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ABSTRACT: A novel method for the concurrent introduction of 40
fluorine and bromine into the surface of nanoporous activated carbon
(NAC) is evaluated. According to the method, the preheated NAC
was treated with 1,2-dibromotetrafluoroethane at elevated temper-
atures (400—800 °C). Potentiometric and elemental analysis, g

nitrogen adsorption—desorption, scanning electron microscopy- ok —A-tucreT
energy-dispersive X-ray spectroscopy, X-ray photoelectron spectros- o o2 o4 06 08 10 T2 3 4 20 4
copy (XPS), and "F solid-state NMR were used to study the NAC Feetepressure ) et
microstructure and changes in surface chemistry. The specific
modification temperature was found to have a decisive influence
on the resulting halogen content of the NAC surface. About 1.5
mmol ¢! of bromine and only 0.5 mmol g~' of fluorine are
chemisorbed on the NAC surface when dual-doped at 400 °C. The
fluorination efficiency increases dramatically to 1.84—2.22 mmol g~' when the process temperature is increased to 500—700 °C.
Under the same conditions, the bromination efficiency unexpectedly decreases to 0.66—1.32 mmol g~'. Since halogen-containing
groups undergo significant thermal decomposition around 800 °C, the overall halogenation efficiency decreases, accordingly. Both
the volume and surface area of the micropores decrease moderately when halogen-containing groups are introduced into the carbon
surface layer. Fluorine and bromine are unevenly distributed in the porous structure of the dual-doped NACs, and the outer surface
is more halogen-rich than the inner surface of the micropores. XPS and 'F solid-state NMR revealed the selective formation of CF,
groups in the NAC surface layer independent of the temperature. In contrast, the percentage of semi-ionic fluorine in the form of CF
groups directly bonded to the 7-electron system of the carbon matrix increases significantly with temperature.
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1. INTRODUCTION

Fluorine-containing carbon materials have traditionally been
widely used in energy storage devices.' > Modifying carbon
nanoporous solids with fluorine significantly affects the

chemical properties of carbon materials, which is important for
their applications. Dual-doped carbons containing pairs of the

following elements: F, S, N, Cl, and/or P, are widely used in
9,20

.1 21,22 23
electrocatalysis, sensors,” *~~ catalysts,” as cathodes of

sorption of water vapor and CO,.°" In many industries,
fluorination has a pronounced positive effect on the parameters
of amorphous and graphitic carbon solids and carbon
nanomaterials.”” " Aggressive and toxic reagents such as
molecular fluorine, organofluorine compounds, and metal
and nonmetal fluorides are commonly used to produce
fluorinated carbon materials.*”"*~"” Conventional methods
are effective and ensure the introduction of a controlled
amount of fluorine into the carbon material. However, these
methods produce fluorinated materials that are highly enriched
in the so-called “semi-ionic” fluorine'® in the form of C—F
bonds. In addition, it is difficult to obtain materials with CF,,
CF;, or more complex fluorine-containing surface groups using
the currently established methodology.

The presence of two different types of heteroatoms can
significantly further modulate the structural, sorption, and
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lithium/sodium-ion batteries,”* and supercapacitors.”®

The primary approach to obtaining such materials is to
carbonize materials containing the necessary heteroatoms. This
method of obtaining dual-doped carbons ensures a uniform
distribution of heteroatoms in the carbon matrix. Importantly,
the content of heteroatoms, their ratio, the chemical state of
the heteroatoms, and the structural and sorption parameters of
the material are determined by the carbonization conditions,
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providing a level of control over the properties of these
materials that cannot be modified separately.

An obvious alternative approach is to produce dual-doped
carbons by modifying nanoporous carbon materials. By
selecting a specific modifier, certain functional groups can be
introduced into the surface layer of the carbon solid. Under
controlled modification conditions, the high specific surface
area and developed porosity of the starting material are largely
retained in the modified product.” This expands the
application of gaseous haloalkanes and low-molecular-weight
organics as fluorinating agents with temperatureZ(”27 or
photochemical activation.”®

For example, 1,2-dibromotetrafluoroethane (DBTFE), a
commercial product formerly known as Freon 114B2 and
Halon 2402, is a synthetically useful, readily available, and
inexpensive compound for this purpose. It has several potential
applications, including fire extinguishers, leak detectors, and
refrigerants. Among its many advantages, including non-
flammability, active and removable bromine atoms, and a
conveniently low boiling point, DBTFE can be used as a useful
starting point for the synthesis of fluorinated compounds.
These properties have sparked interest in the DBTFE as a
reagent in organofluorine chemistry, and Dmowski listed some
documented uses for it.*’

Notably, the Montreal Protocol™ requires all nations or
parties to the protocol to eliminate the production,
consumption, and trade of ozone-depleting substances by
July 1, 1994. DBTFE has been identified as an ozone-depleting
substance due to its high ozone-depleting potential. The use of
DBTFE has been restricted and even banned in many
countries, except for essential uses or as an analytical standard.
As a result, the appropriate use and effective conversion of
available DBTFE has become a real challenge because DBTFE
can be formed at high temperatures and can be present in the
pyrolysis or copyrolysis products of halogenated and halogen-
containing plastics or plastics containing brominated flame
retardants that need to be clehalogen21ted.3l_34

Therefore, this work is devoted to the DBTFE-consuming
treatment of nanoporous activated carbon (NAC) sorbent with
the gas-phase DBTFE at 400—800 °C, with further focus on
the analysis of the changes in surface chemistry after
fluorination/bromination.

2. MATERIALS AND METHODS

2.1. Materials. For the following fluorination/bromination
process described below, commercially available Norit granular
activated carbon, trade name GAC 830W (Cabot Norit, UK),
hereafter referred to as NAC, produced by carbonization and
activation of natural coal, was used. To reduce the total ash
content, the NAC sorbent was treated with a S wt % HCI/HF
solution. The resulting deashed NAC was further washed with
double-distilled water (DDW) until pH neutralization.

Soft fluorination/bromination of the deashed NAC was
performed with DBTFE gas supplied by aber (Karlsruhe,
Germany). The DBTFE was additionally dried by bubbling
through concentrated sulfuric acid (Merck, 98%). The use of
argon gas (Ar) for inert applications provided an oxygen- and
nitrogen-free medium for heat treatment during soft
fluorination/bromination. For this purpose, Ar (99.995 vol
%) from Linde Gas was used. In this work, acids and other
reagents were Merck reagent grade products, which were used
as received.

2.2. Preparation of Dual-Doped NACs. In a typical
fluorination/bromination process, 3 g of deashed NAC was
placed in an alundum tube 30 cm long with an inner diameter
of 15 mm. This tube, containing the NAC powder, was placed
in a horizontal electric tube furnace. The tube’s ends were
sealed with Viton vacuum flanges (Htc vacuum) with adapters
and connected to a vacuum system. The internal volume of the
tube was then evacuated by vacuum pumping. The degassed
tube was purged with RT Ar gas to remove oxygen and
moisture. Subsequently, the furnace was heated from 25 °C to
the desired process temperature, which was selected from the
range of 400—800 °C with a 100 °C step. Heating to the
selected temperature was performed at a rate of 10 °C min ™",
and the furnace was maintained at this constant temperature
by a single-loop proportional-integral-derivative temperature
controller (Bajt, KUPP). A gas mixture of DBTFE/Ar
(approximately 1:1 by volume) was introduced into the
preheated tube containing the NAC powder through a gas
supply and a metering system at a total gas velocity of SO mL
min~' for 1 h. The gas supply was then changed to pure Ar,
purging the inner volume and the resulting fluorinated/
brominated NAC. The furnace was then programmed to cool
to an ambient temperature. The fluorinated/brominated NAC,
which had been degassed and cooled under an Ar stream, was
removed from the tube and transferred to a laboratory glass
desiccator containing CaCl, for drying and storage. The
prepared fluorinated/brominated NACs prepared in this
manner are hereafter referred to as “NAC-FBrtemperature”.

2.3. Potentiometric Analysis. The total fluorine [C(F)]
and bromine [C(Br)] concentrations in the fluorinated/
brominated NACs were determined by potentiometry from
the corresponding concentrations of fluoride and bromide
ions. For the ion-selective potentiometric analysis, the bound
halogens were converted to soluble ionic forms, fluorides and
bromides, respectively, by decomposing the carbon solids in
the molten mixture of NaOH with a small addition of NaNO;.
This conversion was performed in a muffle furnace using the
alkali melt stored in a nickel crucible. The resulting melt was
dissolved in DDW, and the solution obtained was filtered with
a glass funnel filter (Fisherbrand, Sintered Glass Disc filter of
grade 3 porosity). The fluoride and bromide contents in the
filtered solution were measured using the ELIS-131F fluoride
and ELIS-131Br bromide ion-selective electrodes (Izmteh
LLC). The signal from the electrodes was recorded in the
potentiostat mode using a custom-made potentiometer. This
instrument was constructed using an ultraprecision operational
amplifier (LMC6001AIM, Texas Instruments).

2.4. Texture Studies. Texture studies were performed on a
Quantachrome NovaWin2 automatic adsorption analyzer
using a standard procedure. Nitrogen (N,) adsorption—
desorption isotherms were measured at a liquid N, temper-
ature. Samples were degassed in situ under vacuum at 160 °C
overnight prior to measurements. The specific surface area:
SBET) Smicror Sexty Smicro/ Sext Fatio, and the specific volume: Vi,
Vaicror and Vi, were determined using the instrument software.
Pore size distribution (PSD) was determined using the
SAIEUS program (Micrometrics Instrument). The isotherm
analysis was performed using the Carbon-N, model for porous
carbons with heterogeneous surfaces, derived from two-
dimensional nonlocal density functional theory. The bulk
density y of the studied dual-doped NACs was determined by
the “bottle” method using a Microtrac pycnometer.
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Figure 1. (2) N, adsorption/desorption isotherms and (b) PSD curves for the gas-phase fluorinated/brominated NACs and the unmodified NAC

shown in comparison.

Table 1. Texture Parameters of the Gas-phase Fluorinated/Brominated NACs

L . -
“specific surface area (m? g™')

“specific volume (cm® g™')

samples “ (g em™) S Shmicro
NAC 0.433 1246 1149
NAC-FBr400 0.442 855 797
NAC-FBr500 0.487 859 796
NAC-FBr600 0.495 862 792
NAC-FBr700 0.506 894 823
NAC-FBr800 0.535 942 869

Sext Sk Vit Vinicro Vex

97 11.8 0.630 0.506 0.124
S8 13.7 0.441 0.352 0.089
63 12.6 0.443 0.351 0.092
70 11.3 0.445 0.349 0.096
71 11.6 0.458 0.362 0.096
73 11.9 0.478 0.385 0.093

%y is the bulk density. bSpeciﬁc surface area: Sppr, Smicror Sext are the Brunauer—Emmett—Teller (BET) surface area, micropore surface area, and
external surface area, respectively, and Sg is a ratio Spicro/Sex “Specific volume: Vi, Vinieror Vet are the total specific volume, micropore specific

volume, and external pore volume, respectively.

2.5. Microscopy. Scanning electron microscopy (SEM)
and the energy-dispersive X-ray spectroscopy (EDS) measure-
ments were performed on a Tescan MIRA3 SEM microscope,
which was equipped with an Oxford Instruments X-Max 50
silicon drift EDS system with AZtec (Oxford Instruments) and
INCA (ETAS) software packages. Samples were dried at 120
°C, cooled, and exposed to vacuum for at least S h prior to
analysis.

2.6. X-ray Photoelectron Spectroscopy Analysis. X-ray
photoelectron spectroscopy (XPS) measurements were
performed with the SPECSGROUP instrument, which was
equipped with a PHOIBOS 100 SCD analyzer and a
nonmonochromatic X-ray source. The survey surface spectrum
was acquired at a transition energy of 70 eV, while the core
spectra were obtained at 30 eV at ambient temperature. All
spectra were recorded at a base pressure of 2 X 10”® mbar with
Al Ka excitation at 10 kV (150 W). The data were analyzed
using SpecsLab2 software (Casa Software). The Shirley and
Tougaard baselines were used for all peak fits. All samples
studied exhibited varying degrees of charging due to their
partial insulating nature. The spectrometer was calibrated
against carbon (C 1s).

2.7. "°F Solid State Nuclear Magnetic Resonance ('°F
ssNMR) Measurements. To evaluate the identity of the
fluorine-containing functional groups, YE ssNMR measure-
ments were performed using a wide-bore (Bruker Avance III)
spectrometer operating at 470 MHz for '°F. The powders were
filed into 2.5 mm outer diameter rotors (Bruker) and measured
at 22 kHz spinning under magic angle, employing a Bruker
triple resonance HFX MAS probe. Samples were measured at
40 °C. 1-Pulse experiments with a 90 pulse width of 2.4 us
with or without 25 kHz TPPM 'H decoupling and 5 s recycle

38620

time were used to acquire the '’F ssNMR spectra, referenced
to the CFCI; peak at 0.0 ppm.

3. RESULTS AND DISCUSSION

3.1. Texture Studies. The N, adsorption isotherms for the
unmodified (starting) NAC and the fluorinated/brominated
NACs (Figure 1a) correspond to those of nanoporous solids,
as evidenced by the significant N, adsorption at low pressures.
As can be seen from Table 1, the modification leads to a
decrease in the adsorption capacity, albeit moderate, compared
to the unmodified NAC. For the fluorinated/brominated
NACs, the values of Brunauer—Emmett—Teller surface area
(Sger) and total specific volume (V) are estimated to be
about 70—75% of the corresponding values for the unmodified
NAC (Table 1). The lowest values of Sppr and V,,, are
observed for the NAC-FBr400, and as the modification
temperature is increased, the texture parameters increase
slightly. The surface area of the micropores (o) is the main
contributor to the Sgpr for all the nanoporous solids studied
(cf. S0 and Sgpp in Table 1). The recorded isotherms have
narrow hysteresis loops, indicating the presence of mesopores
in the bulk of the nanoporous solids. After fluorination/
bromination, the contribution of the mesopore surface area
(S.y) to the total surface area remains relatively modest, with
values ranging from 7 to 9% of the Sggr (Table 1).

The PSD curves (Figure 1b) show that the porous structure
of unmodified NAC and fluorinated/brominated NACs is
almost entirely represented by micropores. Two different types
of micropores can be identified within the porous structure.
The first type has an average size of 0.53—0.58 nm, while the
second type has an average size of 1.6 nm. As the fluorination/
bromination temperature increases, the number of micropores

https://doi.org/10.1021/acsomega.4c04179
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belonging to the above types decreases, and no rearrangement
of pore width is observed. As shown in Figure 1b, the PSD
curves indicate the presence of a small number of mesopores
with an approximate width of 3.3—3.6 nm. The number of
these mesopores increases with increasing modification
temperature.

Consequently, the fluorinated/brominated NACs exhibit
analogous shape isotherms and thus analogous structural and
sorption properties. It is noteworthy that the fluorinated/
brominated NACs prepared at medium—high temperatures,
below and at 600 °C, exhibit remarkably similar texture
parameters (Table 1). This observation suggests that a similar
modification mechanism may be at work. As a consequence of
the modification, a significant increase in the bulk density ¥ is
observed. The most likely explanation for this phenomenon is
the formation of a layer of halogen-containing groups on the
carbon surface, filling the smallest micropores (Table 1).

3.2, SEM Imaging, EDS, XPS and Potentiometric
Analyses. The macrostructure of the top surface and
elemental composition of the modified NACs were inves-
tigated using SEM and the EDS method. Figure 2 illustrates
the SEM images characterizing the surface relief for the
unmodified NAC compared with an example of a fluorinated/
brominated NAC.

Figure 2. Representative SEM images of the initial and modified
NACs: (a) NAC X 500, (b) NAC x 1000, (c) NAC X 20,000, and
(d) NAC-FBr600 X 20,000.

The unmodified NAC is characterized by a considerable
number of large voids and channels, with the channels
measuring up to 20—30 ym in width. The inner surfaces of
these channels exhibit a relatively smooth texture (Figure 2a).

Additionally, there are areas of layered regular structures
(Figure 2b). These structural elements are the structural
remnants of the coal used to prepare the NAC and are
considerably larger than the macropores.

Fluorination/bromination does not alter the macrostructure.
In the macrostructure of the unmodified NAC, significant areas
with a regular distribution of tiny pores, smaller than 100 nm,
can be identified (Figure 2c,d). These pores, however, are
attributed to macropores or large mesopores, and their
distribution is not significantly altered by fluorination/
bromination.

Table 2 presents a summary of the potentiometric analysis
for fluoride and bromide, along with the elemental
composition data obtained by the EDS and XPS for the
fluorinated/brominated NACs. The results of the potentio-
metric analysis indicate that the modification of NAC with
DBTFE is an effective method for the simultaneous
introduction of fluorine (fluorine-containing groups) and
bromine (bromine-containing groups) into the carbon surface
layer. However, the fluorine and bromine contents in the dual-
doped NACs are significantly affected by the processing
temperature. The fluorine concentration in the NAC-FBr400 is
only 0.5 mmol g~'. As the modification temperature increases,
the fluorine content also increases significantly. The maximum
concentration of fluorine (2.22 mmol g™') is found in the
NAC-FBr700. However, when the modification temperature is
further increased to 800 °C, the fluorine content begins to
decrease due to the significant thermolysis of chemisorbed
fluorine, its reaction with surface hydrogen, and the subsequent
thermodesorption in the form of HF.

Notably, the bromine content in the dual-doped NACs
reaches its maximum for the NAC-FBr400. However, as the
modification temperature increases, the bromine content
experiences a significant decrease. This contrast in the
temperature dependence of the fluorine and bromine contents
results in very different concentration C(F)/C(Br) ratios. For
example, the bromine content in NAC-FBr400 is about three
times higher than the fluorine content. In NAC-FBr700,
however, the fluorine content exceeds the bromine content by
a factor of 3.4, highlighting the dynamic nature of the
modification process and the influence of temperature on the
elemental composition.

The EDS and XPS data show similar temperature depend-
encies for the fluorine and bromine contents. Moreover, the
surface layer (XPS data) is significantly enriched in halogens,
with their content on the surface being 2.6—3.1 times higher
than in the volume of the bulk solid (EDS data). A negative
correlation between the oxygen and halogen contents suggests
the involvement of oxygen-containing groups in the fluorina-
tion/bromination process.

Table 2. Results of Potentiometric and Elemental Analyses of the Gas-phase Fluorinated/Brominated NACs

potentiometry EDS XPS
concentration (mmol g™) elemental content (wt %) elemental content (wt %)

sample C(F) C(Br) C(F)/C(Br) C (¢) F Br C (¢} F Br
NAC 0 0 94.3 5.7 89.8 10.2
NAC-FBr400 0.50 1.49 0.34 81.8 4.8 1.1 12.3 55.1 4.1 3.1 37.7
NAC-FBr500 1.84 1.32 1.39 82.0 3.5 3.8 10.7 57.1 3.3 10.0 29.6
NAC-FBr600 2.05 0.84 2.44 85.8 3.1 4.1 7.0 67.0 3.1 12.4 17.5
NAC-FBr700 2.22 0.66 3.36 86.5 3.5 4.5 S.5 68.4 3.9 13.8 13.9
NAC-FBr800 1.55 0.60 2.58 87.2 4.6 32 S.0 72.4 5.7 9.2 12.7
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Figure 3. Representative (a,c) C 1s and (b,d) O 1s core levels XP spectra for (a,b) NAC (c,d) NAC-FBr600.

The results of SEM-EDS elemental mapping of the NAC-
FBr400 and NAC-FBr600 are shown in Figures S1 and S2
(Supporting Information). As can be seen, the identified
elements C, O, F, and Br, which are the main components of
the samples, are generally uniformly distributed. By the EDS
mapping, it was obtained analogous elemental distribution
images for NAC-FBr400 (C(F)/C(Br) = 0.34) and NAC-
FBr600 (C(F)/C(Br) = 2.44). This fact again confirms the
chemical modification of the NAC surface when interacting
with DBTFE at different temperatures. Areas of slightly higher
intensity (higher element content) probably correspond to
different nanopores (micropores and mesopores), while the
empty (black) areas correspond to transport channels and
large macropores in the solid carbon matrix. Higher
chemisorption of O, F, and Br heteroatoms can be observed
in nanopores on a heterogeneous carbon surface. Comparing
the EDX mapping of O, F, and Br with each other (see Figures
Slc—e and S2c—e), some differences in the distribution of
these elements can be observed, namely: (i) the differences
between the distribution of O on the one hand and F and Br
on the other hand indicate the competition between these
elements for the active centers of the surface of NAC. The
removal of oxygen (oxygen-containing groups) during heating
frees active centers for chemisorption of F and Br; (ii) the
differences in the distribution of F and Br indicate the
independent interaction of these two elements with the active
centers of the surface of NAC. The rational reasons for these
observations are the thermal decomposition of DBTFE
molecules with the formation of atomic and molecular bromine
and, in addition, the different diffusion capacities of the
thermal decomposition products of DBTFE molecules
pyrolyzed in the porous structure of NAC. This result is
consistent with those described and discussed earlier by
comparing EDS and XPS data (Table 2).

It is reasonable to assume that halogen-containing groups
will occupy the surface centers that are formed by the
decomposition or thermal decomposition of oxygen-containing
groups. In addition, decomposition products of oxygen-
containing groups may participate in the partial pyrolysis of

DBTEFE. The resulting reactive intermediates are chemisorbed
to the surface carbon centers. A slight increase in the surface
oxygen concentration for the NAC-FBr800 can be attributed
to the formation of new oxygen-containing groups on the
carbon surface due to the “aging” of the sample. This latter
process is accompanied by the hydrolysis of the most unstable
forms of added fluorine and bromine and the oxidation of
surface defects formed as a result of thermodesorption
processes at high temperatures. Thus, our results indicate
that the modification of NAC involves the partial pyrolysis of
DBTFE with the formation of various intermediates. Bromine-
containing intermediates show higher reactivity at low
temperatures while fluorine-containing intermediates are
most reactive at 700 °C. The low bromine content at high
temperatures can be explained by the lower bond dissociation
energy for C—Br bonds (275 kJ mol™") compared to C—F
bonds (485 kJ mol™"), providing a qualitative understanding of
the inherent complexity of the modification process.

3.3. Core Level XP Spectra Analysis. Figure 3 shows the
typical C 1s (Figure 3a,c) and O 1s (Figure 3b,d) core level XP
spectra of the fluorinated/brominated NACs.

The experimental data for the C 1s core level XP spectra
were fitted with four to five curves with a full width at half-
maximum of 1.5—2.5 eV (Figure 3a), taking into account the
structure of the functional groups on the surface of the
activated carbon.*>*® This approach allowed for the identi-
fication of the specific functional groups present on the surface
of the activated carbon. The resulting fit of the C 1s core level
XP spectrum for the unmodified NAC (Table 3) indicates the
presence of four components, designated as f,¢, fyc, Bic, and
Pac. These components can be attributed to specific binding
energies corresponding to the following bonds: the C=C
conjugated bonds, C—O bonds belonging to phenolic groups,
C=O0 bonds (quinone surface groups), and O—C=0 bonds
belonging to carboxyl, anhydride, and lactone groups,
respectively. Among the various oxygen-containing functional
groups, phenolic groups, the assigned component f,¢, have the
highest concentration of 21.8% on the NAC surface (Table 3).
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Table 3. XP Spectra Analysis of the C 1s and O 1s Core Levels in the Selected Gas-phase Fluorinated/Brominated NACs

binding energy (eV); and content (%)

O Is

C1s
Pic
0O, C—Hal

287.5 (8.1)

ﬁSO
C—0 (CE,)

Pio
C—0 (Hal)

ﬁ}O
(c-0)

5327 (39.8)

Pro
(C=0)
531.6 (35.9)
531.8 (59.0)
531.8 (62.1)
531.8 (57.0)

Pro

0-C
529.6 (24.3)

529.5 (11.1)

ﬁSC

Pac

Pac

Pic

CF,

0, CE—(CF,)

290.0 (8.7)

0-C

C

C-0

285.5 (21.8)

sample

NAC

284.2 (61.4)
284.2 (74.6)
284.2 (75.4)
284.2 (78.5)

538.0 (4.6)
537.9 (7.4)

534.2 (25.3)
534.1 (22.1)
534.1 (17.3)

292.1 (3.2)
292.0 (5.8)

289.8 (8.1)

287.6 (14.1)
287.6 (10.7)
287.6 (4.6)

NAC-FBr400
NAC-FBr600
NAC-FBr800

529.5 (8.2)

289.8 (9.1)

537.8 (4.8)

529.6 (20.8)

292.1 (4.7)

289.8 (12.2)

In the high-resolution C 1s core level XP spectra (Figure
3¢), the —CF, (291.2—292.2 ¢V) and C—C (284.2—284.6 eV)
peaks are easily identified.”” After fluorination, there is no sign
of the —CF; (293.7—294.2 eV>'~*’) signal in the C 1s core
level XP spectra. Fluorination/bromination of the NAC results
in significant changes in the C 1s core level XP spectrum. For
example, the B, component disappears almost completely,
while a new 5 component appears, indicating the presence of
CF, groups (Figure 3c). The fraction of carbon involved in the
formation of CF, groups in the fluorinated/brominated NACs
is consistent with the added fluorine content. The contribu-
tions of the other components show some variability. A notable
decrease in the ff,c component is attributed to the elimination
of carboxyl, anhydride, and lactone groups during heating. A
slight increase in the f;c component is discernible due to an
increase in the relative content of C=O groups, the
contribution of C—Hal bonds, and that of the C—O bonds
adjacent to Hal-containing groups. These changes are
corroborated by the O 1s core level XP spectrum (Figure
3b,d). A significant decrease in the content of the fq
component and a slight increase in the f,5 component are
observed, consistent with the pronounced thermal stability of
the oxygen-containing functional groups. In the case of the
fluorinated/brominated NACs, the ff;, component is absent in
the XP spectrum of the O 1s core level, while two new
components, f,o and fso, appear. These components are
attributed to the C—O bonds in phenolic groups located
adjacent to the incorporated bromine atoms and fluorine-
containing groups, respectively.

Figure 4 depicts the core-level F 1s and Br 3d XP spectra of
the fluorinated/brominated NACs.

In general, F 1s spectra are only deconvolved into the
components assigned to covalent, semi-ionic, and ionic
bonds.'****" The F 1s peaks of ionic bonds at ~684 eV are
not observed in the spectra (Figure 4a). The F 1s peaks of
covalent and semi-ionic C—F bonds are located at 688.3 eV
and 685.9 + 0.1 eV, respectively. Based on their binding
energies, it can be postulated that during the gas-phase
modification, the covalent C—F bonds are partially converted
into semi-ionic C—F bonds, which provides a reasonable
explanation for the lower content of F moieties. The XP
spectral data obtained at the F 1s core level for the NAC-
FBr400 and NAC-FBr600 can be satisfactorily described with
only two components (Figure 4a).

No forms with a binding energy of 689.6 eV** that could be
attributed to the CF; group, were identified in these spectra.
The majority of the chemisorbed fluorine (more than 70—
80%) in the NAC-FBr400 and NAC-FBr600 is in the form of
CF, groups (f};5), while the other form (f5) corresponds to a
variety of fluorine-containing groups with semi-ionic C—Fg;
bonds (Table 4). The semi-ionic type of bonding implies a
direct interaction between the chemisorbed fluorine and the
conjugated (aromatic) system of C=C bonds of the carbon
matrix. This type of bonding is typical of fluorinated graphitic
carbons and other carbon nanomaterials."***~*

In the case of the NAC-FBr800, three spectral components
are required to deconvolve the F 1s core level XP spectrum.
The S,z component corresponds to the energy of the C—F
bonds that can be formed as a result of thermochemical
transformations of DBTFE at high temperatures. Conse-
quently, as the fluorination/bromination temperature in-
creases, an increase in the contribution of C—Fg; semi-ionic
groups is documented, and the appearance of a new form of
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Figure 4. Representative (a) F 1s and (b) Br 3d;,, core levels XP spectra for the gas-phase fluorinated/brominated NACs.

Table 4. XP Spectra Analysis of the F 1s and Br 3d;;, Core Levels of Selected Gas-phase Fluorinated/Brominated NACs

E,, eV; and content (%)

F 1s Br 3d;,,
sample P1rC—Fg PrrC—F P3eCE, P1p:C—Br P:C—Br (F, O)

NAC-FBr400 685.9 (19.0) 688.3 (81.0) 70.1 (92.4) 74.2 (7.6)
NAC-FBr600 686.0 (28.3) 688.3 (71.7) 70.0 (71.6) 74.1 (28.4)
NAC-FBr800 685.8 (38.4) 687.1 (31.3) 688.3 (30.3) 70.1 (68.7) 74.3 (31.3)

Por (C—F bonds) is attributed to a decrease in the contribution oF ArF

of CF, covalent bonds (Table 4). :

Two forms of chemisorbed bromine can be distinguished in CF, RF

the Br 3d core level XP spectra for the fluorinated/brominated -75

NACs (Figure 4b). These forms can be fitted with two peaks, 3

taking into account the spin—orbit splitting of the signal into

Br 3ds/, and Br 3d;/, components. It is known that the Br a7 76 217

3ds/, and Br 3d;/, components have a difference in energy of
about 1.0S5 eV and intensity, which are correlated as 3:2. Table
3 shows the binding energy and the total area of the two peaks
fitted to the Br 3d;,, signal, which is the most intense of the
pair. The lower binding energy 5, component, which is the
most intense, corresponds, by binding energy, to “single” C—Br
bonds that are relatively distant from other halogen-containing
groups. The contribution of this component to the Br 3d;,,
signal is in the range of 68—92%, with the contribution of the
component decreasing with increasing treatment temperature.
The higher binding energy component (f,5,) is attributed to
the C—Br bonds directly interacting with fluorine (oxygen)
atoms. As the fluorination/bromination temperature increases
from 400 to 800 °C, the contribution of such C—Br bonds to
the p,s, component increases by more than 4-fold.
Consequently, an increase in the fluorination/bromination
temperature results in the formation of surface forms of
halogens that interact more with the carbon matrix (forming
semi-ionic fluorine) and with each other.

3.4. F ssNMR Spectra Analysis. In the analysis of the
F s NMR spectra of the fluorinated/brominated NACs
(Figure S), we used the following chemical shift (CS) ranges to
assign fluorine-containing groups: The isotropic signals of CF;

38624

NAC-BrF800

NAC-BrF600

NAC-BrF400

4100 200  -300
ss "°F NMR shift 5 (ppm)

100 -400

Figure 5. Representative 'F ssNMR spectra of the fluorinated/
brominated NACs.

groups are expected to occupy a range of 0 to —80 ppm, those
of CF, groups, a range of —50 to —130 ppm, those of aromatic
fluorine (Ar—F) groups, a range of —100 to —200 gé)m, and
those of CF groups, a range of —120 to —280 ppm."*~**

According to Panich,” in the fluorinated carbon nanoma-
terials, the signal in the CS region between —50 and —120 ppm
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Figure 6. Scheme of the NAC carbon surface fluorination and bromination with 1,2-dibromotetrafluoroethane. It illustrates two possible pathways:
a low-temperature, ionic mechanism-based process (I) on the left and a high-temperature, radical-based process (II) on the right.

may originate from both the CF, and CF; groups resulting
from the fluorination of the edges of the carbon planes.

According to Figure S, the YF ssNMR spectra show a very
intense peak at —75 ppm. This signal, considering the structure
of DBTFE as the NAC modifier, can be attributed to the CF,
groups, rather than the CF; groups, as the latter were not
present in the studied materials according to other methods
(see above). In addition to this resonance, the spectra of NAC-
FBr400 and NAC-FBr600 show very low intensity signals
between —130 and —180 ppm. These signals can be attributed
to the CF groups, as proposed by Hagaman et al.** These
monofluoro-CF groups are likely to be the “semi-ionic” forms
of the chemisorbed fluorine. It is plausible that these groups
are present in both aromatic and aliphatic (R—F) moieties.
The low intensity of these signals is consistent with the XPS
data.

The ”F ssNMR spectrum of the NAC-FBr800 (Figure 5)
shows the appearance of several novel resonances that can be
attributed to CF groups with different characteristics of C—F
bonds. The formation of these surface forms of fluorine is
possible due to chemisorption of DBTFE pyrolysis products
on the carbon surface (here DBTFE pyrolysis occurred at
elevated temperatures) or due to thermal decomposition
processes in the carbon surface layer. The broadened peaks at
—210 and —176 ppm correspond to the fluorine atoms forming
covalent bonds with aliphatic and aromatic fragments of the
carbon matrix, respectively. This is consistent with the §eneral
rule that the lower the CS, the higher the covalency. 7 The
formation of the aliphatic fragments of the carbon matrix is
associated with the partial destruction of the aromatic
conjugated system and the heterogenization of the carbon
surface layer under the influence of high temperatures and the
action of pyrolysis products of DBTFE.

The covalence of a bond increases as the CS decreases. This
relationship is particularly relevant for CF groups, which can
form semi-ionic bonds. These CF groups may be responsible
for the low intensity broad peak at —147 ppm. Another factor
contributing to this signal is the presence of “linked” CF
groups, which can be found in various forms such as midchain,
cyclic, or branched groups. These “linked” CF groups are
characterized by having at least two fluorinated carbon atoms
attached to them.”

The formation of fluorine-containing groups on carbon
surfaces is contingent upon temperature. To comprehend the
temperature dependence, it is essential to conceptualize the
potential chemical reactions involving DBTFE in the presence
of a carbon surface and to discretize the diverse range of
surface products that could potentially be generated following
the partial decomposition of DBTFE when decomposition
products react with NAC surface. The most straightforward
process achievable at any temperature under investigation
results in the formation of radicals (Br* and BrF,C—°*CF,) and
tetrafluoroethylene, F,C=CF,.”" It is also possible that some

parallel processes involving the carbon surface layer may occur
during thermolysis, resulting in the generation of byproducts
(see the Supporting Information, Texts S1 and S2 and
additional refs 52—61).

As the reaction temperature increases, the number of
DBTFE molecules undergoing deep pyrolysis also increases.
The partial decomposition of DBTFE can be illustrated by the
following equation

BrE,C — CEBr < BrE,C —* CE, + Br® < E,C=CE, + 2Br’(Br,)

Bromine radicals, or dibromine molecules, can engage in
various substitution and addition reactions with the C=C
bonds of the carbon matrix. Bromine addition is selective and
independent of the fluorine addition, as demonstrated by the
results of the chemical analysis. The temperature dependence
of the amount of chemisorbed bromine is in good agreement
with the proposed pyrolysis mechanism. It is noteworthy that
the observed decrease in the surface bromine concentration at
temperatures of 600—700 °C can be explained by the low bond
dissociation energy for C—Br (275 kJ mol™").

The introduction of fluorine into the NAC carbon surface,
predominantly in the form of CF, groups, is possible via two
different pathways. The first pathway (I), which follows a
purely ionic mechanism, involves the addition of the entire
DBTFE molecule to a complex active center consisting of two
adjacent HC=CH bonds on the carbon surface (Figure 6).

This addition creates an intermediate in which a cyclized
CF,—CF, group is formed, and the adjacent carbon atoms
become brominated due to proximity-induced structural
rearrangement. Restoration of the conjugated carbon bond
system in the carbon matrix and the formation of a stable
cyclization product can be readily achieved by eliminating two
HBr molecules by heating. While this pathway is limited by a
relatively small number of active centers, it is particularly
effective at temperatures above 400 °C. The second pathway,
the radical-based process (II) shown in Figure 6, which also
leads to the formation of the same product, involves the
products of the DBTFE pyrolysis, specifically, BrF,C—°CF, or
F,C=CF,. This addition reaction is favored at elevated
temperatures, and proceeds by a radical mechanism. At
temperatures in the range of 600—800 °C, a sufficient amount
of active products are generated in the gaseous reaction
mixture due to the pyrolysis of DBTFE. In addition, the carbon
matrix itself is further activated b%r the thermal decomposition
of the oxygen-containing groups.”” Consequently, the reactions
of BrF,C—°*CF, or F,C=CF, with the carbon matrix should
result in the formation of the CF, surface groups with high
selectivity, as shown in Figure 6.

The partial pyrolysis of DBTFE is consistent with the
hypothesis that the ”F ssNMR signal at —75 ppm should be
attributed to CF, groups rather than CF; groups (Figure ).
The formation of CF; groups requires a more profound
pyrolysis of DBTFE, involving the cleavage of C—C and C—F

https://doi.org/10.1021/acsomega.4c04179
ACS Omega 2024, 9, 38618—38628


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04179/suppl_file/ao4c04179_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04179?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04179?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04179?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04179?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

bonds and subsequent rearrangement. Such a process can only
occur at high temperatures and it is evident that it cannot
ensure the selective formation of the same functional groups in
large quantities over the tested temperature range.

4. CONCLUSIONS

A commercial NAC has been successfully fluorinated and
brominated (dual-doped) in the gas phase by a simple
technique. The fluorination/bromination of NAC at 400 °C
results in the chemisorption of about 1.5 mmol g™* of bromine
and only 0.5 mmol g~' of fluorine. The low fluorine content in
the low temperature treated NAC can be attributed to the low
abundance of active centers capable of binding the entire
DBTFE molecule, as well as the inactivity of the DBTFE
pyrolysis products at low temperatures. In addition, competi-
tion for surface active centers between fluorine-containing
molecules and bromine radicals (dibromine molecules) is
another contributing factor.

By increasing the temperature of the NAC modification
process to a range of 500—700 °C, it has been observed that
the efficiency of fluorine grafting is significantly increased,
resulting in the formation of CF, groups. This phenomenon
can be attributed to two main factors: (i) enhanced partial
pyrolysis of DBTFE to form BrF,C—°CF, or F,C=CF,; and
(i) additional surface activation due to thermal destruction of
various, including bromine-containing, functional groups. As
the halogenation temperature is further increased to 800 °C,
the efficiency of the halogen chemisorption decreases slightly
due to the increasing contribution of the thermal decom-
position of the grafted groups. The process becomes
nonselective due to the significant pyrolysis of DBTFE and
the involvement of various active centers of the NAC surface in
the gas-phase modification. The '°F ssNMR showed that the
added fluorine is mainly in the form of CF, groups, regardless
of the modification temperature.

The modification temperature is a key factor, and its
variation allows a controlled preparation of dual-doped
nanoporous carbon solids whose surface layers are selectively
enriched with either fluorine or bromine. The fluorination/
bromination process studied has been shown to be mild, since
it does not lead to significant changes in the macro- and
microstructure (overall porosity) of NAC, as evidenced by
SEM and N, adsorption—desorption results. The introduction
of halogen-containing groups, independent of the temperature,
only moderately decreased of the surface area and micropore
volume. At the same time, fluorine and bromine are unevenly
distributed in the porous structure of NAC, with the outer
surface of NAC being enriched with halogens relative to the
inner surface of the micropores.

The modification of NAC with DBTFE in the gas phase is a
convenient and efficient method for the selective preparation
of F- and Br-containing dual-doped nanoporous carbons for
various modern applications and DBTFE conversion.
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