- QA

v
A4

Heoo®06

http://pubs.acs.org/journal/acsodf

Effect of Carbonate Source on the Dehydrofluorination Process in
Polyvinylidene Fluoride/Alkali Metal Carbonate Composites

Wenliang Zhu,* Kohei Okada, Naoki Hoshida, Yumi Yoshida, Alessandro Martucci, Jiliang Zhu,*

I: I Read Online

Elia Marin, and Giuseppe Pezzotti

Cite This: ACS Omega 2023, 8, 14944-14951

ACCESS |

[l Metrics & More ’

Article Recommendations |

Q Supporting Information

ABSTRACT: In this paper, Raman and X-ray photoelectron spectroscopies were F

applied to analyze compositional and structural variations of the generated activated o Pl

carbon (AC), as induced by changing carbonate source in three different types of YT
systems, PVDF/M,CO; (M = Li, Na, and K). According to the variations of I,/I; and F
sp*/sp° ratios, a strong dependence of the AC structure on the type and content of the
initial carbonate was found, determined by practical dehydrofluorination reactions
associated with oxygen incorporation in AC and side reactions, because of the
property variation induced by the difference in the cation of the carbonate sources.
This procedure clarified the process of PVDF dehydrofluorination and the formation
of activated carbon, which helps to optimize the material performance of the

percolative composite for flexible energy storage applications.

1. INTRODUCTION

In recent years, polyvinylidene fluoride (PVDF)-based
ceramic—polymer composites have attracted intensive atten-
tion for flexible energy storage/electronics applications, taking
advantage of its high flexibility, low mechanical impedance, and
low dielectric loss.' > For composites with conductive and
dielectric phases, inner microcapacitors can be formed in a
series along an external field, in which the conductive phases
act as electrodes and the dielectric phases are insulating
media." In a previous paper, we have reported that percolative
composites consisting of potassium carbonate dispersed in
polyvinylidene fluoride (PVDF) polymeric matrix showed a
rather high dielectric constant and electrical conductivity at the
percolation threshold (30 wt % K,CO;) due to the formation
of chemically activated interfaces in the composite,’ as
interfacial polarization resulted in high values of dielectric
permittivity.” Further studies revealed the presence of a
complex reaction loop for the formation of activated carbon
(AC) from PVDF dehydrofluorination during thermal treat-
ment, as the net effect of these reactions is to generate a
carbon-based nanocomposite in the polymer matrix.”” The
system has many marked merits: e.g., low-cost raw materials,
extremely simple fabrication procedure, mesoporous surface
structure, high flexibility, and light weight, which makes it
promising for portable, flexible, and wearable energy storage
applications.

However, the system encountered problems of significant
alteration of microstructure and material property with the
fabrication process because of the occurrence of complex and
uncontrolled reactions during thermal treatments.’ Accord-
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ingly, further evaluation of the reactions that occur upon
thermal treatments is needed for clarifying the formation
mechanism of activated carbon and its detailed structure. In
addition, the variation of the carbonate source may exert a
significant influence on the dehydrofluorination reactions and
thus the final properties of activated carbon, because of the
distinct properties of the carbonates caused by the difference in
the cations. For instance, it has been reported that ZnO films
doped with various alkaline metal carbonates showed quite
different electron mobilities and work functions, which could
lead to different electron injection properties of these devices
and differences in the device performance.”” Moreover, the
incorporation of ion-rich materials in the composite can
provide faster ion transport when the composite is charged."’
In particular, smaller ions can easily disperse to be adsorbed in
the nanopores of AC and contribute to increasing the charging
and discharging rates of the electrode.

Accordingly, in this study, we attempted to compare
different types of PVDF-based composite systems fabricated
from mixtures of PVDF and different alkali metal carbonates,
PVDF/M,CO; (M = Li, Na, and K), aiming at clarifying the
influence of carbonate source on the process of PVDF
dehydrofluorination according to an analysis of the structure
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of generated activated carbon under different experimental
conditions. Since the degree of sp” hybridizations (or the sp*/
sp® ratio) in the samples plays a critical role in material
performance,"'™** the chemical composition and structure of
the products were analyzed by Raman and X-ray photoelectron
spectroscopies (XPS). The results revealed a strong depend-
ence of the structure of AC on the type and content of the
initial carbonate source. Clarifying these issues will provide the
foundation for applying the percolative composite to flexible
energy storage systems.

2. EXPERIMENTS

The investigated percolative samples were fabricated by a low-
temperature thermal treatment in the air of mixtures of PVDF
and M,CO;. The raw powders of M,CO; (Nacalai Tesque)
and PVDF (Apollo Scientific Ltd., 0.1 g) were mixed by ball
milling with ethanol at different mass fractions of M,CO; (20,
30, and 40 wt %), separately, and then dissolved by N,N-
dimethylformamide to form a gelled solution at 60 °C by
constant stirring. After that, the gelled solutions were deposited
on an aluminum foil and underwent thermal treatments at 220
°C for 1 h. More details about the fabrication procedure can be
found in our previous paper.” Accordingly, the obtained film
samples were denoted as PLC for PVDF/Li,CO;, PNC for
PVDEF/Na,CO;, and PKC for PVDF/K,CO;. For comparison,
a pure PVDF sample without mixing with M,CO; was also
thermally treated under the same conditions.

Raman spectra of the samples were collected at room
temperature using a confocal optical microprobe and a single
monochromator (T-64000, Jobin-Ivon/Horiba Group, Kyoto,
Japan). The 514.5 nm green line of an Ar-ion laser was used as
the excitation source. An average of 20 spectra collected at
different locations for each sample were analyzed here, and
spectral deconvolution was performed by means of commer-
cially available software (LabSpec, Horiba/Jobin-Yvon, Kyoto,
Japan).

XPS analyses were performed at three different locations for
each sample by using a photoelectron spectrometer (JPS-9010
MC; JEOL Ltd., Tokyo, Japan) with an X-ray source of
monochromatic Mg Ka (output 10 kV, 10 mA). A single
crystalline silicon piece (core-level line 99.4 eV, Si 2p) was
used to calibrate the scale of the binding energies. Since all
samples were stored under the same conditions, the influence
of possibly existent adventitious carbon'> on the observed
variations of composition fractions among the samples could

be neglected.

3. RESULTS

Figure 1 shows the average Raman spectra of the PLC, PNC,
and PKC samples with carbonate content of 30 wt %. All of
these samples exhibit typical D (~1350 cm™) and G (~1580
cm™') peaks of carbon peculiar to a graphitized ringlike
structure, while none of the Raman bands from the raw
materials could be observed after thermal treatments. The D
peak of carbon is known to arise from a defected/disordered
graphitic structure [this breathing mode (A;;) is Raman
inactive in sp’ graphite], while the G peak originates from
bond stretching of all pairs of sp> atoms in both rings and
chains (i.e, the zone center E,, mode in the case of
graphite).' The Raman spectra of pure PVDF showed an
insignificant variation after thermal treatments at the same
conditions, as no D or G bands were observed. In general, the
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Figure 1. Typical Raman spectra of the investigated PLC, PNC, and
PKC samples and the raw material, PVDF, subjected to thermal
treatments.

PNC samples exhibited weaker signals of D and G bands than
the other samples under the same measurement conditions.
According to our previous study,6 spectral deconvolution could
be performed using Gaussian functions, which revealed the
presence of D and G peaks and a C—H bending-induced small
sub-band located at around 1480 cm ™" (cf. fitting curves shown
in Figure 1). The values of the ratio, I/Ig, for the samples
were calculated using the areas under the respective
deconvoluted bands. Note that, according to the three-stage
model progosed to characterize disordered/amorphous carbon
phases,'®"” the intensity ratio of D and G peaks has been taken
to be associated with the sp” content of graphitelike carbon:
the ratio of I/I increases with increasing sp® content for the
formation of nanocrystalline graphite.

Accordingly, the variation of I/I for all of the investigated
samples could be obtained after respective spectral deconvo-
lution, as shown by the results in Figure 2. As can be seen, the
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Figure 2. Variations of Ip/I; with carbonate content for the
investigated PLC, PNC, and PKC samples.

PNC samples showed smaller Ij,/I; values than the others.
Increasing carbonate content resulted in a different increase of
I/I; for both PLC and PNC, unlike PKC, which showed a
significant increase of Ip/I; from ~1.6 (at 20 wt %) to a
maximum value of around 2.4 at the carbonate content of 30
wt % and subsequently a decrease to ~1.6 (at 40 wt %).°

To further investigate chemical and compositional variations
in the samples, XPS analyses were carried out on the samples,
as a comparison of collected high-resolution C 1s XPS spectra
for the investigated PLC, PNC, and PKC samples with 30 wt %
carbonate shown in Figure 3. The C 1s XPS spectra revealed
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Figure 3. C 1s XPS spectra of the investigated PLC, PNC, and PKC E 154
samples. o
g
= 104
the presence of broad and asymmetric bands in the range from o
281 to 293 eV for the samples, which could be deconvoluted = 5
into at least four peaks, assigned to C=C (284 eV), C—C ®)

(285 eV), C—O (286.5 eV), and C=0 (287.5 eV),""®
respectively. However, in the case of PNC, a lower energy
shoulder located at around 282.5 eV could be observed, which
was taken to be attributed to alkyne (C=C), as will be
discussed in the following section. A broad band located at
~290 eV also appeared, contributed by the sub-bands of C—F
(289.5 eV) and C—F, (291 €V).* The C—F-related bands,
which were clearly observable in the mixed and untreated PKC
sample (prepared at room temperature), could hardly be
observed in PLC and PKC after thermal treatment. According
to spectral deconvolution, the fraction of each sub-band in the
samples could be determined from respective peak areas.

Accordingly, the variations of the ratio of sp> (C=C) to sp®
(C—C) carbon fractions, sp’/sp’, and the oxygen-related
fraction (sum of the fractions of C—O and C=0 in the C 1s
XPS spectrum) with carbonate content for the investigated
PLC, PNC, and PKC samples could be obtained and are
shown in Figure 4. As can be seen, similar to the cases of I,/Ig
variation, the PNC samples showed smaller sp?/sp® than PLC
and PKC, and unlike PKC that showed a maximum value at 30
wt %, both PLC and PNC exhibited a different increase of sz/
sp® with increasing carbonate content. In general, the PLC
samples showed a higher oxygen-related content than PNC
and PKC.

Figures 5 and 6 show high-resolution XPS spectra of O 1s
and F Is for the investigated PLC, PNC, and PKC samples,
respectively. The O 1s XPS spectra exhibit four peaks assigned
to Li—O (529.5 eV) (Na—O, 529.8 eV; K—O, 530.2 eV),
C=0 (~531.2 eV), C—O (~532.5 eV), and O—H (534.0
eV). In most of the PLC samples, the Li—O peak has almost
completely disappeared, indicating that the raw material
Li,CO; was fully consumed for the reactions, similar to
PKC, while in the cases of PNC, the fractions of Na—O and
C=0 occupied a relatively high percent. A relatively high
fraction of OH could be found in the PLC samples, despite an
insignificant change with increasing carbonate content.

The F 1s XPS spectra of the PLC and PKC samples exhibit
two peaks assigned to Li—F (K—F) and H—F; however, for
PNC, a dominant peak located at around 686.5 eV could be
found in all spectra of the samples, attributed to F—C binding.
In general, upon heating, with an increase in the carbonate
content, the M—F/H—F ratio also increased.

20 25 30 35 40
Carbonate content (wt%)

Figure 4. Variations of (a) sp*/sp® and (b) O-related fraction with
carbonate content for the investigated PLC, PNC, and PKC samples.

4. DISCUSSION

In a recent paper, we have reported the presence of a complex
reaction loop in percolative composites PVDF/K,COj; to
gradually consume the raw materials.” After mixing the
constituent phases, i.e., alkali metal carbonate (M,CO;, M =
Li, Na, and K) and PVDF, in the presence of moisture, the
composite samples before thermal treatment consisted of
physically mixed PVDF and a certain amount of MHCO; as
well as hydrated water in sesquihydrate or sesquicarbonate
double salt systems because of moisture absorption.””'*?°
Upon thermal treatment, decompositions of MHCO; and
hydrated compound release water, and the generated water
further reacts with M,COj to yield hydroxide due to the basic
nature of M,CO; (pH > 7):*'

2MHCO, — M,CO, + H,0 + CO, (1)

M,CO,-nH,0 — M,CO; + nH,0 - MOH + MHCO, — ...

)

Although PVDF is inert and thermally stable up to 350 °C,
having a relatively low melting point of around 177 °C,*” in the
presence of alkaline solutions, dehydrofluorination and
structural alteration can easily occur at much lower temper-
atures.”> In general, it is considered that PVDE dehydro-
fluorination occurs when OH attacks the hydrogen side, as the
loss of hydrogen ions induces electron transfer to the F
element causing it to leave the chain. Accordingly, the removal
of HF results in the formation of a carbon—carbon double
bond on the carbon chain,”* or an sp? graphitic ring structure
through cross-linking dehydrofluorination reactions of
PVDF.®%*
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In this study, all PLC, PNC, and PKC samples exhibited
both D and G peaks of activated carbon after thermal
treatments (cf. Figure 1), indicating the effective occurrence of
dehydrofluorination reactions during thermal treatments for
the formation of sp? graphitic ring structures.'® The
insignificant change of Raman spectra of pure PVDF after
thermal treatments at the same conditions confirmed that the
generated carbon was not due to thermal decomposition/
degradation of PVDF itself during heating.

The formation of HF following dehydrofluorination can
react with the carbonate materials (as well as hydroxide and
bicarbonate) to produce water and MF or MHF,, showing a
dependence on the content of M,COj in the raw mixture. The
generation of MHF, in the final products could be confirmed
by the appearance of new peaks in the X-ray diffraction
analysis.” Accordingly, the produced water may disperse in the

14947

composite and further advance the dehydrofluorination
reactions to modify the structure of the intermediate carbon
product. It should be noted that the dehydrofluorination
reactions in PVDF can be very complex in practice, since the
reactions may result in the formation of different kinds of
carbon products.

In the ideal cases of a formation of a pure sp* carbon ring
structure (i.e., graphene or graphite, C,,, cf. eq 3), the carbon
products can be expected from the following two expressions:

A
nM,CO, + 2(CH,CR), — 2C,, + 2nMHE, + nCO, + nH,0O

(4)
©)

However, the final carbon product in practice (referred to as
activated carbon) might not be the ideal sp® ring structure
given in eqs 4 and 5, because of the presence of sp* carbon and
the incorporation of H, F, and O atoms in the carbon structure,
which may cause a distortion of the rings and induce a three-
dimensional connection of carbon rings. In other words, the
microstructure of the generated AC should depend on the
practical process of PVDF dehydrofluorination. Indeed, as

A
nM,CO; + (CH,CE,), — C,, + 2nMF + nCO, + nH,0

https://doi.org/10.1021/acsomega.2c06857
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shown in Figures 2 and 4, a significant difference in the ratios
of sp*/sp” and I/I; revealed distinct modifications of the AC
structure by the type and content of added carbonate upon
thermal treatments.

Such differences in activated carbon structures could be
associated with the variation of actual process and degree of
dehydrofluorination in the composites, induced by the change
of the alkali metal ions and the resultant relevant properties of
the materials.

First, because of the difference in the atomic mass of the
alkali metal ions (Li < Na < K), for the cases of the same added
weight percent of the carbonate materials, the mole percent of
carbonate will be expected to decrease in the order PLC >
PNC > PKC. In this study, even when 40 wt % lithium
carbonate was added, the carbonate mole content was still
smaller than the stoichiometric content required to fully
consume the 60 wt % PVDF according to the chemical
reactions of eqs 4 and 5. In other words, when a higher amount
of carbonate is added in the reacting mixtures, the AC products
may experience more dehydrofluorination reactions during
thermal treatment, which corresponds to the formation of a
higher fraction of sp® carbon. This seems able to explain the
observed increase of sp’/sp® and I/I values with increasing
carbonate content for the PLC and PNC samples (cf. Figures 2
and 4). However, it cannot explain why the values of sp*/sp’
and Ip/I; did not decrease in the order of PLC > PNC > PKC
for the samples with the same weight percent; why the rates of
increase for the two ratios with carbonate content were quite
different for PLC and PNC; as well as why PKC showed an
optimum value of carbonate content.

In practice, since smaller M ions correspond to higher mole
percent of carbonate to approach the stoichiometric value, eqs
4 and 5 may compete, resulting in an increase of the ratio of
MEF/HF in the order of PLC < PNC < PKC for the same
weight percent of carbonate (cf. Figure 6). The competition of
the reactions can be confirmed by the results of F 1s XPS
spectral analyses, since the production of MF and MHF,
phases may cause a variation of the ratio of MF to HF.
Considering the stoichiometric value (0.5) of MF/HF in
MHF,, a fraction of MF/HF > 0.5 leads to a preferential
formation of MF, while a value smaller than it suggests the
generation and adsorption of HF in the porous material. Note
that the results of PVDF dehydrofluorination may cause the
presence of an overwhelming majority of mesopores and
macropores instead of micropores (<2 nm) and the formation
of an interconnected pore system in the composite (cf. Figure
S1). In general, increasing the carbonate content in the mixture
seemed to result in an increase in MF/HEF, i.e., preferential
reactions of eq S rather than eq 4, except for the cases of PLC.

The exception might be associated with the relatively high
amount of incorporated oxygen content in the carbon structure
of PLC (cf. Figure 4b). After PVDF dehydrofluorination with
the formation of C=C double bonds, the resultant allyl
fluorides are more susceptible to hydrolysis.”* Accordingly, the
fluorine in the —CH=CF— group can be replaced by the
hydroxyl group to form —CH=C(OH)—, while the latter
one can transform to carbonyl =CH—C(=0)—.

FHFH F H OHH FHOH HOH
[ A | 11 A Ll
~(|—C—L‘—(|‘~—\B;)~(l‘—(—(—( ~4 MF—->~(I—(I—(—1|~ _\4_01—|)~(|=(_C_(| ~ + HF
) )
F H F H F H H F H (6)

As a result, the oxygen content in the activated carbon
exhibited an increase with an increase in the fraction of sp*
carbon, as shown in Figure 4b. Note that oxygen incorporation

into the carbon structural frame could both impede the
formation of carbon rings and cause a distortion of neighboring
carbon rings.'” In other words, oxygen incorporation might
cause a decrease of the sp® carbon fraction and influence the
dehydrofluorination reaction, resulting in an alteration in the
increase of the sp*/sp” ratio.

With respect to PLC and PKC, the PNC samples after
thermal treatments under the same conditions showed much
smaller values of I,/I; (Figure 2). This might be induced by
the insufficient occurrence of dehydrofluorination reactions in
PNC, which in turn can be confirmed by the presence of C—F
and C—F, peaks in the C 1s XPS spectra (cf. Figure 3) and
the appearance of a F—C binding-related peak in the F 1s
spectra (cf. Figure 6b), as well as the existence of strong bands
of C=0 and O—M in the O 1s peak in PNC, but not in PLC
and PKC (Figure S).

As a result, the reactions were localized and constrained on
the chain instead of wide-range cross-linking, which might
cause the occurrence of other side reactions in the local regions
in PNC, e.g:

(i) The formation of a carbon—carbon triple bond (alkyne)
owing to further dehydrofluorination of an alkene (F—C=
C—H) group (cf. Figure 3)

FHFH FHFH F H (7)
L A [ A | I
~C—C—C~C ~ —=3 ~ C—C=C—C~ + HF —>» ~(C-(=C—C~ + HF
I T 1 1  MOH | | MOH | I
FHFH F H F H

(ii) An irregular and discontinuous dehydrofluorination on the
PVDF chains with parts of CH, and CF, remaining in the AC
structure (cf. Figure 3)

FHFHF
Loro1
Gl (mlm
H FHFH
[ A F
~C=C—C—C—C ~ —> + 2HF
[ R MOH F H H H
H FHFH Lo
~C=C=(—C=C~ (8)

H

This may also cause a significant difference in the rate of
increase of the sp’/sp® ratio observed in the XPS analyses
(Figure 4a). Note that, because of the presence of different
side reactions, the reaction loop or the final product AC
exhibited a strong dependence on the experimental conditions.
For example, due to the formation of an sp” carbon chain and
carbon ring, the fraction of sp> carbon in AC will increase
along with the dehydrofluorination reaction proceeding until
saturation. In the cases of PNC, the insufficient dehydro-
fluorination reactions could also be confirmed by increasing
the thermal treatment time, which revealed an increase of the
two ratios (sp?/sp® and Ip/I;) and a decrease of the Na—O
fraction in the O 1s XPS spectra (cf. Figure S2).

The reasons for such kinds of distinct variations in the
degree of PVDF dehydrofluorination for the investigated
percolative composites might also be associated with the
property of hygroscopy: for all present alkali metal carbonates,
because of the strong affinity for water, hygroscopy can occur
to attract moisture via either absorption or adsorption from the
surrounding environment at room temperature if exposed to it,
and alkali bicarbonate and hydrated alkali carbonate can be
generated on the surfaces.”® However, it should be noted that,
in the case of hydrated sodium carbonate, efflorescence can
occur for a loss of water with an impeded formation of
NaHCO; in the raw mixture.”” Accordingly, the reduced
amount of generated water upon thermal treatments and the
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inhibited formation of NaOH might cause insufficient
dehydrofluorination reactions and the occurrence of the side
reactions of eqs 7 and 8. Since carbon rings could not be
generated by these reactions, a lower Ip/I; value and the
remaining CF, on the carbon chains could be found. On the
other hand, in the case of potassium carbonate, deliquescence
can easily occur, which involves absorbin% sufficient water to
form an aqueous solution on the surface.”” Accordingly, upon
thermal treatments, more water will be involved to increase the
efficiency of dehydrofluorination reactions. Indeed, we have
newly confirmed that water plays a critical role on PVDF
dehydrofluorination during thermal treatment.” Because of this
higher efficiency of the dehydrofluorination process, PKC
showed a marked increase in I,/I; with the content of K,CO4
up to 30 wt %. However, further increasing the carbonate
content above the percolation threshold may produce filler
agglomerates, thus increasing the filler/filler interface pop-
ulation to the detriment of the matrix/filler interface fraction,”
and result in an insufficient amount of HF, as well as a
preferential reaction to form KF again. Consequently, during
PVDEF dehydrofluorination, the formation of KOH due to
thermal decomposition and consumption of KOH due to
competent reactions with HF might result in a complex
dependence of the dehydrofluorination process on initial
content of K,CO;.

Finally, the distinct ionic radius of the cation [Li (0.76 A) <
Na (1.02 A) < K (1.38 A)] may cause a difference in the
thermal stability of alkali carbonate and bicarbonate materials.
A smaller ionic radius results in a lower thermal decomposition
temperature, since ionic nature increases on going down in a
group due to the increase in the size of the cation.”®
Accordingly, the energy needed for the decomposition of
MHCO; to start the dehydrofluorination reaction is in the
order of PLC < PNC < PKC; i.e., it is easiest for the
dehydrofluorination reactions to occur in PLC. Accordingly,
the overall effect could result in a fast but relatively inefficient
occurrence of PVDF dehydrofluorination in local regions of
PLC with a relatively higher oxygen-related fraction, with
respect to PKC.

As a result, the variation of sp®/sp* (Ip/I;;) of the generated
activated carbon showed a deviation from the order PKC <
PNC < PLC. Note that sp> hybridizations play an important
role in the electrical and electrochemical performance of
carbon materials,'"*”*” as the maximum sp? fraction or sp*/sp*
ratio at the optimal value of carbonate content seemed to be
responsible for the best performance of the PKC film.* Indeed,
for the investigated PLC, PNC, and PKC, similar trends in
electrical conductivity fluctuations as those of I/I; could be
observed (cf. Figure 7).

Exploring the transformation from insulator polymer-based
mixtures to conductive carbon-based nanocomposites shows a
new possible way to incorporate activated carbon in the
polymer matrix to reach high flexibility of the system, which
can also lower the manufacturing cost caused by adding
expensive graphene/carbon nanotubes and/or reduce the stack
and aggregation problems of graphene oxide and reduced
graphene oxide for other carbon-based electrode materials.”’
In this study, we have shown that changing the carbonate
source could significantly affect the AC structure, but a
quantitative evaluation of the reactions is still a tough problem
to be solved. The selectivity of the dehydrofluorination
reactions (eqs 4—8) might be roughly estimated by analyzing
the products for each competing reaction, although it is quite

—a—PLC
—O—PNC

3 —A—PKC
3.4x107' 1 1

3.6x1071

8.0x10™ 1

4.0x10™1 1

Electrical conductivity (S/m)

0.01 ]
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20 25 30 35 40
Carbonate content (Wt%)

Figure 7. Variations of electrical conductivity (at 10> Hz) as a
function of carbonate content for the investigated PLC, PNC, and
PKC samples.

hard to determine the component content. In general,
estimation can be made based on the information retrieved
from the chemical bonds and functional group content from
the XPS and Raman analyses. The competition of main
reactions to generate activated carbon (eqs 4 and S) is mainly
determined by the composition fractions and the hygroscopy
property of the carbonate material. The side reaction to
incorporate oxygen in the structure (eq 6) seems to be
inevitable but could be associated with the reaction rate and
the dehydrofluorination efficiency. The side reactions in eqs 7
and 8 appear to happen in local and constrained regions for the
cases of insufficient dehydrofluorination reactions without
wide-range cross-linking. The clarification of the mechanism of
the formation of activated carbon can help to control the
PVDEF dehydrofluorination process for optimization of the
material performance, as it has been demonstrated that a
suitable variation of thermal treatment conditions can
effectively modify the AC microstructure.

5. CONCLUSION

In this paper, structural variations of generated activated
carbon, as induced by changing carbonate source and content
in three different types of percolative composite systems
fabricated from the mixtures of PVDF and different alkali metal
carbonates [PVDF/M,CO; (M = Li, Na, and K)], were
investigated by Raman and X-ray photoelectron spectroscopies
to clarify the effect of carbonate source on the process of
PVDF dehydrofluorination under different experimental
conditions. The results revealed a strong dependence of the
AC structures on the type and content of the initial carbonate.
Unlike PKC, which exhibited the presence of an optimal value
of carbonate content with highest sp” fraction, both PLC and
PNC showed an increase in Ip/I; and sp?/sp’ ratios with
increasing carbonate content. PLC showed a complete
consumption of the constituent carbonate components after
thermal treatment, irrespective of their content ratios, while
insufficient reactions were observed in PNC thermally treated
under the same conditions, showing the presence of localized
and constrained side reactions of dehydrofluorination with the
appearance of an alkyne group and remaining C—F bindings.
The significant variations of the AC structure in the three
investigated systems were taken to be determined by practical
dehydrofluorination reactions, associated with oxygen incor-
poration in AC and with the presence of side reactions. The
origins of such variations might be related to their properties of
hygroscopy, eftlorescence, and deliquescence, as well as
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thermal decomposition energy for MHCO; to start the
dehydrofluorination reaction, induced by the difference in
the alkaline metal ion of the carbonate sources. The
clarification of the mechanism of dehydrofluorination reactions
in this study could help to control the PVDF dehydrofluori-
nation process for optimization of the material performance
and provide the foundation for applications of the percolative
composite to portable, flexible, and wearable energy storage
systems.
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