Chemical Makeup and Hydrophilic
Behavior of Graphene Oxide
Nanoribbons after Low-Temperature
Fluorination

Rebeca Romero Aburto," Lawrence B. Alemany,* Thomas K. Weldeghiorghis,' Sehmus Ozden,’ Zhiwei Peng,*
Aurélien Lherbier," Andrés Rafael Botello Méndez,* Chandra Sekhar Tiwary,' Jaime Taha-Tijerina,’
Zheng Yan,* Mika Tabata," Jean-Christophe Charlier,* James M. Tour,™* and Pulickel M. Ajayan™*

"Department of Material Science and NanoEngineering, *Department of Chemistry, and *Shared Equipment Authority, Rice University, Houston, Texas 77005,
United States, "Department of Chemistry, Louisiana State University, Baton Rouge, Louisiana 70803, United States, and “Hnstitute of Condensed Matter and
Nanosciences (IMCN), Université catholique de Louvain, Louvain-la-Neuve, 1348 Belgium

ABSTRACT

GONR FGONR50 FGONR75 FGONR100  FGNR

L PPN

GONR FGONR 50 FGONR 7% FGONR 100 FGNR
€g0urH; CgluF oHy Cg04FyH.
c(ah)  66.6 clotx)  61.5 cat
F(ax) .0 Flatx) 97.7 Flatz) 143 Flats) 2.0 Flatx) 357
o(ats)  33.3 o(atx)  30.8 o(ats) 28.6 ofats)  26.7 o(aty) 7.1
¥/c k) £/C 0.250 fc e.378 F/C 0625

100°¢

/. 6.000 /¢ 0.2 /e 2 R -/
o/c 0.500 0/C  0.500 o/c .56 o/c  0.50 o€ 9.15

Here we investigated the fluorination of graphene oxide nanoribbons (GONRs) using H, and F, gases at low temperature, below 200 °C, with the purpose of
elucidating their structure and predicting a fluorination mechanism. The importance of this study is the understanding of how fluorine functional groups
are incorporated in complex structures, such as GONRs, as a function of temperature. The insight provided herein can potentially help engineer application-
oriented materials for several research and industrial sectors. Direct **C pulse magic angle spinning (MAS) nuclear magnetic resonance (NMR) confirmed the
presence of epoxy, hydroxyl, ester and ketone carbonyl, tertiary alkyl fluorides, as well as graphitic sp>-hybridized carbon. Moreover, °F—"C cross-
polarization MAS NMR with "H and "°F decoupling confirmed the presence of secondary alkyl fluoride (CF,) groups in the fluorinated graphene oxide
nanoribbon (FGONR) structures fluorinated above 50 °C. First-principles density functional theory calculations gained insight into the atomic arrangement
of the most dominant chemical groups. The fluorinated GONRs present atomic fluorine percentages in the range of 6—35. Interestingly, the FGONRs
synthesized up to 100 °C, with 6—19% of atomic fluorine, exhibit colloidal similar stability in aqueous environments when compared to GONRs. This
colloidal stability is important because it is not common for materials with up to 19% fluorine to have a high degree of hydrophilicity.
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bons (GNRs) has been widely stud-  due to its production in bulk quantities and ~ *Address correspondence to
12,13  ajayan@rice.edu.

The synthesis of graphene nanorib-  nanotubes (MWCNTSs) is most investigated

ied’™"" because of their great potential  consistency. The oxidative unzipping
in various applications, such as energy-  generates abundant oxygen-containing Received for review March 1, 2015
related devices,'? catalysis,® transparent  functionalities at both edges and basal and accepted May 28, 2015.
flexible touch screens,* gas barriers,” carbon  planes, making the resulting nanoribbons | .
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fiber spinning, and coatings.” Among these  highly soluble in water and polar organic  10.1021/acsnano.5b01330
methods, the “wet” chemistry approach  solvents. The product exhibits a similar
starting from unzipped multiwalled carbon structure to graphene oxide (GO); hence, ©2015 American Chemical Society
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Figure 1. Synthesis of fluorinated graphene oxide nanoribbons (FGONRs) and their XPS elemental analysis. (A) Graphical
representation of the synthesis mechanism. (B) Elemental analysis of GONR, FGNR, and FGONRs 50, 75, and 100.

this material is termed graphene oxide nanoribbons
(GONRSs).

It is known that fluorinated graphene structures
exhibit supreme hydrophobicity, enhanced thermal
conductivity, as well as superior lubrication properties
even at high temperatures (above 400 °C). The addi-
tion of chemical functionality can tune the degree of
hydrophobicity to satisfy the needs of a particular
application. There are several synthetic routes to
fluorinate graphite or graphene structures.'*~'” Re-
cently, Mathkar et al. successfully tuned the hydro-
phobic and amphiphobic behavior of fluorinated
graphene oxide (FGO) through oxidative exfoliation
of fluorinated graphite polymer, demonstrating its
aqueous solubility.'® Nevertheless, the FGO reported
in Mathkar et al. had less than 7% F, which could be
considered low degree fluorination. Additionally,
Jankovsky et al. reported the synthesis of fluorinated
graphene oxide (<15% F) produced by a 6 day
fluorination process (60 °C; 20% F,/N (v/v) to 3.2 bar)
of GO obtained through Staudenmaier and Hummers
methods.'® The caveat of Jankovsky's work could be
the length of time that it takes to produce the
material. Currently, fine-tuned fluorination of gra-
phene oxide materials has not been fully achieved.
Moreover, mechanistic characterization to predict a
fluorination route has not been clearly elucidated.
Finally, a limited amount of publications thoroughly
characterize the chemical makeup of complex struc-
tures like fluorinated graphene oxides.

ROMERO ABURTO ET AL.

The purpose of this article is to generate fluorinated
graphene oxide nanoribbons at low temperatures as
well as to elucidate their chemical functionality and
fluorination mechanism. In this work, we report a
detailed chemical and physical characterization of
highly fluorinated graphene oxide nanoribbons
(FGONRs). To elucidate the chemical makeup of the
nanoribbons, various nuclear magnetic resonance
(NMR) experiments and density functional theory
(DFT) calculations were used. DFT electronic structure
results have been correlated with standard character-
ization techniques (X-ray photoelectron spectroscopy
(XPS), Raman spectroscopy, Fourier transform infrared
(FTIR) spectroscopy, and UV—vis absorption) to predict
afluorination mechanism. The importance of this study
is the understanding of how certain functional groups
appear in complex structures such as FGONR. The in-
sight provided can potentially help engineer application-
oriented materials for several research and industrial
sectors.

RESULTS AND DISCUSSION

The fluorination of GONRs was conducted at four
different temperatures (Figure 1A). An increase in the
fluorination temperature results in a higher degree of
fluorination. The objective of this paper is the further
understanding of the fluorination mechanism of
GONRs at low temperatures (<200 °C) by employing
H, and F, gases. Furthermore, this paper seeks to
determine the fluorine as well as oxygen functional
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Figure 2. FGONR characterization. (A) Transmission electron microscopy image of FGONR 50, 75, and 100. (B) UV—vis
spectroscopy. (C) FTIR spectroscopy. (D) X-ray diffraction. (E) Raman spectroscopy. (F) Nanoribbon's dispersivity in water; all

samples have a concentration of 100 xg/mL.

groups present in graphene nanoribbons as a func-
tion of temperature. XPS elemental analysis per-
formed on the nanoribbons exhibits fluorine per-
centages ranging from 6.5 to 35 and oxygen from 9
to 34 (Figure 1B).

Extensive characterization of these nanoribbons
was conducted to determine if any morphological
or chemical changes occurred due to the different
synthetic routes. Interestingly, it was observed that
the degree of buckling in the center of the ribbons
increased as a function of temperature (Figure 2A).
FGNRs prepared at 125 °C showed the highest buck-
ling behavior (Supporting Information Figure S1).

ROMERO ABURTO ET AL.

Fluorinated graphene is known to be hydrophobic
due to the low surface energy of the CF bond.'82°
However, when oxygen functional groups are pre-
sent, a hydrophobic to hydrophilic transition can
occur.

Further chemical functionalization often produces
different electronic transitions; as a result, a shift in the
absorption spectrum of each sample can be detected.
To determine if a shift occurs on the FGONR samples
compared to the GONRs, absorption spectra in the
ultraviolet to visible (UV—vis) range were obtained
(Figure 2B). GONRs present a peak maximum at a
wavelength of 232 nm and a shoulder around
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300 nm. FGONRs 50 and 75 blue shift to values around
220 nm, while FGONR 100 red shifts and presents a
peak maximum around 234 nm. It can be concluded
that FGONRs 50 and 75 could have a slightly higher
number of excited & bonding electrons when com-
pared to those present in GONR and FGONR 100.
Overall, the absorbance wavelength for the nanorib-
bons is in the range of graphene oxide (GO). To
conduct the spectroscopic measurements mentioned
above, all materials (GONRs, FGONRs) were dispersed
in water and presented good colloidal stability, with
minimum sedimentation for at least 2 months
(Figure 2F). The ¢-potential of GONR and FGONRs 50,
75, and 100 resulted in negative values of 38, 30, 29,
and 32 mV, respectively. Therefore, the nanoribbons
are negatively charged under a 6.6 pH aqueous envi-
ronment. Hydrophobic FGNRs failed to produce a
stable colloidal solution in water.

Initially, to determine some of the functional groups
present in the nanoribbons, FTIR spectra were ob-
tained (Figure 2C). GONRs present several oxygen
functionalities that are in agreement with those seen
in GO.2" The C—0 and C—0O—C vibrations as well as the
OH bending and stretching in the GONR spectrum get
transformed into broad diminished peaks as the fluori-
nation temperature increases, resulting in the FGONR
(50,75, 100) samples. FGNR shows minimal absorbance
from those oxygen functional groups. Inversely, as the
fluorination temperature increases from 50 to 125 °C,
the tertiary alkyl fluoride (CF) peak absorbance (1150 to
1220 cm™") intensifies. The signals from FGONR and
FGNR are in agreement with what has been reported
for fluorinated graphene (FG) and fluorinated gra-
phene oxide (FGO) structures.?*?3

Intuitively, the reduction of oxygen groups as the
temperature increases can result in a decrease in
interlayer spacing. Therefore, XRD characterization is
required to determine if this indeed happens and
between which temperature regimes the transition is
observed (Figure 2D). GONRs and FGONR 50 present
the highest dyo; plane spacing (~8.8 A), followed by
FGONRs 75 and 100 with a doo; plane spacing on the
order of ~7.8 A. Finally, FGNR presents the smallest
doo1 plane spacing (~7.2 R). However, compared to the
doo1 plane spacing of graphene (~3.36 A), FGNR dgo;
interlayer spacing increases by 2.1-fold. This perpendi-
cular expansion with respect to the basal plane is
expected due to the fluorine functional groups in the
structure and lies within the range of reported
values.16’19’24’25

Pristine graphene is composed almost exclusively of
sp>-hybridized carbons. Once defects such as vacan-
cies or functional groups are added to the structure,
some of the carbons will present an sp>-hybridization.
The hybridization state will influence the optical
and conductive properties of the material, favoring a
metal-to-insulator transition if the D/G band ratio tends

ROMERO ABURTO ET AL.

to unity. Due to the fluorine and oxygen functionali-
zation, the D mode (~1350 cm™') peak broadens as
the fluorination progresses from GONR to FGNR
(Figure 2E). The G mode (~1600 cm™"') provides in-
formation on the stretching of the C—C bond in
graphitic materials. When this peak is narrow, the
sample is similar to pristine graphene. However, when
the G mode peak broadens, this could indicate in-plane
buckling in the structure. From these results, we should
expect buckling or puckering in the nanoribbons.
The buckling can be confirmed by the micrographs
presented in Figure 2A and Supporting Information
Figure S1. Overall, the D/G ratio for GONR and FGONRs
is similar (0.6 to 0.68), perhaps because of the high
degree of functionalization (Figure 2E). In the case of
FGNR (Figure 2E), the ratio is higher (0.82) and it could
be attributed to higher content of sp>-hybridized
carbons in the structure due to the significant amount
of fluorine added (Figure 1B).

To confirm the presence of the functional groups
detected by FTIR spectroscopy, XPS spectra were
obtained on all samples (Figure 3). With regard to the
oxygen functionalities, the XPS results are in agree-
ment with the trend observed through FTIR spectros-
copy. Interestingly enough, for fluorine groups, XPS
gave an indication of not only CF but also CF, groups in
the FGONRs 75 (Figure 3D) and 100 (Figure 3E) and
FGNR (Figure 3B) samples. As expected, GONRs only
presented signals consistent with oxygen functional-
ities and sp>-hybridized carbon (Figure 3A).

Due to the indication that CF and CF, fluorine groups
could be present in the FGONRs and FGNR samples,
direct 3C pulse MAS NMR spectra were obtained on
each sample. The GONR spectrum (Figure 4A) is similar
to that of graphene oxide.?"?” As expected, the spec-
trum shows three signals at about 60, 70, and 130 ppm,
corresponding to epoxy, hydroxyl, and graphitic sp?
carbon functionalities, respectively. As expected, the
epoxy and graphitic sp? carbon signals in the direct
13C pulse spectrum are proportionately stronger than
that in a "H—"3C cross-polarization spectrum. Rela-
tively strong signals can also be observed from ester
carbonyl (170 ppm) and ketone carbonyl (190 ppm)
functional groups (Figure 4A). The lactol group signal
near 100 ppm appears similar in intensity compared to
the spectrum reported by Gao et al.2"*” The increase in
ketone and ester carbonyl may result from an enhance-
ment regarding edge reactivity of the ribbons versus
the edge reactivity in graphene or graphite. However,
the evaluation of the edge reactivity in these samples is
beyond the scope of this work.

In comparison, the direct 'C pulse FGNR spectrum
(Figure 4B) shows two characteristic signals with
maxima at 88 and 128 ppm, attributed to CF of sp>-
hybridized carbon and graphitic sp? carbon, respec-
tively. Lengthening the relaxation delay from 20 to
60 s had a negligible effect on the absolute and
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Figure 3. X-ray photoelectron spectroscopy. (A) GONR. (B) FGNR. (C) FGONR 50. (D) FGONR 75. (E) FGONR 100. The functional
group binding energies are C—F (288—290 eV); C=0 (285—286 eV); C—0; C—0—C (285287 eV); sp2 (284—285 eV). The peak
located at ~290 eV could indicate the presence of CF, groups in the nanoribbons.?®

relative intensities of the signals. The signal corre-
sponding to graphitic sp? carbon exhibits a significant
upfield skew (Figure 4B) that may result from CF,
functional groups, which commonly give a signal
around 111 ppm in fluorinated carbonaceous materi-
als (additional details are in the Supporting Infor-
mation). While looking at the XPS characterization of
FGNR, FGONR 75, and FGONR 100 (Figure 3B,D,E), we
see that there is a peak around 290 eV, indicative of
CF, groups.®

The direct "3C pulse FGONR 50 spectrum (Figure 4C)
shows a decreased signal in the region corresponding
to epoxy (60 ppm), hydroxyl (70 ppm), and graphitic
sp? carbon (130 ppm) compared to the corresponding

ROMERO ABURTO ET AL.

GONR spectrum (Figure 4A). Because of the low extent
of fluorination of FGONR 50 (Figure 1B), signals for CF
and CF, are not readily obvious; the XPS spectrum
(Figure 3C) is a much better indicator of the presence of
CF and the apparently negligible presence of CF,.

The direct '3C pulse FGONR 75 spectrum (Figure 4D)
indicates that even fewer epoxy and hydroxyl groups
are present, while the intensity is clearly greater in the
region that can result from CF, lactol, and CF, signals.
The XPS spectrum (Figure 3D) indicates the presence of
CF, as well as CF groups. Graphitic and ester carbonyl
signals are clearly recognizable in the NMR spectrum.
Overall, the NMR spectrum indicates that FGONR
75 has a very complex structure.
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Figure 4. Direct '3C pulse MAS NMR spectra of GONR,
FGNR, and FGONR fluorinated at 50, 75, and 100 °C. All
spectra were acquired with a 20 s relaxation delay, with
the FIDs processed with 50 Hz (1 ppm) of line broaden-
ing. (A) GONR spectrum: 12 kHz MAS, 41 ms FID, 4400 scans.
(B) FGNR spectrum: 15 kHz MAS, 20.5 ms FID, 4400 scans.
(C) FGONR 50 spectrum: 15 kHz MAS, 41 ms FID, 4400
scans. (D) FGONR 75 spectrum: 15 kHz MAS, 41 ms FID,
20,000 scans (limited amount of material). (E) FGONR
100 spectrum: 15 kHz MAS, 41 ms FID, 4400 scans.

The direct "3C pulse FGONR 100 spectrum (Figure 4E)
is more similar to the spectrum of FGONR 50 than to
the spectrum of FGONR 75, even though only relatively
small changes are observed in the elemental composi-
tion of FGONR 100 compared to that of FGONR 75
(Figure 1B). However, the XPS spectrum of FGONR 100
(Figure 3E) suggests that CF, groups are much more
prevalent than CF groups compared to FGONR 75.

Although much less common than "H—"3C cross-
polarization, '°F—"3C cross-polarization has been used
to study a wide range of fluorinated materials (see the
Supporting Information). Obtaining '3C spectra via
19F—13C cross-polarization with a short contact time
appeared to be the best approach for unambiguously
demonstrating the presence of CF and, especially, CF,
groups in the FGNR and FGONR materials. Using a short

ROMERO ABURTO ET AL.
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Figure 5. "°F—"3C CPMAS NMR spectra of FGNR and FGONR
50. (A) FGNR spectra obtained with a contact time t.,, of (1)
0.5 ms, (II) 1.0 ms, (lll) 1.5 ms, (IV) 2.0 ms, and (V) 3.0 ms.
Spectra were obtained with 12 kHz MAS, a 3 s relaxation
delay, and 20000 scans (except for the spectrum obtained
with t;, = 0.5 ms, where 40000 scans were acquired).
(B) Spectrum of FGONR 50 obtained with a contact time
of 0.5 ms, 12 kHz MAS, a 3 s relaxation delay, and 40960
scans.

contact time results in preferential detection of car-
bons with directly bound fluorine. This cross-polariza-
tion approach also appeared to be more unbiased than
deconvoluting complex spectra to establish the pre-
sence of fluorine groups.?® Indeed, '°F—"3C CP experi-
ments performed with multiple contact times have
been used to study a wide variety of materials;>*~*°
of the materials studied this way, graphite hydro-
fluoride®® is perhaps the most similar to the FGNR
and FGONR materials in this report.

The spectra from a series of '°F—'3C CP experiments
on FGNR with contact times ranging from 0.5 to 3.0 ms
are shown in Figure 5A. The signals slightly upfield of
90 ppm result from CF groups, while the signals at
about 110 ppm are clearly consistent with CF, groups.
The CF, signals are particularly noticeable at the short-
est contact times. As the contact time is lengthened, a
signal at about 130 ppm emerges from the long-range
cross-polarization of (nonfluorinated) graphitic sp?
carbons, for which the "°F—"3C dipole—dipole interac-
tion is much weaker.

The CP results establish that the upfield skew of the
graphitic sp? carbon signal in the direct '3C pulse
spectrum of FGNR (Figure 4B) results from CF;, groups.
The peak maximum at 128 ppm in the direct *C pulse
spectrum is proportionately much stronger than
the corresponding signal in the CP spectrum ob-
tained with t, = 3.0 ms (Figure 5A) because all the
aromatic carbons can be detected in the direct '3C
pulse experiment, while only the aromatic carbons
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Figure 6. Schematic representation of the most stable models for GONR, FGONR (50, 75, 100), and FGNR, their
corresponding stoichiometry, and density of states in a 2 x 2 graphene cell. (A) Epoxy, hydroxyl, ketone carbonyl, and
fluorine groups are represented by a blue triangle and a red, blue, and green arrow, respectively. The direction of the
triangle or the arrow indicates the position below or above the graphene plane. (B) Radial distribution functions for the
FGONRs highlight the contributions of C—C, C—0O, and C—F bonds in the various models. (C) Density of states of the most
stable system (black curve) for the different models of GONR, FGONR (50, 75, 100), and FGNR and the weighted average

(shaded area) of all the considered atomic configurations.

spatially near fluorine can be detected in the CP
experiment.

The relative intensity of the CF, signal in the CP
spectra clearly decreases as the contact time increases
(Figure 5A). The "°F spin—lattice relaxation time in the
rotating frame appears to be significantly shorter for
CF, than for CF.

The "°F—"3C CP spectrum of FGONR 50 obtained with
tp = 0.5 ms is dominated by a signal from CF groups;
much weaker signals consistent with CF, groups and
epoxy and hydroxyl groups are also evident (Figure 5B).
Since the sample contains relatively little fluorine
(Figure 1B) and since the epoxy and hydroxyl signals
are generated by much weaker, long-range '*F—"3C
dipole—dipole interactions, the CF, content is very low
(consistent with the XPS data, Figure 3C).

ROMERO ABURTO ET AL.

To further understand the structural, chemical, and
electronic properties of FGONRs, total energy DFT
calculations were performed.*’ The treatment of de-
fects is often a challenge in either the periodic
boundary condition or in the isolated system ap-
proaches commonly used in ab initio techniques.
For small concentration of defects, both approaches
require the consideration of large systems. In this
case, however, the concentrations are rather high,
leaving room for some approximations. A close ex-
amination of the stoichiometry of chemical species
givenin Figure 1B suggests an atomic model based on
a 2 x 2 graphene cell (8 C atoms). Within such
assumption, the FGNR can be modeled with 14 atoms
[CgOF;s], the GONR with 12 atoms [CgO,], and the
FGONR (50, 75, 100) with 13, 14, and 15 atoms
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[CgO4F(1,2,3)], respectively (see Figure 6A, top panel).
Since hydrogen atoms are not quantifiable from
experiments, they are ignored in the stoichiometry
calculation. Note that, according to the XPS and NMR
results presented above, only the most common
oxygen functional groups, namely, epoxy and hydro-
xyl, have been considered. In addition, the CF, con-
tributions are assumed to be present only at the
edges of the nanoribbons. Finally, for high concentra-
tions of fluorine, a ketone carbonyl group sometimes
appears after structural relaxation. Nevertheless, the
agreement with Figure 1B suggests that, on average,
the local atomic structure indeed follows the stoichi-
ometry considered in these models.

Total energy DFT calculations were performed to
discover the most stable structures among more
than 80 different atomic models of various stoichio-
metries, to analyze their geometries and elucidate
some patterns (see Supporting Information Figures S4
and S5). A few general rules can be extracted from
our simulations. In GONRs, an increase of stability is
observed when epoxy groups are equally located on
both sides of the graphene plane. The situation is
similar for hydroxyl groups, although they tend to be
on the opposite side with respect to the closest epoxy
group. This result is in agreement with recent ab intio
calculations performed on graphene oxide models.*?
Following these heuristics, the first added F atom
prefers to lie on top of a carbon atom either on the
opposite side to the closest epoxy or on the opposite
side of the closest hydroxyl. When two F atoms are
added, the most stable case is found with each of
them on opposite sides of the graphene plane
and one of them on the opposite side of the hydro-
xyl. Adding more F atoms often results in the forma-
tion of HF, which desorbs, except when the F atom is
bound underneath a carbon, which forms part of an
epoxy group, resulting in a ketone carbonyl group
(creation of a C—F bond). However, this is counter-
balanced with the fact that, at higher temperatures
where the CgO,4F; is expected, the hydroxyl species
decompose. Several models of GONRs containing
only epoxy groups were also investigated and can
be found in the Supporting Information. The distri-
bution of C—C, C—0, and C—F bond lengths is ana-
lyzed via the radial distribution function (RDF) (also
called pair correlation function), which is presented in
Figure 6A.

In GONRs and FGNRs, the C—C bond length is found
to be ~1.50 A, which is much larger than that in pristine
graphene (1.42 A). Such bond length increase could be
attributed to the lattice expansion. In FGONRs, the RDF
related to the C—C bond is more broadened and
sometimes exhibits a multipeak structure with shorter
bond lengths. The C—0O bond length is centered
around 1.42 A in GONRs, and as for the C—C bonds, it
tends to be shifted to smaller values and be split as the
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concentration of fluorine increases. Finally, the C—F
bond length is found to be almost constant with a
value of 1.40 A.

The densities of states of the most stable atomic
structures and of the weighted average of other
stable configurations have been computed for var-
ious stoichiometries and are presented in Figure 6B.
The most stable configuration of GONR structures
exhibits a semiconducting behavior with a band gap
(Eg) of ~3.0 eV. Note that band gaps as well as the
dispersion of the conduction bands are usually under-
estimated at the DFT ground-state level. Neverthe-
less, this result is in agreement with the almost
transparent aspect of the GONRs, as illustrated in
Figure 2F. For FGONR 50, the most stable configura-
tion exhibits states close to the Fermi energy, indu-
cing a metallic behavior. FGONR 50 will thus absorb
visible light. In addition, there is an energy band gap
just after this set of states, but conduction states
generally reappear at higher energy (ca. 3.5 eV) as in
GONR, which qualitatively explains the absorption in
the UV spectra around 230 nm (Figure 2B). The most
stable FGONR 75 structures are not found to be
metallic. This semiconducting behavior might be ex-
plained by a higher symmetry of the atomic structure
of our model, which is probably an artifact of the
supercell approach. Nevertheless, states around the
Fermi energy are clearly observed for FGONR 75 using
atomic models containing only epoxy groups (see
Supporting Information). Finally, the most stable
atomic structure for the FGONR 100 model is also
found to be metallic. When using only epoxy groups,
the electronic structure of FGONR 100 is characterized
by a strong peak at the Fermi level and the absence of
a band gap at higher energies, thus explaining the
strong absorption of the visible light as observed in
Figure 2F.

CONCLUSION

In conclusion, low-temperature fluorination of
GONRs has been possible due to the reactivity of
the H, and F, gas mixture. Additionally, this process
has been shown to be temperature-dependent. Inter-
estingly, the tertiary alkyl fluoride (CF) groups appear
at the lowest fluorination (50 °C), while the secondary
alkyl fluoride (CF;) groups appear at a higher tem-
perature. Perhaps the fluorination mechanism can be
explained by the development of CF groups at the
center of the structure followed by CF, at the edges of
the structure as the fluorination temperature in-
creases. FGONRs have complex chemical structures,
but this study has unambiguously characterized these
structures and its fluorination mechanism. Fluo-
rinated graphene oxide nanoribbons exhibit en-
hanced aqueous solubility even at high atomic fluo-
rine percentages (19%). This work provides insight into
the fluorination mechanism of fluorinated graphene
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oxide nanoribbons and their temperature depen-
dency. Furthermore, functional group tuning could

METHODS

Nanoribbon Synthesis. GONRs were made according to the
method described in Marcano et al.'" and Higginbotham et al.”
Briefly, 150 mg of MWCNTSs was suspended in 36 mL of H,SO,4 by
stirring the mixture for a period of 1 h. H3PO, (85%, 4 mL) was
then added, and the mixture was allowed to stir another 15 min
and heated to 65 °C. KMnO, (900 mg) was then added to the
solution, and the reaction was conducted for 10 h. After that, the
reaction was cooled to room temperature and poured onto ice
(~80 mL) with 30% H,0, (3 mL). For workup, the solution was
centrifuged (4000 rpm for 4 h), and the supernatant was
decanted away. The remaining solid material was then washed
in succession with 40 mL of water, 40 mL of 30% HCl, and 40 mL
of ethanol (2x); for each wash, the solution was centrifuged
(4000 rpm for 4 h) and the supernatant decanted away. The
material remaining after this extended multiple-wash process
was coagulated with 200 mL of ether, and the resulting sus-
pension was filtered over a PTFE membrane with a 0.45 um pore
size. The solid obtained on the filter was vacuum-dried over-
night at room temperature, obtaining ~105 mg of product.

FGNRs were synthesized via a homemade fluorination
reactor. The GONR sample was sealed in the reactor and
pumped down to 0.400 Torr. Then, the reactor was filled with
Ar to ambient pressure and heated to 125 °C. When the tem-
perature was stabilized, the gas flow was changed to 10 sccm of
H, and 15 sccm of F,, and the fluorination reaction lasted for 1 h.
After the reaction, the sample was allowed to cool in Ar for
approximately 30 min before taking it out from the reactor.

FGONRs were synthesized via a homemade fluorination
reactor. The GONR sample was sealed in the reactor and
pumped down to 0.400 Torr. Then, the reactor was filled with
Ar to ambient pressure and heated to a certain temperature
(50, 75, and 100 °C). When the temperature was stabilized, the
gas flow was changed to 10 sccm of H, and 15 sccm of Fy, and
the fluorination reaction lasted for 1 h. After the reaction, the
sample was allowed to cool in Ar for approximately 30 min
before taking it out from the reactor.

Nuclear Magnetic Resonance. Direct '3C pulse MAS NMR spectra
were obtained on a Bruker Avance lll, two-channel spectro-
meter with a 4.7 T magnet (50.3 MHz 3C, 200.1 MHz "H) with
12—15 kHz MAS of 4 mm outer diameter rotors and 'H
decoupling during "*C FID acquisition. Previous work has shown
that such spinning significantly averages '*C—'F dipole—
dipole broadening in CF groups.'®** '3C chemical shifts are
relative to glycine carbonyl defined as 176.46 ppm.** "9F—"3C
CPMAS NMR spectra were obtained on a Bruker Avance three-
channel spectrometer with a 9.4 T magnet (100.6 MHz 13¢,376.4
MHz '°F, 400.1 MHz 'H) with 12 kHz MAS of 4 mm outer
diameter rotors and simultaneous "H and '°F decoupling during
3CFID acquisition. (The "°F decoupler offset was approximately
in the middle of the CF and CF, "°F signals, with 70 kHz 'F
decoupling power.) Under these conditions, the Kel-F
[poly(chlorotrifluoroethylene)] rotor caps do not give a signal.
13C chemical shifts are relative to adamantane CH defined as
38.48 ppm.

Density Functional Theory Calculations. Total energy DFT calcula-
tions were performed using a numerical linear combination of
atomic orbitals as implemented in the Siesta package.*’ The
generalized gradient approximation for the exchange correla-
tion functional using norm-conserving pseudopotentials and
double-¢ basis sets were used to expand the wave functions.
The energy levels are populated using a Fermi—Dirac dis-
tribution with an electronic temperature of 250 K, and an
energy cutoff of 500 Ry is used. A 45 x 45 Monkhorst—Pack
grid was used for the integration of the 2D Brillouin zone. The
geometries are fully relaxed until the forces on each atom and
stress tolerance are less than 0.005 eV/A and 0.001 GPa,
respectively.
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broaden the technological horizon of these graphene
materials.

For each stoichiometry, the number of equivalent config-
urations that can be constructed is given by the combination of
the number of additional dopants and the available sites. To
avoid the calculation of this rapidly increasing number of
configurations, total energies were computed from DFT at each
step. Only the most stable configurations (Eo) were considered
in the subsequent steps. The discrimination of the less stable
structures is based on the difference in total energy between
these configurations (DE; = |E, — E|), within the Boltzmann
distribution (exp(—bDE;), with b = 1/kgT and T =400 K). Similarly,
the average RDF and the density of states were computed
taking into account the Boltzmann distribution. Except for few
cases, the distribution is dominated by the most stable
structure.
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