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Abstract Porous carbons with high specific area surfa-
ces are promising electrode materials for supercapacitors.
However, their production usually involves complex, time-
consuming, and corrosive processes. Hence, a
straightforward and effective strategy is presented for
producing highly porous carbons via a self-activation
procedure utilizing zinc gluconate as the precursor. The
volatile nature of zinc at high temperatures gives the
carbons a large specific surface area and an abundance of
mesopores, which avoids the use of additional activators
and templates. Consequently, the obtained porous carbon
electrode delivers a satisfactory specific capacitance and
outstanding cycling durability of 90.9% after 50000 cycles
at 10 A-g”!. The symmetric supercapacitors assembled by
the optimal electrodes exhibit an acceptable rate capability
and a distinguished cycling stability in both aqueous and
ionic liquid electrolytes. Accordingly, capacitance
retention rates of 77.8% and 85.7% are achieved after
50000 cycles in aqueous alkaline electrolyte and 10000
cycles in ionic liquid electrolyte. Moreover, the symmetric
supercapacitors deliver high energy/power densities of
49.8 W-hkg1/2477.8 Wkg ! in the Et,NBF, electrolyte,
outperforming the majority of previously reported porous
carbon-based symmetric supercapacitors in ionic liquid
electrolytes.
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1 Introduction

The rapid development of compact and portable energy
storage devices triggers a pressing need for power sources
that are able to achieve high energy density and power
density [1-5]. In this regard, supercapacitors have emer-
ged as promising power supplies due to their high power
density, rapid charge—discharge rate, and distinguished
cycling durability [6-8]. Unfortunately, the practical
applications of supercapacitors have been hampered
seriously by their low energy densities, which need
significant improvement [9—-12]. As the core component
of a supercapacitor, the electrode material substantially
determines the overall performance of supercapacitors.
Among various electrode materials, carbon materials with
high porosity and conductivity are widely adopted as the
electrode material for supercapacitors owing to their low-
cost, abundant raw materials, large specific area, and
outstanding chemical stability [13-18]. Particularly,
activated carbons have already been used in commercial
capacitors, which allow a rapid charge—discharge rate and
outstanding cyclability [19,20]. However, the activated
carbon-based supercapacitors usually suffer from low
energy density (ca. < 10 W-h-kg™!) due to their dominant
micropores structure [15,21]. Although such pore
structures provide adequate room for ion adsorption, they
further provide an unfavorable specific capacitance and
inferior rate capability because of their large diffusion
channel and substantial ion diffusion resistance [22-25].
Therefore, the development of hierarchical porous
carbons with controlled porosity, high specific surface
area, and interconnected pore structure is substantially
desired. Furthermore, difficult synthesis procedures (such
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as carbonatization and activation), potent corrosives, and
subpar ion-transport kinetics affect the production of
activated carbons [6,16,18,26].

In general, hierarchical porous carbons are fabricated
through a two-step approach including the pyrolysis of
organic precursor accompanied by a hard/soft template,
followed by a chemical activation [27,28]. Abundant
activation agents have been used for chemical activation,
such as metal hydroxides and carbonates/bicarbonates
(e.g., KOH, K,CO;, KHCO;, and NaHCO;), and metal
chlorides (e.g., ZnCl, and CaCl,) [29]. Among them,
KOH activation is the most powerful and widely used
approach. Nevertheless, it suffers from strong corrosive
effects and high consumption, hampering its application
for industrial production [30,31]. Moreover, although it is
not as effective as KOH activation, zinc salt activation,
such as ZnCl,, significantly extends the pore textures of
porous carbon. However, the ZnCl, activation is also
corrosive and results in severe contamination. Recently,
due to the intrinsic microstructure of biomass-based
precursors, the synthesis of porous carbons generated
from such materials is exceedingly attractive,
substantially simplifying the synthetic process [20,32,33].
However, it is challenging to modify the pore structure of
carbon generated from biomass [34,35]. Therefore, while
it is appealing, creating a simple and effective method to
prepare extremely porous carbons is still a difficult task
[13,36].

Herein, a straightforward and effective procedure for
creating hierarchical porous carbons is reported, utilizing
zinc gluconate as the precursor without adding any
activators or templates. This approach only requires one-
step carbonization of organic zinc salt precursors, without
any additional post-activation steps. Compared to KOH
and ZnCl, activations, the use of organic zinc gluconate
presents far less corrosion to facilities and simultaneously
serves as the carbon source, template, and activation
agent. The organic matrix and its derived carbon matrix
will limit the growth of inorganic intermediate products,
giving rise to the production of highly micro-/mesoporous
pore structures. The pyrolysis of zinc gluconate is
analogous to the carbonization of Zn-containing
metal-organic frameworks (MOFs), in which the organic
ligands are converted into carbon and the non-corrosive
Zn evaporates out at a high temperature, thus realizing a
self-activation process. Notably, the precursors that are
used in this study are less expensive and more readily
accessible than Zn-containing MOFs, providing an
affordable and viable method for the mass manufacturing
of extremely porous carbons. As a result, the porous
carbons made from zinc gluconate (ZnPCs) possess a
hierarchical porous structure and a great deal of
mesopores and micropores, which results in a high
specific capacitance, outstanding rate performance, and
improved cycle stability. Furthermore, the ZnPCs-based
symmetric supercapacitors exhibit distinguished energy
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density and prolonged cycle durability in the ionic liquid
electrolyte, outperforming the majority of previous
works.

2 Experimental

2.1 Preparation and characterization of ZnPCs

First, 1.0 g of commercial zinc gluconate (C,,H,,0,,Zn,
= 99.9%) was placed in a corundum crucible and
annealed at 750—1050 °C for 2 h under an N, atmosphere
with a heating rate of 8 °C'min~'. Subsequently, the
products were soaked in a 1.0 mol-L™" aqueous hydroc-
hloric acid solution for 24 h and washed afterwards with
deionized water until the pH value became neutral.
Finally, the resultant products were dried at 60 °C in an
oven. For convenience, the obtained porous carbons
derived from zinc gluconate were denoted as ZnPC-T,
where T stands for carbonized temperatures (7 = 750,
850, 950, and 1050 °C). The carbon yields of ZnPC-750,
ZnPC-850, ZnPC-950, and ZnPC-1050 were 15.5, 13.9,
10.3, and 8.2 wt %, respectively.

Transmission electron microscopy (TEM, JEM-2010)
at 200 kV and scanning electron microscopy (SEM,
JEOL JSM-6480) at 5 kV were used to analyze the morp-
hology and microstructure of ZnPCs. The crystalline
structure of the obtained samples was analyzed using X-
ray diffraction (XRD, SmartLab3K) and Raman spectro-
scopy (XPLORA PLUS). Raman spectra were recorded
using a laser at an excitation wavelength of 532 nm. The
porous structure of the ZnPCs was measured by nitrogen
adsorption/desorption isotherms at 77 K with a Micro-
meritics apparatus (ASAP 2020). Moreover, the Bruna-
uer—Emmett-—Teller method was used to calculate the
specific surface area, while the Barrett-Joyner—Halenda
method was used to analyze the pore size distribution of
the ZnPCs. Thermogravimetric analysis (TGA) was
employed to study the thermal decomposition behaviors
of the ZnPC sample under the protection of N, gas with a

ramping rate of 8 °C-min~'.

2.2 Electrochemical measurements

All electrochemical performances incorporating cyclic
voltammogram (CV), galvanostatic charge/discharge
(GCD), and electrochemical impendence spectroscopy
(EIS) were performed and recorded on an electrochemical
working station (CHI760E, Chenhua, Shanghai, China).
In this setting, for the working electrode preparation, the
as-prepared ZnPCs, acetylene black, and polyvinylidene
difluoride were mixed in N-methylpyrrolidone to form
active material slurry with a mass ratio of 8:1:1. The
obtained slurry was subsequently coated with nickel foam
(1 cm x 1 cm X% 0.1 cm) and then dried at 60 °C for 12 h
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under a vacuum. For the three-electrode system, the
electrochemical performance was tested in a 6 mol-L~
KOH electrolyte using nickel foam loaded with ZnPC
samples as the working electrode, an Hg/HgO electrode
as the reference electrode, and Pt foil as the counter
electrode. As for the two-electrode system, a symmetric
supercapacitor was constructed using ZnPC-950 as both
positive and negative electrodes, and thereafter tested in 6
mol-L™! KOH or tetracthylammonium tetrafluoroborate
(Et,NBF,) electrolyte. The mass loading of ZnPCs in
each working electrode was about 2 mg.

For the three-electrode test, the specific capacitance C
(F-g™") was calculated from GCD curves:

IAt
C=——, 1
mAV M
where / (A) and Ar (s) are respectively the discharge
current and time, AV (V) is the potential window, and m

(g) is the total mass of the active material of the working

electrode. Referring to the two-electrode test, the
capacitances of the supercapacitor were calculated as:
_2IAt o
" mAV’

where C, (F -g71) is the total capacitance of the device and
m (g) is the single mass of two electrodes. The specific
energy density (E, W-hkg™") and specific power density
(P, W-kg™") of the symmetrical supercapacitor device
were calculated using Eqgs. (3) and (4), respectively:
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3 Results and discussion

3.1 Characterization of the ZnPCs

Figure 1 and Fig. S1 (cf. Electronic Supplementary Mate-
rial, ESM) demonstrate the surface morphology and
porous structure of as-prepared ZnPCs. Commonly
available organic zinc gluconate was employed directly as
precursor materials and pyrolyzed at high temperatures to
produce the porous carbons (Fig. 1(a)). The organic
compounds in the precursors were converted to carbon
during the pyrolysis process, and the produced Zn species
(e.g., zinc oxides) were reduced to Zn(0). Zn evaporated
off after the pyrolysis temperature reached the boiling
point (907 °C), and the Zn vapor flowed through the
carbon matrix and created multiple voids, resulting in
highly porous carbons with a significant amount of
specific surface area. The pyrolysis of zinc gluconate was
investigated using TGA (Fig. 1(b)). The first weight loss
ending at ~160 °C is mainly attributed to the combined
water in zinc gluconate. The second stage ranging from
~200 to ~550 °C is ascribed to the thermal degradation of
glycosidic bonds. After 550 °C, the organic compound
started to convert into the carbon matrix and Zn gradually
sublimed with the pyrolysis temperature increase,
resulting in the porous structure formed on the surface of
the ZnPCs [32,37,38]. Simultaneously, the partial zinc
oxide generated during pyrolysis underwent a metallo-
thermic reduction reaction with carbon, further reducing
the yield of the resultant carbon products. The pyrolysis
of zinc gluconate yielded irregular vesiculated particles
with a two-dimensional sheet structure. As expected, the
pyrolysis temperature had a significant impact on the
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Fig. 1 Synthesis and characterization of the ZnPCs: (a) Schematic illustration of the preparation of porous carbons (ZnPCs) using
zinc gluconate as the precursor; (b) TGA curve of zinc gluconate; (c—f) TEM images of the ZnPCs.
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porosity structure of the ZnPCs. At low temperatures of
750 and 850 °C, no noticeable holes were visible on the
surface of the ZnPCs (Figs. 1(c, d) and Figs. S1(a, b)).
When the pyrolysis temperature reached 950 °C, the sheet
structures largely disintegrated into tiny particles and a
significant number of mesopores and micropores on the
carbon skeleton have developed due to zinc evaporation
(Fig. 1(e) and Fig. S1(c)). As the temperature rose higher,
a bulk structure forms that may be attributed to the
substantial collapse of pore structures and were then
sintered into a single piece at 1050 °C (Fig. 1(f) and Fig.
S1(d)). These results indicate that an appropriate
carbonization temperature (e.g., 950 °C) is beneficial to
forming a 3D interconnected porous structure, which is
advantageous for the storage and transportation of
electrolyte ions.

XRD and Raman measurements were further performed
to character the crystalline structure of the ZnPCs (Fig. 2).
As shown in Fig. 2(a), two broad diffraction peaks at
around 23° and 44°, corresponding to the reflections of
the (002) and (101) crystal planes of graphite, were
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visible in the XRD patterns of all ZnPC samples. The
broad bump at 23° revealed the amorphous character of
the obtained carbon samples. Two distinct peaks at
~1340 cm™' (D-band) and ~1580 cm™' (G-band) were
observed in Raman spectra (Fig.2(b)), which are
associated with graphitic sp2 carbon structures and
defects, respectively. The degree of graphitization and
flaws in carbon materials is shown by the relative
intensity ratio of the D and G bands (///;). The I/1;
value of as-prepared ZnPCs progressively rose to 1.66 as
the pyrolysis temperature rose from 750 to 950 °C
(Fig. 2(b) and Table 1), illustrating the rise in the degree
of disorder and flaws of the carbon materials brought on
by the production of porous structures. At 1050 °C, this
Ip/1; value decreased to 1.55 due to the increase in the
degree of graphitization of the carbon material. Both the
strong D bands and high I,/ values demonstrate that all
the ZnPC samples are amorphous carbon structures with a
variety of defects and disorders. All of the N,
adsorption—desorption isotherms of ZnPC samples exhibit
a characteristic 1 adsorption type (Fig. 2(c)), which is
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Fig. 2 Physical properties of the ZnPCs samples: (a) XRD patterns, (b) Raman spectra, (¢c) N, adsorption—desorption isotherms,
and (d) pore sizes distribution of ZnPC-750, ZnPC-850, ZnPC-950, and ZnPC-1050, respectively.

Table 1 Pore structure parameters of the ZnPC samples

Sample SBET/(mZ'gil) [/lolal/(cm3.g71) Vmicro/(cm3'g71) Vmeso/(cm&gil) ]D/IG
ZnPC-750 608.84 0.32 0.12 0.20 1.45
ZnPC-850 1226.64 0.63 0.27 0.36 1.67
ZnPC-950 1071.63 0.64 0.19 0.45 1.66
ZnPC-1050 1108.49 0.56 0.25 0.31 1.55
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characterized by significant nitrogen adsorption at low
relative pressures and a clear H4 hysteresis loop in the
region of P/P, > 0.4. These findings are compatible with
the TEM results and confirm the presence of hierarchical
porous structure. As shown in Table 1, with the pyrolysis
temperature, both the specific surface area and the total
pore volume increase first and then decrease. The
aforementioned decrease at higher temperatures of 950
and 1000 °C could be attributed to the collapse of fragile
pore structures. As a result, the ZnPC-950 exhibits the
highest pore volume of 0.64 cm’g™! and the specific
surface area of 1072 m*g~', which is expected to
improve the capacitance and rate performance.
Furthermore, the pore size distribution of all ZnPCs
samples is extremely similar; mainly centered at about
3.0-3.5 nm (Fig. 2(d)).

3.2 Electrochemical performance of ZnPC samples

The supercapacitor capabilities of the ZnPCs were
initially evaluated in a traditional three-electrode system
and the corresponding results are presented in Fig. 3 and
Figs. S(2—4) (cf. ESM). The CV curves of all ZnPC
samples in Fig. 3(a) have a reasonable rectangular shape,
proving that the electrical double-layer capacitance
(EDLC) is primarily responsible for the specific capaci-
tance. The superior specific capacitance of ZnPC-950 is
indicated by its larger integral area. Simultaneously,
compared with other ZnPC electrodes, the ZnPC-950
shows the highest mass-specific capacitance at all current
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densities (Fig. 3(b)). Hence, it is worth noting that
although the ZnPC-850 has a larger specific surface area,
its specific capacitance is inferior to that of the ZnPC-
950. The reason can be explained as follows. Generally, a
micropores (< 2 nm) structure is able to provide an
efficient electrode—electrolyte interface area for the
formation of an electric double-layer capacitor, while the
ion infiltration into these micropores is challenging,
resulting in relatively low kinetics. Lager macropores (>
50 nm) and mesopores (2—50 nm), on the other hand, are
capable of acting as ion-buffering reservoirs and
transportation pathways to access the micropores [39]. In
this context, macropores serve as electrolyte reservoirs
for reducing the ion diffusion distance [40]. The largest
specific capacitance of the ZnPC-950 can be attributed to
its larger mesopores and similar micropores volume than
the ZnPC-850, leading to fast ion transportation to access
the micropore, thus providing a superior specific
capacitance. To further shed insights on the resistive and
capacitive behavior of the ZnPC samples, electrochemical
impedance spectroscopy measurements were performed.
As shown in Fig. 3(c), the obtained Nyquist plots of all
ZnPC samples are composed of a semicircle in the high-
frequency and a straight line in the low-frequency. The
equivalent circuit model (inset in Fig. 3(c), down panel)
consists of the solution resistance (R,), the charge transfer
resistance (R,), and the Warburg impedance (Z,). The
CPE, is the constant phase element that represents
double layer capacitance at interfaces between solids and
ionic solutions owing to ionic and/or electronic charge
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Fig.3 Electrochemical performance of as-prepared ZnPCs in a 6 mol-L~! KOH solution: (a) CV curves at 100 mV-s~!, (b) specific
capacitance of ZnPCs at various current densities, (c) Nyquist plots of the ZnPCs (The inset in (c) is the corresponding enlarged
picture and the equivalent circuit diagram), (d) CV curves of the ZnPC-950 electrode at various scan rates, (¢) GCD curves of the
ZnPC-950 at multiple current densities, and (f) cycling stability of the ZnPC-950 electrode at 10 A-g~.
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separation. Table S1 (cf. ESM) compares the correspon-
ding fitting parameters of ZnPC samples. Consequently,
the R, and R values of the ZnPC-950 are 0.68 and
0.045 Q, respectively. Compared with other samples, the
ZnPC-950 shows the lowest R, due to its large meso-
pores and micropores, which facilitate the diffusion of the
ions and thus improve the capacitance and rate capability.
Therefore, the ZnPC-950 is the optimal electrode and it is
used for further measurements. As shown in Fig. 3(d), all
of the CV curves of the ZnPC-950 electrode show a
rectangular-like shape. Even at a high scan rate of 200
mV-s~!, this rectangular shape retains well, demonstrating
an exceptional rate capability. Likewise, the GCD curves
of the ZnPC-950 electrode present a symmetrical triangle
(Fig. 3(e)), suggesting good charge—discharge characteri-
stics. The long-term cycling performance of the ZnPC-
950 electrode was further evaluated at a high current
density of 10 A-g’!. Impressively, the capacitance
retention rate of the ZnPC-950 electrode reached 90.9%
(Fig. 3(f)), indicating its outstanding cycling stability.

To further explore the practical application, a
symmetric supercapacitor consisting of two identical
ZnPC-950 electrodes was assembled and subsequently
tested in an aqueous alkaline solution and an Et,NBF,
ionic liquid electrolyte (Figs.4 and S(5-6), cf. ESM),
respectively. The quasi-rectangular CV curves at various
scan rates in Fig.4(a) reveal the dominant EDLC
behavior of the ZnPC-950//ZnPC-950 symmetric
supercapacitor. Furthermore, the nearly symmetric GCD
curves maintained a nearly ideal EDLC behavior and a
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satisfactory power property with a low voltage drop of
0.15Vat 1.0 A-g”' (Fig. 4(b)). The symmetric supercapa-
citor was able to deliver a specific capacitance of 66 F-g!
at 1 A-g”!, which still maintained 77.9% at 10 A-g~! and
50.5% at 20 A-g”' (Fig. S5(a), cf. ESM), respectively.
Even at a high current density of 10 A-g”!, adequate
capacitance retention of 77.8% was achieved after 50000
cycles (Fig. 4(c)). Moreover, the Nyquist impedance plots
of the ZnPC-950//ZnPC-950 symmetric supercapacitor
showed a nearly vertical EIS curve and a low charge-
transfer resistance (Fig. S5(b), cf. ESM). As a result, the
ZnPC-950//ZnPC-950 symmetric supercapacitor delive-
red an energy density of 8.8 W-h-kg™' at the power
density of 976.8 W-kg™! in a 6 mol-'L™' KOH electrolyte.
In this setting, an ionic liquid electrolyte (Et,NBF,) was
introduced to replace the alkaline electrolyte to further
improve the energy density and power density of the
devices, which could increase the voltage window of the
symmetric supercapacitor. As a result, the ZnPC-950//
ZnPC-950 symmetric supercapacitor in the Et,NBF,
electrolyte operated at a large voltage window of 0-2.5 V
(Fig. 4(d)), which was significantly wider than that in the
6 mol'L™! KOH electrolyte. Simultaneously, both the
quasi-rectangular CV curves and nearly symmetric GCD
curves (Fig. S6(a), cf. ESM) in Et,NBF, electrolytes
indicate good EDLC behavior. Furthermore, the ZnPC-
950//ZnPC-950 symmetric supercapacitor in the Et,NBF,
electrolyte exhibited a minor internal resistance and a low
transfer resistance (Fig. S6(b), cf. ESM). After 10000
charge—discharge cycles at 10 A-g”!, the capacitance
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Fig. 4 Electrochemical performance of the symmetric supercapacitor based on ZnPC-950 electrodes: (a) CV curves and (b) GCD
curves of the symmetric supercapacitor in a 6 mol-L~! KOH electrolyte; (c) cycling stability of the symmetric supercapacitor in a 6
mol-L~! KOH electrolyte at a current density of 10 A-g™'; (d) CV curves and (e) cycling stability of the symmetric supercapacitor in
an Et,NBF, electrolyte; (f) Ragone plots of the symmetric supercapacitor in a 6 mol-L~! KOH and Et,NBF, electrolytes.
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retention reached 85.7% (Fig. 4(e)), demonstrating
adequate cycling stability in ionic liquid electrolytes.
Figure 4(f) displays the Ragone plots of ZnPC-950//ZnPC-
950 symmetric supercapacitor in different electrolytes.
Moreover, the maximum gravimetric energy density in
Et,NBF, electrolyte was as high as 49.8 W-hkg™! at the
power density of 2477.8 W-kg™' (Fig. 4(f)), which is
about six times higher than that in a 6 mol'L™' KOH
electrolyte. Notably, the energy density of ZnPC-950//
ZnPC-950 symmetric supercapacitor in Et,NBF, electro-
lyte outperforms the majority of the previously reported
porous carbon-based symmetric supercapacitors in ionic
liquid electrolytes [41—44]. This outstanding performance
is attributed to the abundant micropores and narrow
mesopores on the carbon skeletons, which are beneficial
for storing up enough electrolytes in ionic liquid.

4 Conclusions

In summary, a facile and effective self-activation process
to prepare highly porous carbons with abundant pore
structures through direct pyrolysis of zinc gluconate is
demonstrated. Compared with the conventional two-step
procedure, the suggested process is more convenient and
avoids the use of activators and templates due to the
volatile character of zinc. The obtained ZnPCs possess a
high specific surface area and abundant mesopores and
micropores, which are beneficial for storing and
transporting electrolyte ions. The optimal ZnPC-950
electrode delivers a specific capacitance of 80 F-g™! at
1 A-g! and cycling durability of 90.9% after 50000
cycles at 10 A-g'. Remarkably, the assembled ZnPC-
950// ZnPC-950 symmetric supercapacitor delivers a high
energy density of 49.7 W-h-kg™' at a power density of
2477.8 W-kg™!, and outstanding electrochemical stability
of 85.7% after 10000 cycles in an Et,NBF, electrolyte.
This result is superior to most previously reported porous
carbon-based supercapacitors in an ionic liquid
electrolyte, demonstrating that the aforementioned ZnPCs
hold great promise for applications in supercapacitors.
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