PCNs needs to be improved. To date,
most PCNs obtained from OPS-based syntheses are amorphous
carbonaceous products with relatively low conductivity (<1 S
em™') and limited rate performance. Graphitic PCNs should
be designed to improve the conductivity and rate performance.
Introducing appropriate transition metal salts (e.g., Fe/Co/Ni
salts) into the recipe is a good strategy, since carbothermic
reduced transition metals show a good catalytic graphitization
effect on amorphous carbon. Double salts or complex salts of
potassium and transition metals with carbon-rich anions (e.g.,
citrate, gluconate, alginate) are preferred since the anion
derived carbon will restrict the size of carbothermic reduced
metal nanoparticles, resulting in evenly distributed nanopores
after the acid etching of metal nanoparticles. Therefore, the
introduction of transition metal salts will not only enhance
the conductivity of PCNs, but also increase the ratio of meso-
pores. Introducing CNTs and GENSs into the recipe is another
good strategy to improve the conductivity of PCNs. CNTs and
GENSs themselves exhibit good conductivity and could form a
three-dimensional conductive network in PCNs. Moreover,
CNTs and GENSs also show a good catalytic graphitization
effect and template effect. CNTs could be in situ grown on the
surface of PCNs by controlling the pyrolysis process of carbon-
rich organic double salts or complex salts of potassium and
transition metals with (or without) additional carbon sources.
An as formed seamlessly connected CNT/PCN hybrid would
exhibit greatly enhanced conductivity and a hierarchical archi-
tecture that could inhibit the aggregation of PCNs and provide
more available surface area to form the EDLC.

(3) Quite a few carbon precursors are products of the petro-
chemical industry, which are energy-consuming and non-
renewable. There is an urgent need to explore sustainable
carbon sources. Natural products, especially bio-wastes,
deserve to be fully utilized. Most natural products are rich in
carbon and could be converted into carbonaceous materials by
direct pyrolysis. Natural products always possess a hierarchical
pore architecture that can be inherited by the corresponding
carbonaceous products. The hierarchical pore architecture is
beneficial for the rapid transfer of electrolyte. The microstruc-
tures of PCNs could be further tuned by introducing OPSs as
the activation agents. At present, potassium citrate and potass-
ium humate are the two most used OPSs for the synthesis of
high capacitance PCNs. The exploration of other biomass
derived OPSs, like potassium alginate, potassium gluconate,
and potassium phytate, for the synthesis of PCNs is of practi-
cal significance. Some natural products possess a considerable
number of heteroatoms (e.g., N, O, S, P), which can contribute
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appreciable pseudocapacitance to the resulting PCNs.
Heteroatom-containing precursors are good candidates to syn-
thesize heteroatom doped PCNs with a high heteroatom
content and uniform distribution. For example, amino acid
derived OPSs are ideal precursors for the production of
N-doped PCNs and N,S-codoped PCNs (from cysteine or
methionine).

(4) Free-standing electrode materials need to be explored.
At present, most PCN products from OPS-based synthesis are
powders. The preparation of electrodes requires the addition
of a conductive agent and polymer binder, which increases the
“dead volume/weight” of electrodes and reduces the rate per-
formance. Therefore, it is meaningful to design free-standing
electrode materials to improve the rate performance and power
density of supercapacitors, especially for flexible and wearable
devices. Nanotechnologies including wet spinning, electro-
spinning, and film casting, are effective approaches to generate
free-standing carbon nanomaterials. For example, an activated
carbon nanofiber membrane could be obtained by the carbon-
ization of an electrospun lignin nanofiber membrane, which
undergoes cation exchange with potassium ions. Activated
carbon microfibers could be produced by the carbonization
the hybrid microfibers of biopolymers (e.g., cellulose, chitosan,
starch, protein) and OPSs. Carbon aerogel could be syn-
thesized from the carbonization of potassium alginate aerogel
or hybrid aerogels of biopolymer and OPSs prepared via film
casting. Free-standing PCNs could also be produced from
other facile “top-down” approaches. For example, activated
carbon fiber cloth could be obtained by the one-step carboniz-
ation and activation of cotton fiber cloth loaded with OPSs via
a “dip and dry” process.
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