Chemical Engineering Journal 422 (2021) 130047

Chemical
Engineering
.. Journal

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

FI. SEVIER

Check for

Dual-role of ZnO as a templating and activating agent to derive porous e
carbon from polyvinylidene chloride (PVDC) resin

a,b,*

Beodl Hwang “, Seong-Hoon Yi“, Sang-Eun Chun

@ School of Materials Science and Engineering, Kyungpook National University, 80 Daehak-ro, Buk-gu, Daegu 41566, Republic of Korea
b School of Industrial Technology Advances, Kyungpook National University, 80 Daehak-ro, Buk-gu, Daegu 41566, Republic of Korea

ARTICLE INFO ABSTRACT

Keywords:
Activated carbon
Chemical activation

Activated carbon, with its porous morphology and extremely high surface area, maintains the exclusive position
as an electrode material in supercapacitors owing to its low manufacturing cost. Although its surface area can be
boosted using a chemical etchant to create nanoscale pores, the use of chemicals requires a post-washing of the

Temp}am.lg . . material to eliminate impurities. Herein, the activation of polyvinylidene chloride (PVDC) resin using ZnO
Polyvinylidene chloride (PVDC) resin . . . . . . :
710 chemical is described to prepare porous activated carbon materials for use as supercapacitor electrodes. During

ZnCl, heat-treatment of a 1:1 mass ratio of PVDC resin:ZnO at 950 °C, activation and templating processes consecu-
tively take place to produce porous carbon. Between 140 °C and 600 °C, ZnCly formed from the conversion of
ZnO chemically activates the carbon with creating micropores. Above 800 °C, unreacted ZnO from the initial
activation is reduced to Zn upon oxidation of the carbon with the additional micropore creation. Above 907 °C
the Zn evaporates to leave activated carbon with no impurities. Through this process, the sites initially occupied
by ZnO would turn to the pores by templating. With a rationally-designed ZnO ratio, porous carbon can be
produced without washing. The activated carbon exhibits a high quinone content that reacts with H' ions, with a
high specific capacitance of 219 F g’1 in 1 M H,SO4 based on pseudocapacitance. However, the rate performance
of this material is 55% due to the slow kinetics of the charge transfer reaction. On the contrary, a high
quaternary-N content increases the rate capability of the material in 6 M KOH, where the double-layer mostly
contributes toward charge storage.

1. Introduction and low-priced H20 or CO, reagents [1,13]. Although the physical

method has superior economic advantages over its chemical counter-

Owing to its porous structure, activated carbon has excellent sorp-
tion ability to store/separate a wide range of ions or particles; thus, is
thus commonly used in various purification and storage applications
[1-6]. As a result of it being a good conducting material with excellent
absorption properties, activated carbon is mostly used as an electrode
material in supercapacitors. It is synthesized via an organic precursor
with the aid of a suitable transformation agent at an elevated temper-
ature. Thermal processing of the precursor results in carbon being pro-
duced in the form of hexagonal graphene, and then a physical or
chemical agent is used to create nanoscopic pores in the stacked gra-
phene layers [7-9]. Two types of activation of the composed graphene
layers can be achieved based on the agent employed in this process;
physical or chemical activation [10-12]. Of the two activation routes,
the physical process has been actively utilized to make activated carbon
at a low cost because the process involves only a simple processing stage
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part, chemical activation has also been focused on based on it being used
to develop small-sized pores in a material and, accordingly, a high
specific surface area [14,15]. Furthermore, functional groups can be
introduced to porous carbon materials via chemical reactions [16-19].
However, processes such as chemical etching require complicated pro-
cessing stages involving mixing, impregnation, pyrolysis, and washing.
Commonly, post-washing of a material with an acid is required to
remove any heteroatoms related to the chemical agent. The laborious
and tricky multi-stages of chemical processes are a significant hurdle in
their scale up to the industrial synthesis of porous carbon. Thus,
reducing the number of stages in porous carbon manufacture has long
been desired for reducing the cost of microporous carbon with large
surface area. In this regard, the aim is to devise a straightforward
chemical activation route that does not require a post-washing stage.
With a rational selection of raw material and chemical agent, this
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objective has been approached and is described herein.

Chemical activation typically follows the impregnation of a material
with an etching agent and its subsequent pyrolysis at an elevated tem-
perature [1,20]. To homogeneously etch the entirety of a raw material,
the etching agent is initially dissolved in a solvent, and then the mixed
solution is pyrolyzed to activate the material. When mixed with an
etchant, a typical raw material requires more chemical agent content to
develop high porosity [21]. This extra use of expensive chemical agents
increases the production costs of the final carbon [22]. Moreover, car-
bon materials derived from chemical routes often contain various
hetero-compounds that originate from the chemical used in the etching
process [23-25]. The impurities from the chemical agent must be
thoroughly removed from the final carbon product so that it can be used
as a supercapacitor electrode in stable cycling [8]. Thus, the chemical
activation needs to employ a reduced amount of chemicals to achieve
low-cost etching and obtain pure final carbon. To maintain numerous
pores, the chemical activation process should be designed to produce a
porous material at low production costs, which might not be achieved by
naively lowering the etchant amount. A highly porous structure can be
achieved by using more chemicals, but low cost is associated with the
minimal use of etching chemicals in a process. These two objectives are
in direct conflict with one another, and thus there needs to be a
compromise in the amount of chemicals used to achieve a material with
a highly porous structure [26-28].

To achieve a high porosity carbon structure through the minimal
usage of a chemical agent, the raw material that can be transformed into
highly porous carbon during pyrolysis should be selected. A typical
organic material used as a raw material for activation was not trans-
formed into carbon with a high surface via a simple pyrolysis step
without being activated. Several polymer materials have been carbon-
ized via pyrolysis to achieve structures with the nano-scaled pores
[29-31]. In this way, high surface area structures can be easily devel-
oped based on micropore formation from these polymer materials
[32-34]. Polyvinylidene chloride (PVDC) can be pyrolyzed into carbon
that has a high surface area of over 800 m? g~ ! with micropore forma-
tion associated with the release of HCI gas [35-41]. Furthermore, PVDC
resin produced from the polymerization of a vinylidene chloride
monomer with other monomers is lower in cost to produce but has a
similar chemical structure to that of pure PVDC. PVDC resin would
therefore be a good raw material to activate and produce a porous
carbon structure based on it being lower in cost than pure PVDC pre-
cursor. Considering the cost, the polyvinylidene chloride (PVDC) pre-
cursor is not as sustainable as the starting materials for industrial
activated carbon, including coconut, coal, and wood, for industrial
activated carbon. Nonetheless, the synthesis of porous carbon from
PVDC resin is worthwhile studying to improve the conventional per-
formance of supercapacitors by employing newly-processed carbon
material for electrodes. The distinct and engineered properties of such
electrode materials could enable us to overcome the standstill current
performance of supercapacitors.

ZnO has commonly been used as a template to form materials that
have large-sized pores [42,43]. Even though nanosized ZnO can be used
to produce materials that have smaller pores because of its nanoscale
dimensions, the use of nanosized ZnO should be avoided to keep
manufacturing costs low [44,45]. The HCl gas released from PVDC resin
during pyrolysis reacts with HCI to form ZnCl,, which is a chemical
agent widely used to form porous structures [46,47]. Therefore, the
treatment of PVDC resin with ZnO would enable porous carbon mate-
rials to be produced with a wide pore size range based on ZnO tem-
plating and ZnCl, activation. Moreover, the ZnO would oxidize the
preformed carbon at temperature above 800 °C, creating pores, and the
reduced Zn would evaporate above 907 °C. Therefore, when a carbon
precursor blended with appropriate ZnO content is pyrolyzed, the ZnO
creates pores in its structure and can then be reduced and evaporated off
at an elevated temperature. Thus, the use of ZnO in pore formation does
not leave behind any chemical impurities, meaning that a post-washing
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process is not required after the activation of the structure in question.
Although the alkaline hydroxides have been reported to be exceptionally
effective in deriving the microporous morphology, ZnO is employed as a
chemical etchant to thoroughly exploit the reaction process during the
pyrolysis of PVDC. Chemical activation of a material also tends to affect
the functional groups present in the final porous carbon structure pro-
duced [48]. Therefore, activated carbon prepared using ZnO would
exhibit varying electrochemical performances in different pH solutions
based on the functional groups present in its structure. Herein, a
chemical route was designed and developed to enable porous carbon to
be fabricated from PVDC resin based on the dual role of ZnO. Based on
its evolved porous properties and functional groups, the electrochemical
performance of the final activated carbon was explored in different pH
electrolytes.

2. Experimental
2.1. Synthesis of the carbon

PVDC resin (F216, Asahi Kasei) was used as a raw material for the
synthesis of the carbon material. Either ZnO (>99.0% purity, Sigma
Aldrich) or ZnCly (98.0% purity, SAMCHUN) were used as a chemical
activating agent for the generation of a porous carbon structure. The raw
material and activation agent were mixed in weight ratios of 2:1 or 1:1 of
PVDC resin (1 g) and ZnO or ZnCl, (0.5 or 1.0 g). A mixture with an
appropriate ratio was mechanically mixed for 5 min in an agate mortar
and pestle, and was then heated to 750 °C or 950 °C for 2 h at 5 °C min
under a flow of nitrogen gas (Ny) of 300 cm® min ! in a horizontal tube
furnace. In this process, the mixture was converted to carbon through
pyrolysis, with no further washing of the material required after
carbonization of the PVDC resin using the chemical agent. The carbon
sample prepared from PVDC resin alone at 750 °C without the use of any
chemical agent is referred to as P-750, designated as a control for
comparison against the other samples prepared in this study. A sample
processed using a chemical agent is denoted as P-xZnO (or ZnCly)-y (x:
weight of the chemical agent per 1 g of PVDC resin and y: the carbon-
ization temperature) based on the mass ratio of the materials and tem-
perature used in the synthesis.

2.2. Materials characterization

The thermogravimetric behavior of the materials was analyzed at a
range of temperatures up to 1000 °C at a heating rate of 5 °C min~!
under a Ny atmosphere using a thermogravimetric analyzer (auto TGA-
DSC, SDT 650, TA Instruments, USA). Elemental analysis of the prepared
carbon materials was conducted using energy-dispersive X-ray spec-
troscopy (EDS, X-max n80, Horiba, Japan). A field emission scanning
electron microscope (FE-SEM, SU8220, Hitachi, Japan) was used to
analyze the morphologies of the carbon materials. To measure the pore
size distributions and specific surface areas of the materials, the
adsorption/desorption of Ny gas from the samples was monitored using
an automated gas adsorption analyzer (Autosorb iQ, Anton Paar,
Austria). Ny adsorption/desorption was performed on the prepared
carbon samples at 77 K after they had been degassed at 300 °C for 3 h to
remove any adsorbed moisture and organic compounds from their
structures. Their pore size distributions were measured using a
quenched solid density functional theory model based on the measured
adsorption and desorption isothermal curves. The specific surface areas
of the samples were then calculated based on the Brunauer-Emmett—
Teller (BET) method. The specific surface areas of the micropores in the
samples were measured using the t-plot method. The total pore volumes
of the samples were estimated from amount of N adsorbed at a relative
pressure of P/Py = 0.99. The crystal structures of the prepared carbon
samples were measured using an X-ray diffractometer (XRD, EMPY-
REAN, Panalytical, UK) equipped with a Cu-Ka radiation source (A =
1.5406 A). The oxygen and nitrogen functional groups derived from the
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PVDC resin were measured at a survey scan rate of 1 eV and a high-
resolution scan rate of 0.1 eV using X-ray photoelectron spectroscopy
(XPS, NEXSA, ThermoFisher, USA) with an Al-Ka radiation source
(1486.6 eV). The high-resolution spectra of the samples were fitted using
Gaussian (70%)-Lorentzian (30%) functions.

2.3. Electrochemical characterization

In the electrode assembly used in the electrochemical measurements,
polytetrafluoroethylene (PTFE) (>350 pm, Sigma Aldrich) and carbon
black (Ketjenblack EC-600JD, Lion) were used as a binder and
conductor, respectively. The synthesized carbon (active material) sam-
ples were mixed with binder and conductor in a mass ratio of 85% active
material, 10% binder, and 5% conductor using an agate pestle and
mortar. Then, around 3 mg of the resulting mixture was deposited on a
mesh substrate using a hydraulic press under a pressure of 20 MPa.

Three electrolytes were employed, 0.5 M K2SO4 (99.0%, Alfa Aesar),
1 M H3SO4 (98%, DAEJUNG), and 6 M KOH (85%, Alfa Aesar), each
with different acidities. The nickel or stainless-steel substrates were used
to prevent any side reactions occurring depending on the chosen elec-
trolyte. Nickel mesh (100 mesh) was used in K»SO4 and KOH solutions,
and stainless-steel mesh (100 mesh) was used in HySO4 solution.
Reference electrodes of a saturated calomel electrode (SCE) in K3SO4
and HySO4 electrolyte and mercury oxide (Hg/HgO) in KOH electrolyte
were used. All measured potentials were converted to the normal
hydrogen electrode scale using the following relationships, Exgg = Escg
+0.242 V and Enyg = Eng/Hgo + 0.098 V. A platinum wire was used as a
counter electrode. All electrochemical analyses were performed using a
potentiostat (VMP3, Bio-logic, France). Electrochemical impedance
spectroscopy measurements were carried out at a specific potential with
an additional sine waveform with an amplitude of 5 mV in the frequency
range of 0.1 Hz to 1000 kHz.

3. Results

3.1. Selection of the polymer precursor and chemical agent for the
synthesis of highly porous carbon

An organic material is a typical raw material used to formulate
porous carbon that has high specific surface areas with the help of a pore
formation agent. Porous carbons with high surface areas are suitable
candidates for use as electrodes in supercapacitors because their high
surface areas allow more ion adsorption for double-layer charging
[49,50]. PVDC has a carbon backbone structure with periodically
dangling chlorine and hydrogen atoms. Both these elements of the PVDC
can be transformed into HCl gas during the pyrolysis of the material,
leaving a pore in an evacuated elemental site [35,41]. The pores created
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on its surface in this way have nanoscale dimensions, implying that the
material has a high surface area. The surface area of the carbon derived
from PVDC is 4-110 times higher than that derived from other raw
materials via direct pyrolysis (Fig. 1(a)) [51-54]. The PVDC resin
comprises mainly PVDC with additional oxygen and nitrogen, which
possibly convert to oxygen- or nitrogen-containing functional groups in
the carbon matrix upon thermal treatment (Fig. 1(b)) [55-57]. These
functional groups are oxidized or reduced upon interacting with H* or
OH" ions in aqueous electrolyte [58,59]. This charge transfer reaction
provides an additional faradaic reaction by which to store electrical
charge. In this regard, the PVDC resin was selected as a starting material
to derive a porous carbon material with functional groups.

The chemical reaction that occurs during the pyrolysis of the PVDC
resin was analyzed by carrying out thermogravimetric analysis differ-
ential scanning calorimetry (TGA-DSC) measurements up to 900 °C. It
was observed that the mass of the material rapidly decreases at around
200 °C with an exothermic peak, attributable to the HCl gas released
from the decomposition of H and Cl [60] (Fig. 1(c)). At approximately
600 °C, there is a weak endothermic peak in the DSC data alongside a
small reduction in the mass of the sample, as a result of the detachment
of H from the formed carbon chain, forming a nanosized pore [36]. After
pyrolysis up to 900 °C, a yield of 28% was attained, slightly higher than
the theoretical maximum carbonization yield of 25%, which infers that
the carbon in the PVDC and other elements in the resin still sustained
after the pyrolysis.

3.2. Design of the activation and templating process using ZnO

Direct pyrolysis of the PVDC resin led to the formation of micropo-
rous carbon with a relatively low surface area of 887 m? g~! for use as a
supercapacitor electrode, even though PVDC resin developed the high
specific surface area compared to other organic raw materials. The
increment in the surface area was pursued by multiple pore formation
reactions using the activating agent. In particular, an attempt was made
to take advantage of the HCl gas emitted during the pyrolysis of the
PVDC resin. As mentioned earlier in introduction, ZnO is commonly
used as a template agent and reacts with HCl to produce ZnCly, which is
a common chemical activating agent used to create pores in carbon
materials [61,62]. ZnO can also be used to activate carbon above 800 °C,
and is then reduced to Zn residue, which can be evaporated off above
907 °C. Therefore, if the ZnO content was rationally regulated in the
initial mixture, the PVDC resin can be transformed into a porous carbon
material without any Zn-related products remaining in the structure.
The formation of a pure porous carbon material in this way would not
require any laborious or tedious washing processes to be carried out
after the activation process, which are currently considered as hurdles in
the scale up of the chemical activation process [63].
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Fig. 1. (a) Specific surface area of the carbon materials obtained from the pyrolysis of various organic precursors, (b) XPS survey spectrum of the PVDC resin, and (c)

TGA-DSC results of the PVDC resin.
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The role that ZnO plays during the thermal treatment was investi-
gated by pyrolyzing two samples that have different ZnO contents, a
mixture of PVDC resin and ZnO in mass ratios of 1:0.5 (P-0.5Zn0-950),
and 1:1 (P-1Zn0-950), with the results shown in Fig. 2(a). Given the
TGA-DSC analysis of the PVDC resin and ZnO mixtures, the chemical
reactions that occur during pyrolysis were determined and are sche-
matically shown in Fig. 2(b). Compared to the initial change in mass that
occurs at 200 °C for the PVDC resin alone, a significant mass reduction
occurs for both of the PVDC resin and ZnO mixtures at a lower tem-
perature of 140 °C. The HCl gas released from these samples then reacts
with ZnO based on the following chemical reaction [64]:

ZnO + 2HCI] = ZnCl; + H,0 (1)

Since the ZnO accelerates the detachment of the chlorine, the mass
reduction is observed at a lower temperature of 140 than 200 °C [65].
ZnCl; induces a porous structure in the carbon based on its etching effect
between 140 °C and 600 °C, a process designated as the first activation.
The transformation of ZnO to ZnCl, was confirmed based on the py-
rolysis of the PVDC resin and ZnO mixture in a mass ratio of 1:0.5 at
400 °C, in which the generated ZnCl; cannot be removed. The EDS
measurements of the mixture pyrolyzed at 400 °C show the presence of
Zn, Cl, and O in the sample. In the EDS mapping image of Fig. 2(c), the Cl
element appears among the Zn element. Moreover, the atomic ratio of
Zn:Cl was close to 1:2, indicating that ZnCl, was formed. The O present
in the EDS mapping image shows the presen ce of unconverted ZnO in
the sample. The ZnCl, that originates from the ZnO at above 140 °C
mostly creates micropores in the sample [61,66]. Between 400 °C and
600 °C, a second significant mass change was observed corresponding to
the evaporation of ZnCly [64].

Another rapid reduction in mass occurs at above 800 °C, ascribed to a
reduction in residual ZnO that was not previously transformed into
ZnCl; below 600 °C [67-69]:

ZnO + C - Zn + CO (2)

The oxidation of carbon by the residual ZnO above 800 °C is desig-
nated as the second activation, leaving the micro-sized pores. The
reduced Zn then evaporates off at above 907 °C, leaving meso-sized
pores in the carbon [69]. If the amount of HCI gas released from the
PVDC resin is sufficient, it can react with all ZnO in the mixture. The ZnO
is then fully transformed to ZnCl, at 800 °C. One mole of PVDC releases
2 mol of HCl gas, which later reacts with 1 mol of ZnO as shown in
Reaction (1). The HCI gas released from 1 g of PVDC resin (0.0103 mol)
converts 0.84 g of ZnO (0.0103 mol) into ZnCl, during the first activa-
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activation, which subsequently participates in the second activation (P-
1Zn0-950). Comparing the two samples after the second activation at
above 800 °C, the mass reduction was more considerable in the P-1ZnO-
950 sample than in the P-0.5Zn0-950. During pyrolysis up to 950 °C, the
initial ZnO additive was converted to ZnCl, and Zn at 140 °C and 800 °C,
respectively. The sites preoccupied by ZnO remained in the structure as
large-sized mesopores and macropores through the templating process
[70].

The yield of the carbon produced was calculated for all of the pre-
pared samples based on the final mass versus the initial precursor mass
to estimate the conversion efficiency of the raw material (Table 1). The
chemical role of ZnO at a specific temperature was investigated in
activation experiments with ZnCly and ZnO at 750 °C or 950 °C. The
yield of the P-0.5ZnCl,-750 sample was 29%, marginally lower than that
of the P-750 sample (yield = 30%). The activation of the sample by
ZnCl; obtained a very high yield of the final product, as previously re-
ported in other studies [71,72]. The yield of the P-0.5Zn0O-750 sample
was similar (28%). The chemical activation by ZnCly during the prep-
aration of P-0.5ZnCl,-750 probably also occurred during the pyrolysis of
the 0.5Zn0-750 sample. In this activation process, the sites occupied by
the converted ZnO acted as a template, leaving large-sized pores in the
final product. In the proposed process, the additional templating was
presumed to slightly decrease the carbon production yield to 28%.
Comparing the P-0.5Zn0-750 and P-0.5Zn0-950 samples, raising the
temperature from 750 °C to 950 °C reduced the production yield from
28% to 26%. This yield drop might be attributable to second activation
by the ZnO agent. When 0.5 g of ZnO was used with 1.0 g of PVDC resin,
the second activation by ZnO was not expected because the ZnO should
have been fully converted to ZnCl; between 140 °C and 600 °C. None-
theless, the TGA-DSC curves show that a part of the ZnO remained after
the first activation temperature, which entered the second activation;
accordingly, the mass reduced between 800 °C and 907 °C (see Fig. 2
(a)). Moreover, the lower yield in P-1Zn0-950 (23%) than in P-0.5ZnO-
950 (26%) in Table 1 indicates that the second activation predominantly
occurred at approximately 800 °C (see also the TGA-DSC profiles in
Fig. 2(a)). After two consecutive activations and templating occurred
during pyrolysis of the PVDC resin:ZnO (mass ratio 1.0:1.0), the yield of

Table 1
Final yields of samples prepared under varying conditions.

A - > . Sample p- P-0.5ZnCl,- P-0.5ZnO- P-0.5Zn0O- P-1ZnO-
tion. Thus, when PVDC resin and ZnO are mixed at a mass ratio of 750 750 750 950 950
1.0:0.5, all of the ZnO should be consumed in the first activation (P- -

. . . . Yield 30 29 28 26 23
0.5Zn0-950). In contrast, during the pyrolysis of mixed PVDC resin and )
ZnO at a mass ratio of 1.0:1.0, some ZnO remains after the first
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Fig. 2. (a) TGA-DSC profiles of the PVDC resin and its mixtures with ZnO, (b) scheme of the chemical process of the PVDC resin mixed with ZnO during the pyrolysis,
and (c) EDS analysis of the mixture after pyrolyzed at 400 °C.
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this process achieved 23%.

3.3. Physical and chemical analysis of the carbon samples treated using
ZnCl, and ZnO

The surface morphologies and porous properties of the carbon
samples produced via different routes were analyzed based on their SEM
images (Fig. 3). The SEM image of the P-750 sample (Fig. 3(a)) reveals a
polished surface that underwent the dichlorination process, and
numerous micropores formed during pyrolysis. The P-0.5ZnCl,-750
sample shown in Fig. 3(b) has a swollen texture due to it being activated
by ZnCl,, which is a well-known foaming agent. This sample does not
appear to be porous from its SEM image, inferring that only small-sized
pores are created via ZnCl, activation [73]. In contrast, the P-0.5ZnO-
750 sample shown in Fig. 3(c) has a porous morphology, due to both
ZnCl, activation and ZnO templating occurring in this sample, with the
larger pores in this sample attributed to the templating effect. Mean-
while, numerous pores are present on the surface of the P-1Zn0-950
sample shown in Fig. 3(e), when viewed at a high magnification these
were observed to be various sizes of pores. When PVDC resin and ZnO
are reacted in a mass ratio of 1:1, not all of the ZnO reacts with the PVDC
resin and is transformed into ZnCl, between 140 °C and 600 °C.
Accordingly, any residual ZnO that remains unreacted during the first
activation oxidizes the carbon above 800 °C and forms the pores. Besides
this, the reduced Zn that is formed from ZnO evaporates, leaving behind
a pore as a result of a templating effect. In contrast, as shown in Fig. 3(d),
the P-0.5Zn0-950 sample does not exhibit the fine macro-sized pores at
high magnification, inferring that the second activation process does not
affect the evolution of the pores in this employed mass ratio.

The morphologies of the samples shown in the SEM images were
quantitatively examined by recording the N adsorption/desorption
profiles and pore size distributions of the materials, as shown in Fig. 4
(a-b). Compared to the P-750 sample, all the other carbon samples
treated using ZnO or ZnCl, exhibit isotherms showing that a high
amount of N; is adsorbed on these samples at a P/Py of 0.1 implying that
they have enhanced micropore contents (Fig. 4(a)) [75]. Compared to P-
750, the pore distribution of the sample treated with ZnCl,, P-0.5ZnCl,-
750, clearly shows that the number of micropores with sizes between 1.2
and 2 nm was considerably increased (Fig. 4(b)). However, no
enhancement was observed in the meso-sized range when ZnCl, acti-
vation was used, inferring thatZnCl, does not seem to produce meso-
sized pores. When ZnO replaced ZnCl; agent in the activation of PVDC
resin, the number of micropores with 1.2 nm in size decreased in the P-
0.5Zn0-750 sample, but the porosity was enhanced in all other ranges.
This result indicates that the use of ZnO leads to larger sized pores being
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developed than when ZnCl, is used. As a result, it can be seen that ZnO is
more effective than ZnCl; in expanding the surface area of a sample
based on its additional template effect compared to ZnCl, activation
(Table 2). When the treatment temperature of the ZnO-activated sam-
ples was elevated from 750 °C to 950 °C (P-0.5Zn0O-750 vs. P-0.5ZnO-
950), the specific surface area of the sample reduced from that of the
sample treated at a low temperature. It is thought that the higher tem-
perature induces the graphitization of the composed graphene layers
and seems to eliminate the small-sized pores in the sample, as shown in
Fig. 4(b) [76].

Out of all of the samples, the largest surface area was achieved for the
P-1Zn0-950 sample, which is assumed to undergo both the two activa-
tions and templating processes (Table 2). A comparison of the P-1ZnO-
950 and P-0.5Zn0-950 samples reveals that the mostly micropores in
these materials are enhanced by adding a higher amount of ZnO to the
reaction mixture, see Fig. 3(b) and Table 2. The excess of ZnO that is not
transformed to ZnCl, reacts with the carbon produced from the PVDC
resin, leading to evolution of the primary micropores in the structure.
Overall, the second activation by ZnO seems to mainly contribute to-
ward the formation of micropores. The treatment of the PVDC resin in a
1:1 mass ratio with ZnO at 950 °C greatly enhances the specific surface
area of the material in terms of both its microporosity and mesoporosity
based on both activation and templating processes being promoted by
the ZnO. A key advantage of this process is that no by-product is pro-
duced, even elemental Zn. Compared to the results in relevant previous
studies, a higher surface area carbon material was produced in this work
using a lower chemical agent to raw material ratio (Table 3). Conse-
quently, no additional post-treatment, including washing, is required in
the route proposed in this work.

The structural changes that take place in the samples prepared using
the different chemical processes were analyzed using X-ray diffraction
and Raman spectroscopy. All of the prepared carbon samples featured
hexagonally structured graphene stacking layers with low crystallinity,
as evidenced by the broad peaks of (002), (100), and (110) in their
powder X-ray patterns (Fig. 5(a)). The broad D-(1350 cm’l) and G-
bands (1600 cm ™) in the Raman spectra further reveal that the pre-
pared carbon samples exhibit turbostratic disorder (Fig. 5(b)) [87]. The
extent of the parallel stacking in the graphene layers was estimated
based on the empirical R value, measured from the (002) Bragg peak
versus the background peak (Table 4) [71,88,89]. Compared to the P-
750 sample, P-0.5ZnCl,-750 contains numerous micropores due to the
effect of the activation of the sample, but they both have similar R
values. The similar R values of the samples indicates that ZnCl; does not
forcefully break the stacking of the layers based on the aromatization by
ZnCly [90,91]. The P-0.5ZnCl,-750 sample shows a lower Ip/Ig value

Fig. 3. SEM micrographs of (a) P-750, (b) P-0.5ZnCl,-750, (c) P-0.5Zn0-750, (d) P-0.5Zn0-950, and (e) P-1Zn0-950 at 10000 x . Scale bars: 100 pm (inset: 500x

magnification, scale bars: 2 pm).



Chemical Engineering Journal 422 (2021) 130047

"-;4 1 1 v 1 v 1
e I ZnClz activation
o
=3 |
>l
[« I
k) ’\ 0= P-750
ok l —=P-0.5ZnC|,-750
T ' P-0.5Zn0-750
g } ,.'\ e P-0.5Z00-950
£ ] 0= P-1Zn0-950
Sqf s
° '
> | ot
o 1
o 53 3% R R SR
o
0 2 4 6 8 10

Pore Width, d(nm)

Fig. 4. (a) N, adsorption/desorption isotherms and (b) pore size distributions for all samples.
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Table 2

Comparison of the porous properties of the obtained carbon samples in terms of
their specific BET surface areas, the surface areas corresponding to micropores
and external pores, and their total pore volumes.

Sample Sper Smicro Sexternal Viotal
(m2g™ (m2g™) m2g™ (em®g™)

P-750 887 493 395 0.58
P-0.5ZnCl,- 1462 1009 454 0.83

750
P-0.5Zn0- 1927 1153 775 1.24

750
P-0.5Zn0O- 1785 1043 701 1.10

950
P-1Zn0-950 2005 1301 704 1.14

# Calculated using a multi-point BET method
b and © determined using the t-plot method|[74]
¢ Estimated at P/Py = 0.99

Table 3
Comparison of the activation conditions adopted in this study with those
employed in previous studies.

Activation Activating Pyrolysis Specific Reference
agent agent/ temperature surface area
precursor °C) (m? g’l)

ZnO 1 950 2,005 This work
KOH 1.5 600 1,342 [51]
KOH 2 840 1,626 [77]

KOH 3 800 1,568 [78]

KOH 4 800 3,173 [79]

KOH 5 700 1,977 [80]
H3PO4 1 800 763 [81]
H3PO4 4 800 1,481 [82]
H3PO4 5 600 2,955 [83]
ZnCl, 2 700 1,155 [84]
ZnCl, 4 850 1,565 [85]
ZnCl, 4 600 2,080 [86]

than the P-750 sample, with the lower intensity ratio of the D- to G-
bands inferring lower disorder of the carbon structure (Table 4) [92].
The functional group removal by ZnCl, appeared to reduce the number
of defects [93]. The treatment of the samples with ZnO instead of ZnCl,
led to them having decreased R values, showing the effective scattering
of the graphene layers by ZnO. Specifically, the P-1Zn0-950 sample has
the lowest R value among all of the treated samples, with the highest Ip/
Ig value, inferring that a large number of defects are formed in this
sample as a result of both activation and templating effects.

3.4. Electrochemical behavior of the fabricated carbon samples as
supercapacitor electrodes

The electrochemical behavior based on the electric double-layer
charging of the evolved porous structure was analyzed using cyclic
voltammetry (CV) in neutral K;SO4 solution (Fig. 6(a)). The measured
specific capacitances were tabulated in Table 5. The P-750 sample that
features mainly micropores exhibits a minimal current over a positive
potential range based on the limited interaction that can take place
between the narrow pores in the structure of the electrode and the large
SO3™ ions of the electrolyte. The other carbon electrodes treated using
ZnCl, and ZnO exhibit rectangular-shaped CVs based on their enlarged
pore structures, inferring that the large SO3~ ions of the electrolyte have
free access to the developed pores. The P-1Zn0-950 sample with the
largest specific surface area of 2005 m g~! showed the highest specific
capacitance of 102 F g ! (Table 5). The effect of the porous structure on
the electrochemical performances of the electrodes was inferred from
the impedance spectra. All Nyquist plots displayed the typical behavior
of a double-layer capacitor, i.e., an initial semicircle at high frequencies
and a consecutive sloped line. The impedance spectrum of P-1Zn0-950
in Fig. 6(b) exhibits a smaller semicircle in high-frequency ranges
compared to that of P-0.5Zn0-950, inferring lower inhibition to ionic
transfer. Moreover, the line at low frequencies is close to vertical
capacitive behavior, referring the facile access of the electrolyte ion onto
an electrode [94,95]. Looking at these results, it appears that the second
activation process effectively increases the average pore size. This
enlarged pore size is also reflected in the higher rate retention of P-
1Zn0-950 of 61% versus 27% for the P-750 sample (Fig. 6(c)). The
second activation process effectively allows the assembled activated
carbon to perform as an electrode for supercapacitors, with excellent
rate capability.

3.5. Electrochemical performance in electrolytes of different pH values

The surface functional groups present on the carbon can contribute
toward the additional pseudocapacitive charge storage of the electrode
based on oxidation/reduction processes other than double-layer capac-
itance. XPS measurements were performed on all of the carbon samples
to investigate the evolution of the functional groups during the different
synthetic routes, as shown in Fig. 7(a-b). Peaks related to oxygen-
containing groups can be observed in the high-resolution O 1s spectra
shown in Fig. 7(a) at 531.5, 532.5, 533.5, and 535 eV, which can be
attributed as belonging to quinone (C=0, O-I), phenol (C-OH, O-II), and
carboxylic acid (COOH, O-III) groups, and chemisorbed water (O-IV)
[96,97], with the corresponding data shown in Table 6. Compared to the
sample pyrolyzed directly from PVDC resin (P-750), all of the samples
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Fig. 5. (a) XRD patterns and (b) Raman spectra of all the prepared carbon samples.

Table 4

Estimated empirical R and Ip/Ig values.
Sample R value In/Ig
P-750 1.53 0.92
P-0.5ZnCl,-750 1.52 0.90
P-0.5Zn0-750 1.30 0.93
P-0.5Zn0-950 1.26 0.93
P-1Zn0-950 1.18 0.96

treated using ZnO or ZnCl, exhibit increased quinone content and
reduced carboxylic acid content. ZnCly dehydrates the raw material, and
accordingly, the carboxylic acid groups that form hydrogen bonds are

(@) (b)

reduced. Instead, there was an increase in quinone groups doubly-
bonded to oxygen. Compared to treatment of the samples at 750 °C,
an elevated temperature of 950 °C decreases the number of functional
groups present in the samples, thus lowering their pseudocapacitance
based on a reduced redox process (Table 6) [98,99]. Specifically, high
heat-treatment at 950 °C largely reduces the fraction of carboxylic acids
present in the samples (Table 6), as this temperature is sufficient enough
to remove unstable carboxylic acid groups due to their weak bonding to
hydrogen [100,101]. The reduced number of carboxylic acid groups
interacting with OH- would decrease the pseudocapacitance effect of
the sample in the alkaline electrolyte. In contrast, the quinone content
that reacts with H™ ions increased upon both ZnO and ZnCl, treatments,
thus showing that all of the treatments of the samples would improve
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Fig. 6. (a) Cyclic voltammograms recorded at a scan rate of 5 mV s}, (b) impedance spectra, and (c) rate performances of all of the prepared carbon samples

measured in neutral K,SO4 electrolyte.

Table 5
Specific capacitance and rate capability of the samples in different electrolytes.
Sample K5S04 H,S04 KOH
Specific capacitance, C Rate capability Specific capacitance, Rate capability Specific capacitance, C (F Rate capability
(Fg™h (%) (Fg™h (%) g (%)
P-750 22 27 83 48 178 69
P-0.5ZnCl,- 82 51 187 49 168 72
750
P-0.5Zn0-750 94 51 207 44 201 69
P-0.5Zn0-950 89 38 173 58 156 67
P-1Zn0-950 102 61 219 55 201 79
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Fig. 7. High-resolution (a) O 1s and (b) N 1s XPS spectra and CVs of the prepared carbon samples in (c) 1 M HSO4 and (d) 6 M KOH electrolyte. (e) Expected

oxidation/reduction reactions of the evolved functional groups.

Table 6
XPS results of all of the prepared carbon samples.
Sample Oxygen Nitrogen
At. Quinone (O- Phenol (O- Carboxylic (O- Water(O- At. Pyridinic-N (N- Pyrrolic-N (N- Quaternary-N (N- Oxide-N (N-
% D m 1II) V) % 6) 5) Q) X)
P-750 5.1 31.4 29.3 30.8 8.5 3.6 34.7 11.3 35.8 18.2
P-0.5ZnCl,- 4.3 43.5 27.1 21.8 7.6 2.8 38.7 24.8 311 5.3
750
P-0.5Zn0-750 6.9 38.4 29.4 25.6 6.6 3.5 28.8 21.7 36.0 13.5
P-0.5Zn0-950 3.2 40.6 32.8 16.9 9.7 2.5 33.9 10.2 44.1 11.8
P-1Zn0-950 4.3 44.2 31.7 139 10.2 1.9 32.2 9.8 39.3 18.7

their specific capacitance in acidic electrolyte. The nitrogen-containing
functional groups that are present in the materials feature pyridinic-N
(N-6), pyrrolic-N (N-5), quaternary-N (N-Q), and oxide-N (N-X), which
show peaks at 398.3, 399.8, 401, and 403 eV, respectively, in the high-
resolution N 1 s spectra shown in Fig. 7(b) [102].

Given the estimation of the functional groups in the prepared carbon
samples, their pseudocapacitive behavior was investigated using CV
involving assembled carbon electrodes in the acidic and alkaline elec-
trolytes 1 M H,SO4 and 6 M KOH, respectively, as shown in Fig. 7(c) and
(d). The sample treated using ZnCly at 750 °C, P-0.5ZnCl,-750, exhibits a
reduction peak at 0 V in 1 M HSO4 solution, where the redox peak at
around 0 V can be attributed to pyridinic-N group (Fig. 7(e) and Table 6)
[103]. Meanwhile, the samples prepared using ZnO at 750 °C and 950 °C
show reduction peaks in their CVs at about 0.1 and 0.2 V, respectively.
As seen in their XPS spectra, all of the prepared carbon samples show
increased quinone group content, which is oxidized/reduced at around
0.2 V [103]. The redox behavior of the quinone group enhanced the
specific capacitance of the prepared carbon samples when used as
electrodes (Table 5). The sample prepared using 1 g of ZnO at 950 °C, P-
1Zn0-950, exhibits the highest specific capacitance of 219 F g ! among
all of the samples, which can be ascribed the expansion of the porous
structure that occurs as a result of the second activation process and the
presence of quionone functional groups in this material. Furthermore, in
KOH solution, asymmetric CVs were recorded based on the redox re-
action of phenol, carboxylic acid, and pyrrolic-N over a negative po-
tential range, with no prominent redox peaks observed, as shown in
Fig. 7(d) [104]. Comparing the CVs of the samples prepared using
different treatments, no significant differences were observed. Even
though a large improvement in the surface areas of the samples were
achieved after their treatments, their capacitance did not correspond-
ingly improve, which may be due to the reduction of the carboxylic acid

groups after treatment using ZnCl, or ZnO, as shown in the XPS analysis
(Table 6).

In terms of the actual merits of the supercapacitors, their rate per-
formances were measured in various electrolytes, with the results shown
in Fig. 8(a) and (d). The rate capabilities of the samples were analyzed
according to the estimated impedance properties of the assembled
electrodes, as shown in Fig. 8(b) and (e). The carbon prepared with 1 g of
ZnO at 950 °C (P-1Zn0-950) achieved the higher rate performances than
other samples in both HySO4 and KOH solutions. The open porous
structure evolved from the activations and templating enabled the facile
transport of electrolyte ions during the charging process. The rate per-
formance of the P-1Zn0-950 sample was higher in KOH solution than in
HS04 solution (79% vs. 55%). This result can be attributed to the larger
contribution of double-layer capacitance than pseudocapacitance to the
charge storage in KOH solution [59,105,106]. Moreover, the rate per-
formances were higher in the H,SO4 and KOH solutions than in K2SO4
solution owing to the larger conductivities of the former solutions.
Moreover, the rate performances of all carbon electrodes were higher in
KOH solution than in H,SO4 solution: in KOH solution, all carbon
electrodes presented weak interfacial resistances in the range of 0.7-1.7
Q (Fig. 8(e)). This is as a result of the ions in the KOH electrolyte being
smaller than those in the neutral or acidic electrolyte meaning that the
porous morphologies of the prepared carbon materials do not limit the
adsorption of the conducting ions in KOH. Therefore, excellent rate
performances were achieved in the CVs of the carbon samples recorded
in KOH solution. Specifically, P-1Zn0-950 exhibits the best rate per-
formance of 79%.

4. Conclusion

A straightforward chemical method was designed to form porous
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Fig. 8. (a) Rate capabilities, (b) impedance spectra, and (c) specific capacitances of carbon samples recorded in 1 M H,SO, acidic electrolyte; (d) rate capabilities, (e)
impedance spectra, and (f) specific capacitances measured in 6 M KOH alkaline electrolyte.

activated carbon for an electrode in aqueous supercapacitors using
PVDC resin treated with ZnO, which plays a dual role in the chemical
activation and templating. When PVDC resin and ZnO in a mass ratio of
1:1 are pyrolyzed at 950 °C, PVDC resin is turned into highly micropo-
rous carbon by H and Cl decomposition, yielding HCI gas which com-
bines with ZnO and then forms ZnCly. The ZnCl, chemically etches the
derived carbon between 140 °C and 600 °C, creating the micropores.
Any unreacted ZnO left over from the first activation oxidizes the pre-
formed carbon above 800 °C with creating mostly microsized pores
while being reduced to Zn, which evaporates off at around 907 °C.
Through the whole process, the occupied ZnO sites take part in tem-
plating the carbon by transforming and escaping ZnO.

The porous carbon prepared via the combination of the activations
and templating by ZnO at 950 °C, P-1Zn0-950 samples, exhibits a high
yield of 23% and an enormous surface area of 2005 m?g~!, which
contains both micropores and mesopores. In a neutral K2SO4 solution, a
high specific capacitance of 102 F g~ was achieved based on the high
specific surface area, and a high rate capability of 61% compared to 27%
of the customarily pyrolyzed carbon was obtained by the expanded pore
diameter. Furthermore, this porous carbon contains the increased
quinone amount, where redox reactions with protons occur, resulting in
an improved capacitance of 219 F g! in 1 M H,SO4, 2.6 times higher
than that of PVDC resin derived microporous carbon (P-750 sample). On
the contrary, the carboxylic acid groups, which react with hydroxide
ions, were reduced in the prepared carbon. Accordingly, in the alkaline
6 M KOH, the specific capacitance of P-1Zn0-950 relatively increased
modestly to 201 F g~! compared to 178 F g~ of P-750. Nonetheless, the
highest rate capability of 79% was achieved based on the free access of
the small ions in KOH solution onto the expanded pores. In summary, we
devised a simple route for the synthesis of porous carbon using PVDC
resin precursor by the dual role of ZnO agent with a low chemical ratio.

The presence of functional groups in the synthesized activated carbon
resulted in high specific capacitance of the carbon samples in acidic
electrolyte and high rate capabilities in alkaline electrolyte.
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