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A novel radical-based functionalisation strategy for the synthesis of functionalised commercially obtained

plasma-synthesised multi-layer graphitic material (MLG) is presented herein. 4-(trifluoromethyl)phenyl

boronic acid was utilised as a source of 4-(trifluoromethyl)phenyl radicals to covalently graft upon the
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graphitic surface of MLG. Such a methodology provides a convenient and safer route towards aryl radical
generation, serving as a potential alternative to hazardous diazonium salt precusors. The structure and
morphology of the functionalised MLG (“f-MLG) has been characterised using XPS, Raman, TGA, XRD, SEM,

TEM and BET techniques. The XPS quantitative data and Raman spectra provide evidence of successful
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Introduction

Graphene describes an allotropic form of carbon consisting of
a single layer hexagonal array of sp> hybridised carbon atoms.
The combination of stacked graphene planes makes up the
well-known structure of graphite. Whilst graphite has been
known for several hundred years, graphene itself was not
isolated until 2004." Graphene possesses excellent mechanical,
electrical, optical, thermal and biocompatible properties. A
whole host of potential applications for these materials has
been touted by both academia and industry.>® Although
research on this material is still in its early stages of develop-
ment, plenty of applications have been proposed which harness
and exploit the aforementioned properties.

Notwithstanding all of the aforementioned properties of
these materials, there are some significant challenges which
hinder the practical application of graphene materials on any
large or industrial scale.* Graphene is a challenging material to
work with due to its limited dispersibility within most solvents.
Additionally, characterisation challenges are very common.’
Pristine graphene is only available in small laboratory scale
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covalent attachment of 4-(trifluoromethyl)phenyl groups to MLG.

quantities whilst larger scale industrially derived graphene
contains many defects, oxygen functionalisation and are typi-
cally obtained as multi-layer graphitic material (MLG).°
Furthermore it is typically obtained with a broad distribution
of sizes and morphologies.

Issues such as processability can be addressed via function-
alisation. Functionalisation can also alter the properties of the
material in a number of ways. For example, addition of new
functional groups can enhance solubility and/or generate new
composite materials with specifically designed properties.”®
The incorporation of additional organic or inorganic moieties
to the surface of such materials also creates steric repulsion
between the sheets and stacks, thus providing an energy barrier
against undesired clumping.® Furthermore, covalent function-
alisation can also alter the graphitic structure by introducing a
band gap, thereby allowing the material to switch to lower
conductance states.' It is thus imperative to obtain new, safe
routes to introduce covalent functionality to new materials.””®

Over the 16 years since graphene was first isolated, a vast
amount of research has been devoted to the development of
methods towards covalently functionalised graphene."'™'® Many
of these methodologies utilise hazardous conditions, such as
diazonium salts. From a synthetic point of view, diazonium salts
provide an excellent and straightforward source of radicals from
which the only by-product is nitrogen gas.® This offers a clean
methodology for attaching functional groups to the material. Such
radicals combine with radicals present on the surface to form new
covalent bonds as demonstrated by a number of groups.>*>’
Their application, however, does have some undesirable synthetic
conditions which makes it challenging for large scale industrial
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production. Many diazonium salts decompose violently and
can be sensitive to friction and shock.?® As a result, access
to radicals through alternative precursors is desirable for
the purpose of large-scale functionalisation of graphene and
graphitic material.

Through an industrial collaboration, we embarked on an
investigation to explore alternative starting materials which
allow access to aryl radicals required for covalent functionalisa-
tion. From an industrial perspective, plasma-synthesised multi-
layer graphitic material®>*° is more accessible and as such
there is significant value in finding synthetic methodologies
for its derivatisation. As such we aimed to explore these
more accessible materials for functionalisation as opposed to
graphene. Herein, we wish to report a preliminary account of
these investigations. We show that 4-(trifluoromethyl)phenyl radi-
cals, accessed via oxidative conditions of 4-(trifluoromethyl)phenyl
boronic acid, can be used to covalently functionalise the outer
surfaces of plasma-synthesised MLG, thus forming 4-(trifluoro-
methyl)phenyl functionalised MLG (*'£MLG). We also explore the
impact of carrying out this functionalisation by examining the
changes in relation to the original material. The functionalised
material was characterised using XPS, Raman, TGA, XRD, SEM,
TEM, and BET spectroscopic and analytical methods.

Results and discussion
Synthesis of “£MLG

As a means of exploring alternatives to generate aryl radicals
in situ for the purposes of covalently functionalising MLG, we
looked at aryl boronic acids as potential sources. Aryl boronic
acids are well known for their applications in cross coupling
reactions, leading to the formation of C-C bonds. It has
previously been demonstrated that aryl radicals can be generated
from aryl boronic acids under various oxidative conditions, as an
alternative strategy for forming C-C bonds. For example, oxidants
and combinations of oxidants such as Mn(OAc);,>' AgNOs/
K,S,05,°>*% Fe(OTf);/(‘Bu0),** and [Ni(acac),]/K;PO,/(‘Bu0),*
have all been employed for these purposes.

Baran recently reported the application of a mixture of silver
nitrate and potassium persulfate for the formation of C-C
bonds.?>?? It has been postulated that the persulfate is reduced
by the silver to form both [SO,]*~ and [SO,]*~, which in turn
react with the aryl boronic acid to generate aryl radicals
(Scheme 1).** The silver(u) is then reduced back to silver(r) as shown.

2
[SO4] FBCOB(OH)Z
+
[SO4]* \
A

[SO,> + B(OH),

[S2081*

F3C—< > .

Ag(l) g(ll)

Scheme 1 Reported mechanism for the generation of aryl radicals using
the approach by Baran and co-workers.*2
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The transformations proceed within a biphasic aqueous/DCM
solvent system.

We utilised the Baran protocol for generating aryl radicals in
the presence of MLG as a means of functionalising this
material. For the purposes of aiding the subsequent character-
isation, we chose 4-(trifluoromethyl)phenyl boronic acid as the
aryl radical source. This precursor was chosen since it was
reported to be most the efficient of those tested (due to the
electron withdrawing nature of the CF; group)®* and it con-
tained fluorine which could be readily observed by X-ray
photoelectron spectroscopy (XPS). Prior to the reaction with
the graphene material, a control reaction was undertaken. In
this control reaction, 4-(trifluoromethyl)phenyl boronic acid
was reacted with silver nitrate and potassium persulfate in a
1:1 mixture of water and DCM (Scheme 2). We found that 44 h
stirring at room temperature was sufficient for complete con-
version of the starting material. Two products were separated
from the DCM layer following work up. These products were
identified as the homo-coupled product 4,4’-bis(trifluoromethyl)-
1,1’-biphenyl (A) and 4,4’-bis(trifluoromethyl)-1,1’-biphenyl ether
(B) by NMR spectroscopy and mass spectrometry, in an approx-
imate 1:1 ratio. The former product (A) was expected, whilst
the oxygen-bridged compound (B) was not initially anticipated.
We believe that this product originates from the radical species
reacting with water to form phenol, which then undergoes a
C-O coupling reaction to form the ether product. It was
important to confirm the identify of these products since they
can also form intermolecular interactions with the surface of
the material, which can confuse later interpretation and its
characterisation.

With evidence of radical generation, we proceeded to repeat
the same conditions in the presence of MLG with the aim
of functionalising this material with the aryl groups (to form
A"MLG) with the expectation that both 4,4’-bis(trifluoromethyl)-
1,1-biphenyl and 4,4'-bis(trifluoromethyl)-1,1’-biphenyl ether
organic side products would also be present within the reaction
mixture (Scheme 3). After 44 h, the newly formed “£MLG was
isolated from the reaction mixture. This involved purification
steps to ensure that organic and inorganic by-products were
mostly removed from aryl functionalised MLG (*£MLG). The
reaction mixture was centrifuged and the resulting powder was
subjected to repeated dispersion/centrifugation cycles using
large volumes of water, acetonitrile and DCM. The remaining

K28,05, AGNO3 (A)
FsC B(OH),
DCM / H,0 (1:1) +
/©/O\©\
F3C CF3
(B)

Scheme 2 Reaction of 4-(trifluoromethyl)phenyl boronic acid with silver
nitrate and potassium persulfate in a biphasic water and DCM reaction.
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MLG

ATfMLG

CF3

Scheme 3 Schematic representing the covalent attachment of 4-(tri-
fluoromethyl)phenyl radicals to the MLG to form “f-MLG. The oxidising
conditions leads to further oxidation of the material (see text for details).
For clarity, MLG is drawn with only three layers.

solid material was then placed under high vacuum (10 ° bar)
for 168 h.

Analysis and characterisation of *’£MLG

The new functionalised material, “’AMLG, was analysed and
characterised via a range of techniques in comparison with the
original MLG sample. This allowed us to examine the degree of
functionalisation and its impact on the graphitic structure. The
results acquired from these techniques are outlined below.

X-ray photoelectron spectroscopy

Both original and functionalised samples were examined by
XPS, the results of which are presented in Fig. 1-4 and Table 1.
Additional details and spectra are provided in the ESL 7 in Fig. S1.
We initially characterised MLG and subsequently *'AMLG
to identify and compare surface characteristics, as well as
the changes to its elemental composition. The data confirms
changes to the elemental composition of the material upon
functionalisation (Table 1 and Fig. 1). Most notable is the
incorporation of fluorine into “’£MLG with a relative atomic
concentration of 3.5% (at%) for the F 1s orbital.

Ci1s
_ (@ -
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s &
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2 N1s g
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Fig. 1 XPS survey spectra of; (a) MLG and (b) #f-MLG.
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Fig. 2 Deconvoluted spectra of C 1s orbital; (a) MLG and (b) ~"f-MLG.
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Fig. 3 Deconvoluted spectra of O 1s orbital; (a) MLG and (b) ~'f-MLG.
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Fig. 4 XPS spectra of (a) F 1s and (b) Ag 3ds,, orbital for ~'f-MLG at high
resolution (deconvolution of the 3d peak indicates presence of Ag, Ag,SO4
and AgCl).

Table 1 XPS surface elemental composition of MLG, “f-MLG and
“Ox-MLG

Atomic concentration (%)

Orbital MLG AEMLG ‘Ox-MLG
C sp® 64.3 47.5 51.2
n-m* 10.3 7.5 8.7
c—=0 3.8 3.4 4.3
C-0 6.5 6.2 6.2
C sp® 8.8 15.8 14.9
0-C—=0 1.3 3.2 3.6
C-F; — 2.1 —
C-F, — 0.7 —
Total for carbon 94.9 86.7 88.8
N 1s 0.3 0.3 0.2
O 1s 4.8 8.5 10.7
F1s — 3.5 —
Ag 3ds, — 0.7 —

S 2p — 0.3 0.3
Cl 2p — 0.4 —

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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Deconvolution of the high-resolution XPS spectrum of C 1s
spectrum (Fig. 2a) shows that MLG consists of seven environ-
ments for the carbon atoms. These were as follows with the
binding energies within brackets: C sp” (284.5 V), t-n* (290.9
and 294.0 eV), C=0 (288.3 eV), C-0 (286.6 €V), C sp> (284.8 eV)
and O-C=0 (289.6 eV). A breakdown of the elemental compo-
sitions of these components is shown in Table 1. Carbons
represent 94.9 at% on the total elemental composition at the
surface as expected from graphitic material.

The corresponding C 1s spectra for *’£MLG (Fig. 2b), con-
sists of nine components corresponding to C sp” (284.5 eV),
n-m* (290.9 and 294.0 V), C—0 (287.7 eV), C-O (286.4 eV),
C sp® (284.8 V), 0-C—0 (289.0 eV), C-F, (284.9 V) and CF,
(292.7 eV). Whilst both show graphitic character, *’£MLG
shows additional C-F functionality, originating from the reac-
tion of 4-(trifluoromethyl)phenyl radicals with the graphitic
material. Overall, there is a reduction in the percentage carbon
in this sample. This is consistent with functionalisation.
Furthermore, there is a large increase in the concentration of
sp® hybridised carbon centres, with respect to sp> hybridised
carbons, from 8.8 at% up to 15.8 at%. Some of this increase has
be attributed to oxidation of the MLG sample as a result of the
oxidising conditions of the reaction (vide infra). As outlined
below however, the level of increase in the oxygen content does
not account for such a large increase in sp® hybridised centres.
These observations are therefore consistent with some degree
of the covalent attachment of the aryl functional groups to the
conjugated sp> network to form *’£MLG.

The O 1s spectrum for MLG (Fig. 3a) consists of five
components C—0 (531.7 eV), O 1s C-O-C (533.1 eV) and O 1s
satellite structures (535.1 eV, 536.9 and 538.9 eV). This confirms
the presence of a significant degree of oxygen functionality
already within the starting material which originates from its
plasma processing. The presence of these oxygen functional-
ities in MLG corresponds to 4.8 at%. The O 1s spectra for
A'MLG looks similar to MLG (Fig. 3b), displaying the same
components corresponding to C—0 (531.7 eV), C-O-C (533.1 eV)
and O 1s satellite structures (535.1, 536.9 and 538.9 eV),
with similar respective ratios. Upon functionalisation however,
the oxygen content almost doubled, increasing from 4.8 to
8.5 at%. This increase in oxygen content is attributed to the
oxidising reagent which is required for radical generation. In
addition to generating the 4-(trifluoromethyl)phenyl radical it
also increased the level of oxidation of the graphene surface to
some degree. In order to confirm this, we carried out a control
reaction under the same conditions with only K,S,0g and a
sample of MLG. We refer to this new material as “Ox-MLG. Its
surface elemental composition as determined by XPS is also
presented in Table 1 for comparison. In this case, a large
increase in the oxygen concentration was indeed observed in
the sample up to 10.7 at%. Even though the percentage of sp*
carbon centres in ’/£MLG is higher than “Ox-MLG, the increase
in oxygen content is much lower (¢f 8.5 at% vs. 10.7 at%).
This is consistent with the fact that the additional sp® centres
originate from aryl group functionalisation. Furthermore, an
increase in oxygen content may also be explained by the fact
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that a portion of 4-(trifluoromethyl)phenoxide [OCgH,4(CF3)]
groups could also be covalently bonded to MLG in addition to
CgH4(CF;). The ether species (B) was of course found in the
control reaction in the absence of MLG (where both A and B
were formed).

Fig. 4 highlights the XPS spectra at higher binding energies,
indicating the presence of other functional groups. Upon
functionalisation, a peak at 687.9 eV (Fig. 4a) confirms the
presence of fluorine in the *’£MLG material. This is not present
within the starting material (see Fig. 1a and Table 1). This binding
energy is consistent with the presence of the 4-(trifluoromethyl)-
phenyl functional group.®® Alongside this evidence of incor-
poration of this functional group are changes to the elemental
compositions of carbon and oxygen. The carbon content
reduced to 86.5 at%, as expected. Furthermore, the scenario
of physisorption of the starting material (trifluoromethylphenyl
boronic acid) on to the MLG surface can be ruled out due to
the absence of any boron content in the XPS data. The material
was washed multiple times and the corresponding filtrates
were monitored by '°F and '"H NMR spectroscopy to ensure
that the material was free of any unreacted or residual organic
species.

The presence of silver (3d orbitals) was observed in the
spectrum for '£MLG at 367.0 and 372.8 eV. The former
Ag 3ds,, peak was further deconvoluted revealing signals at
367.9 eV and 366.9 eV (Fig. 4b). These resemble silver salts in
the form of AgCl/Ag and Ag,SO,, respectively.’”*® This is likely
to be due to silver salts retained within the material. These
proved rather challenging to remove and they appeared to be
trapped within the material despite multiple washings steps.
Furthermore, both #'£MLG and “Ox-MLG materials revealed a
small percentage of sulfur incorporation as a result of the
oxidising agent. Again, these proved challenging to remove
completely. Some nitrogen moieties are present within both
MLG and “£MLG at relatively consistent compositions (see
Fig. S4, ESIt and Table 1). The retention of these impurities
within “/FMLG results from the inherent nature of this plasma-
synthesied graphitic material where the silver, for example, can
get trapped within pores and defects in the material (vide infra).

Determining the decomposition characteristics by TGA

Thermogravimetric analysis (TGA) enables us to examine how
the materials decompose, which can be very useful in confirm-
ing the nature and degree of functionalisation within the
material. Accordingly, the thermal stability of both MLG and
ATEMLG was investigated using TGA measurements at tempera-
tures up to 700 °C. A comparison of the results is depicted in
Fig. 5. In both cases, a gradual mass loss is observed with
distinct or well-defined mass loss regions. Pristine graphite has
been found to show little decomposition until around 600 °C
within an O, atmosphere and up to 1000 °C within a nitrogen
atmosphere. Accordingly, mass loss within both samples at
these lower temperatures can be attributed to the decomposi-
tion of covalently and non-covalently bonded functionality over
a gradual period.***° Initial mass loss (up to 100 °C), is attributed
to the removal of water from the surface. Decomposition from this

New J. Chem., 2020, 44,19144-19154 | 19147
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Fig. 5 TGA curves representing the thermal stability of MLG and ~"f-MLG.

point is then assigned to the removal of covalently bonded
oxygen functionality. In the case of graphene oxide, it has been
found that the decomposition of covalently bound oxygen
functionality takes place above 150 °C.** *’£MLG shows a lower
thermally stability than MLG, decomposing at a faster rate. This
is assigned to the increased covalent functionality it possesses,
including more oxygen functionality and 4-(trifluoromethyl)-
phenyl moieties. The presence of silver salts on the surface of
A'MLG may also open up other pathways leading to a more
rapid mass loss from this material.

Examining the graphitic structure by Raman spectroscopy

Raman spectroscopy was used to examine the graphitic struc-
ture and extent of defects within MLG and *£MLG, using a
wavelength of 514 nm. Raman spectra for the functionalised
and unfunctionalised material are depicted in Fig. 6. The
spectra for the control material, ‘Ox-MLG (K,S,05 only) is
presented in Fig. S3 (ESIf). A comparison of the spectra for
MLG and “£MLG revealed some changes to the structure of
the two materials. Both contained the characteristic peaks for
graphitic materials, most notably the G band which appeared at
1576.6 cm™ ' for MLG and 1580.3 cm ™" for *’£AMLG. This doubly

:

2D
Ip/1g=0.48

lpp/6=0.44

Intensity (a.u.)

Ip/15=0.65
lop/15=0.47

1500 2000 2500
Raman Shift (cm™)

Fig. 6 Raman spectra of MLG (top) and ~f-MLG (bottom).

500 1000 3000
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degenerate E,, band confirms the sp® carbon network within
the materials."®***3

The presence of strong D bands indicates the low crystal-
linity of the materials and also a high degree of sp® carbon
centres. This is expected for plasma-synthesised MLG’s.
The level of defects is revealed by the D bands, which occur
at 1344.6 cm™* (for MLG) and 1350.9 cm™* (for #’AMLG). The
D band represents the breathing modes with A;, symmetry
involving phonons near the K zone boundaries.** The 2D bands
at 2704.0 cm™ ' (MLG) and 2708.0 cm ™" (*'£MLG) correspond to
the second order symmetry allowed overtone of the D band.
Within both spectra, the 2D bands are broad and heavily
upshifted in respect to that of single layer graphene, suggesting
the presence of multiple layered stacks. This is further
confirmed by examining the relative intensity of the G band
compared to the 2D band, thus providing Ip/Ig ratios.*> Lp/Ig
ratios lower than one are indicative of multi-layered
structures.’® The ratios for MLG and *'£MLG are 0.44 and
0.47, respectively. Additional defect-induced bands, which
are more intense in the spectrum for £MLG, are observed at
1618 cm™ ' and 2930 cm ™ 1.7

The higher level of defects within the MLG material most
likely originates from the plasma processing during the synth-
esis. This can lead to an increased number of covalently
attached oxygen functionalities at the outer surfaces of the
sheets. Addition of these oxygen groups to the sp” carbons
within the material increases the number of sites of sp®
hybridised carbon atoms. The intensity ratio of the D band in
relation to the G band (Ip/lg), is indicative of the degree of
functionalisation. The estimated Ip/Ig ratios for MLG and
A'MLG are 0.48 and 0.65, respectively. The larger ratio for
A"MLG indicates an increase in sp® sites, and thus, this confirms
an increase in the covalent functionalisation in comparison to the
original MLG material. This increase is likely to originate from the
desired 4-(trifluoromethyl)phenyl incorporation and additional
oxygen functionality. As highlighted above, the XPS analysis
indeed confirmed a significant increase in oxygen functionality
which was attributed to the oxidising agent K,S,0s. In order to
confirm this, the Raman spectrum of ‘Ox-MLG was also exam-
ined. This exhibited similar changes to those found in ~£MLG,
however, to a lesser extent with respect to the starting MLG. For
example, the Ip/Ig and I,p/I; ratios were found to be 0.56 and
0.40 (c¢f. with the values 0.65 and 0.47 for *’£MLG). This is
consistent with the incorporation of 4-(trifluoromethyl)phenyl
groups onto the MLG material alongside some increase in the
oxidation level of the material. It should be noted that the level
of functionalisation is estimated to be lower than some diazo-
nium salt methodologies and thus further optimisation of this
new strategy is needed. Nevertheless, both the Raman spectro-
scopic and XPS data are both consistent with functionalisation
of MLG with trifluoromethylphenyl groups.

Analysis of interlayer spacing using X-ray diffraction data

In order to gain more detailed information on the interlayer
spacing and orientation of the planes within MLG and “fMLG,
an X-ray diffraction (XRD) investigation was carried out. The XRD

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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spectra for both MLG and *£MLG are shown in Fig. 7. The
spectra show that both materials contain hexagonal ABAB
stacking (2H) and rhombohedral ABCA (3R) stacking. This is
consistent with that found in commercially available graphene
and graphitic-based materials.”® Strong diffraction peaks are
present within both spectra at 26.6°, corresponding to graphitic
2H (002) and 3R (003) planes, with an interlaying spacing of
3.35 A. Analysis of the line shape of this signal suggests that for
the majority of the materials, the number of graphene layers
within both MLG and *"£MLG are in the region of 58 to 73 layers
(see ESIf for further details). As such, the material could
therefore also be described as graphite nanostructures.>® For
MLG, two smaller intensity lines are also observed at 42.59° and
44.56°, which correspond to the 2H, (100) and (101) stacking
planes. Two further small intensity lines are observed at 43.44°
and 46.20°, which correspond to the 3R, (101) and (012)
stacking planes. The presence of this four-lined pattern is more
clearly seen in the expanded section of Fig. 7. This provides
evidence of the 3R and 2H phases within the structure. For
these, a ratio of 49:51% (3R:2H) was determined (see ESIt for
details). These are consistent with that observed within various
related materials.*®>' Again, for MLG two additional lines at
54.73° and 77.62° are observed which correspond to graphite
2H (004) and (110) planes.

Many additional diffraction lines are present within the
spectrum of the */FMLG sample, suggesting other chemical
species have been incorporated within the structure. The
characteristic four-line pattern also appears to be present
within this spectrum albeit the 2H (101) and 3R (012) lines
are obscured by some new lines. This confirms that there is no
significant change to the interlayer spacing upon functionalisa-
tion. As highlighted with asterisks (*), the majority of these
correspond to the diffraction of the AgCl, Ag and Ag,SO,
impurities incorporated into the material (PDF card numbers:
00-006-0480,>> 01-073-6977°% and 01-074-1739%). The presence
of these silver compounds is in agreement with XPS data
presented above. There are no observable lines at 20 angles
lower that 26.6° This suggests that largest interlayer spacing

2H (002)
MLG JR (003)

J

A’f MLG

AgCI l h
AngO, A
A i
P

10 15 20 25 30 35 40 45 50 55 60 65 70 75 B0 41 42 43 44 45 46 47
206 (degree)

Fig. 7 XRD spectra of MLG (top) and ~f-MLG (bottom) in the range

between 20 = 10° and 80° (left) and expanded section in the range

between 20 = 41° and 47° (right). The * denote lines associated with silver

compounds (see text for details)

100)
10

2H (101
3R (012)
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3R (006)

2H (110)
3R (110)

2H
SR(

Intensity (a.u.)
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value between planes corresponds to the graphitic planes.
Therefore, it is most likely that functionalisation has taken
place at the outer surfaces of the material. Functionalisation
within the internal MLG structure would, of course, result in an
increase in the interlayer spacing. The lines corresponding to
the 2H and 3R arrangements in both MLG and “£fMLG show
only minor differences confirming the functionalisation has
only a small impact on the crystallinity and interlayer spacing
of the MLG structure. Again, this is consistent with functiona-
lisation at the outer positions only.

Analysis of surface morphology using SEM and TEM

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used to investigate the surface
morphology and lateral dimensions of the graphitic sheets.
Four SEM images were taken of a representative example of
each material at low and high magnifications (Fig. 8 and 9). The
images reveal that both materials consist of multi particulate
material as agglomerates which range in diameter between
10-30 pm for MLG and <10 pm in size for *£MLG. The
quantity of agglomerates within MLG exceeds that of *’£MLG,
suggesting that the functionalisation process has led these
loosely bound aggregates to unravel. At lower magnifications
MLG and *£MLG display a powder like appearance. At increased
magnifications, it can be seen that these agglomerates are
irregularly arranged consisting of flakes comprised of mostly
multi-layered stacks, physically aggregated by n-r interactions.
These stacks adopt wavy topography and curled edges. The
non-uniform nature of the morphology of these materials is
most evident in the higher resolution images. These defects are
likely to result from the plasma ablation process during synth-
esis. The particle size distribution is due to the method of
processing of this material.

Under the conditions utilised to record the images, it was
found that the samples underwent charging. In order to obtain
more enhanced images, gold coating was added using a sputter
coater. The gold coating can be seen with a scaly appearance, as
exemplified in Fig. 10.

)

REPE

{ a7,980x

Fig. 8 Representative SEM images for MLG at low and high magnifications.
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" 295500

Fig. 9 Representative SEM images for ~'-MLG at low and high magnifications.

112,000 x

Additional SEM images of ~£MLG are provided in Fig. 11.
These highlight some of the features of the materials related to
their porosity. As can be seen in the image on the left, there is a
macro sized pore (circled) which contains some additional
material. We believe that this could be some smaller flakes of
A'MLG which become trapped within the in-plane pore, and
for this reason are difficult to remove during the purification
process. The presence of material which could be trapped silver
nanomaterials can also be seen on an image in Fig. S7 (see ESIT).
The image on the right of Fig. 11 highlights the slit like channels
which are found within the spacing between subsequent stacks.
The implications of these features on the surface area and
porosity of the MLG and *’£MLG materials are discussed in the
following section.

Selected TEM images of MLG and *'£MLG are presented in
Fig. 12. These also shown that both materials consist of multi-
ple platelets with significant clumping. These multi-layered
structures can be observed by differences in the contrast.
Darker areas within the TEM images represent more dense
areas within increased number of layers, whilst light areas
represent those of less layers. It can be observed by TEM images
that the stacks of layers exhibit lateral dimensions between
100-500 nm in diameter. As with the SEM images, they also
indicate material which contains a broad range of morpholo-
gies across the surface of both materials.

When comparing the SEM and TEM images for *’£MLG with
those of MLG, it can be concluded that there are no visual

19150 | New J. Chem., 2020, 44,19144-19154
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Fig. 11 SEM images of “"f-MLG showing; a blocked macropore (left) and
slit like channels (right).

Fig. 12 TEM images for MLG (a + b) and ~f-MLG (c + d).

changes of major significance in the morphology upon func-
tionalisation. Nevertheless, the orientation of stacks in *'fMLG
appear to be less agglomerated than those within MLG. This
causes the individual stacks to appear much clearer within the
SEM images. TEM images also reveal that the flakes remain
very similar in size and distribution.

Surface area and porosity analysis

Nitrogen adsorption-desorption measurements were used to
determine the surface area and pore size distribution of MLG

g
£ 400
r
S0
3
200
2
=
5100
g
<1
00 02 04 06 08 10
Relative Pressure (P/P,)
0.10 WG 30
- T
2z A sl 1 N e
gooe / E - l‘ HAg
g gzo :: ‘."\.H :
So0s { — < o] 4 eeeee '\"’f P
® )i - 815 > —
s / - 3 0
FO004 4/ oo is"ok 0 2 4 6 8 10 12 14 16 18 20
2 /
’ 0.02 E ] -
§ I, i\ R
E002 2 oo ~ 25 AL..
B . 0G5 i 6 & 1o 12 14 16 18 2 .
o .

°

% 100 150 200 0 ] 100 150 200
Average Width (nm) Average Width (nm)

Fig. 13 BET data for MLG and “f-MLG including: (a) N, adsorption—
desorption isotherm (b) pore size distribution as a function of incremental
pore volume (c) pore size distribution as a function of incremental pore area.
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Table 2 BET surface area, BJH adsorption cumulative surface area of pores between 1.7-300 nm and BJH adsorption average pore width data for MLG
and ~f-MLG

MLG ATEMLG
BET surface area (m* g ") 380.22 192.13
BJH adsorption cumulative surface area of pores between 1.7-300 nm (m”* g™ ") 287.01 167.86
Percentage contribution of pores between 1.7-300 nm to the total BET surface area (%) 75.50 87.40
BJH desorption average pore width (4V/A) (nm) 9.53 11.70

and “£MLG, utilising Branauer-Emmett-Teller (BET) analysis
and Barret-Joyner-Halenda (BJH) analysis.”® The results of
these investigations are presented in Fig. 13. It was found that
MLG and “f£MLG both exhibited Type IIb N, adsorption-
desorption isotherms typical of materials composed of plate-
like particles (Fig. 13a).>® A Type H3 hysteresis loop is present in
each isotherm, indicating the occurrence of capillary condensation
within pores of ~4 nm in size.®” Hysteresis of this type is
usually associated with plate-like aggregates or adsorbents
containing slit-like pores.

MLG and “£MLG were found to exhibit BET surface areas
corresponding to 380.22 and 192.13 m°g ™", respectively (Table 2).
A significant contribution of this area originates from pores
between 1.7-300 nm. These pores are mostly present within the
space between neighbouring stacks which correspond to 75.5%
(MLG) and 87.4% “'£MLG of the total surface area.

The pore size distribution profile was examined by plotting
the pore size distribution as a function of incremental pore
volume (Fig. 13b) and incremental pore area using the adsorp-
tion branch of the isotherm (Fig. 13c). Overall, the curves reveal
similar patterns for both MLG and *'£MLG in each plot,
suggesting a minor impact to the overall structure upon func-
tionalisation. In parallel, the average pore size for MLG and
A'MLG were 9.53 nm and 11.70 nm, respectively. The main
difference, however, is a decrease in the area and volume of
pores affecting mostly pores with diameters of less than
~75 nm. This is an indication that functionalisation causes a
significant reduction in the quantity of pores within the meso-
porous region. This finding coincides with the significant
decrease in BET surface area (almost half of MLG). We suggest
that the functionalised sheets re-orientate themselves to adopt
curled, scroll-like edges due to enhanced interactions between
the functionalised stacks.

With such a situation, many of the slit-like pores and
channels between neighbouring stacks would become inacces-
sible to the nitrogen adsorbent molecules. In addition, upon
functionalisation, we also observe blockage of pores with
smaller aggregates (as seen in Fig. 11). This is can be clearly
seen in the SEM image in Fig. 11a which shows a macropore
with a width of 700 nm in addition to Fig. 11b where stacks of
sheets can be observed.®

Experimental
General remarks

All solvents and reagents were purchased from commercial suppli-
ers and used with no further purification. The MLG material was
synthesised and provided by Perpetuus Carbon Technologies.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020

Synthesis of MLG. Natural flake plasma processing of natural
graphite was carried out using a custom-made multi-electrode
dielectric barrier discharge (DBD) plasma reactor as described
elsewhere.*

Control reaction: reactivity of radicals generated from 4-(tri-
fluoromethyl)phenyl boronic acid in the absence of MLG. This
reaction was carried out using similar conditions to that of
previous works.>*> The reagent 4-(trifluoromethyl)phenyl boro-
nic acid (0.092 g, 4.83 x 10 * mol) was dissolved in a solvent
mixture (40 mL) consisting of water and DCM (1 : 1), followed by
the addition of K,S,05 (0.266 g, 9.85 x 10~ * mol) and AgNO;
(0.027 g, 1.60 x 10~* mol). The mixture was allowed to stir for
44 h at room temperature. The biphasic mixture was filtered
and the DCM layer was separated from the filtrate using a
separating funnel. The DCM layer was then evaporated to
dryness to give a yellow oil consisting of two compounds:
4,4’-bis(trifluoromethyl)biphenyl (A) and bis((trifluoromethyl)-
diphenyl)ether (B). Characterisation of A: '"H NMR § (CD;CN):
7.87 (d, *Juu = 8.2 Hz, 4H), 7.81 (d, *Juu = 8.2 Hz, 4H). °F NMR
3 (CD3CN): —63.06. EI-MS m/z [M]" calc. for C;4,HgFs 290 Da:
found: 290 Da. Characterisation of B: "H NMR ¢ (CD;CN): 7.72
(d, *Juu = 8.2 Hz, 4H), 7.20 (d, *Juy = 8.2 Hz, 4H). °F NMR
5 (CD3CN): —62.42. EI-MS m/z [M]" calc. for C;4HgFsO 306 Da:
found 306 Da.

Synthesis of “£MLG. 4-(Trifluoromethyl)phenyl boronic
acid (0.930 g, 4.91 x 10~2 mol) was added to MLG (0.720 g)
and dispersed in a solvent mixture (40 mL) consisting of water
and DCM (1:1) followed by the addition of K,S,0s (2.600 g,
9.62 x 10> mol) and AgNOj; (1.180 g, 7.00 x 10> mol). The
mixture was allowed to stir for 44 h at room temperature. The
reaction mixture was then centrifuged and the resultant
ATEMLG solid was separated and washed repeatedly with water,
acetonitrile, and DCM through several dispersion/centrifugation
cycles (4000 rpm, 20 min). The resultant *£MLG was dried under
vacuum (10~ ° bar) for 1 week, to remove any residual solvents and
traces of volatile components A and B.

Control reaction: MLG treated with potassium persulfate
(‘OX-MLG). MLG (0.160 g) and K,S,05 (0.570 g, 2.120 x 10~ mol)
were dispersed in a solvent mixture (20 mL) consisting of water and
DCM (1:1). The mixture was allowed to stir for 44 h at room
temperature. The reaction mixture was then centrifuged and the
resultant ‘“Ox-MLG solid was separated and washed repeatedly with
water, acetonitrile, and DCM through several dispersion/centrifuga-
tion cycles. The resultant material was dried in vacuum for 1 week.

Characterisation methods

X-Ray photoelectron spectroscopy (XPS) analysis was performed
using a Kratos Axis Ultra-DLD photoelectron spectrometer with
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a monochromatic Al K, electron source (1486.6 €V). XPS data was
analysed using CasaXPS and binding energies were referenced to
carbon core level for adventitious carbon at 284.8 eV possessing
an uncertainty of ~0.2 eV. Curve fitting was carried out using
Gaussian and Lorentzian line profiles.

Thermal gravimetric analysis (TGA) was carried out using a
PerkinElmer TGA 4000 instrument. The samples were heated
from room temperature up to 900 °C (5 °C min~ ') under a
nitrogen atmosphere (50 mL min~").

Raman spectroscopy was performed using a Renishaw inVia
confocal Raman microscope equipped with an Ar" visible green
laser with an emission wavelength of 514 nm. Spectra were
collected in a reflective mode by a high sensitive charge couple
device (CCD) detector.

Powder X-ray diffraction (XRD) patterns were collected using
a Panalytical X'Pert diffractometer with a Cu anode irradiation
(4. =1.541 A) operating at 40 kV and 40 mA. Phase identification
was performed by matching experimental patterns against
entries in the ICDD standard database.

Scanning electron microscopy (SEM) images were obtained
using a Zeiss Supra 35VP (FEG) SEM instrument. The samples
were gold-coated using a sputtering coater to enhance the
resolution of the images.

Transmission electron microscopy (TEM) images were
obtained using a Jeol 2100 field emission gun (FEG) TEM with
a 200 kv power source.

The surface area and porosity characteristics of the materi-
als were analysed using a Micromeritics ASAP 2020 physis-
orption analyser. Samples were degassed under 0.667 Pa for
720 minutes at 150 °C with a heating rate of 10 min~'. The
surface area and pore size distribution were measured at 77 K
using Brunauer Emmett Teller (BET) and Barrett Joyner
Halenda (BJH) cumulative pore volume methods, respectively.

'H and "°F NMR spectra were performed on a Bruker 400 MHz
Ascend™ 400, which operated at 400 MHz for 'H nuclei and
376.6 MHz for '°F nuclei. Chemical shifts are reported in parts
per million (ppm). NMR spectra were obtained in CD3;CN
solvent (1.93 ppm) and internal reference for '°F.

Mass spectrometry (MS) was carried out on compounds A
and B using a Thermoscientific ISQ Single quad with direct
insertion probe and the identity of the compounds were con-
firmed for the preinstalled library of compounds.

Conclusions

In this article, we provide a preliminary account outlining the
successful covalent functionalisation of MLG with 4-(trifluoro-
methyl)phenyl radicals. This has been achieved by using 4-(tri-
fluoromethyl)phenyl boronic acid as a radical source utilising
Baran’s protocol. The newly formed material, *£MLG, was
found to be decorated at a number of positions at the outer
surface as confirmed by a number of spectroscopic and analy-
tical techniques.

At this stage of the development, some challenges associated
with this functionalisation methodology and the nature of the
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plasma-synthesised multi-layer graphitic material have been
identified. The attachment of 4-(trifluoromethyl)phenyl moi-
eties is accompanied by an increase in oxygen functionality
around the outer surfaces of the MLG stacks, as a result of the
oxidising conditions. Furthermore, the task of removal of
entrapped impurities, particularly silver in this case, will need
to be addressed. Nevertheless, early indications suggest that
this approach could provide access to aryl radicals in a cost-
effective and safer alternative to hazardous diazonium salts. As
a result, this methodology could offer a novel safer approach to
synthesise functionalised MLG materials on a larger scale with
potential to be developed industrially. We are currently inves-
tigating ways in which this methodology can be optimised
for practical application and exploring other derivatives. This
may assist further processing and provide enhanced interaction
with other materials. The development of new functionalisa-
tion strategies on commercially derived graphitic materials,
of course, becomes increasingly important applications across
materials science.
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