Open Access Article. Published on 04 February 2025. Downloaded on 4/10/2026 9:00:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC

Mechanochemistry

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Mechanochem., 2025, 2,
443

Received 31st July 2024
Accepted 27th January 2025

DOI: 10.1039/d4mr00085d

Green mechanochemical fabrication of graphite-
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In this study, we explored mechanochemistry as a facile and environmentally friendly approach for the
synthesis of graphite-lanthanide oxide nanocomposites. We determined the optimal conditions, namely
a milling time of 48 h and milling ball size of 10 mm diameter, for which processing mixtures of graphite
and lanthanide oxide in a planetary ball mill resulted in exfoliated graphene nanosheets functionalised
with lanthanide oxide particles. The prepared nanocomposites were investigated by a suite of analytical
techniques; X-ray photoelectron spectroscopy proved that mechanochemical processing in the
presence of lanthanide oxides functionalises the graphene surface. Raman spectroscopy and X-ray
diffraction results evidenced that the mechanochemical treatment exfoliates graphite and reduces the
size of graphite crystallites. Scanning electron microscopy and scanning transmission electron
microscopy confirmed the formation of lanthanide oxide nanoparticles and their uniform distribution on
the graphene surface and thermogravimetric analysis gave evidence that the graphite-lanthanide oxide
nanocomposites are less thermally stable than pristine graphite. The toxicity of the graphite-lanthanide
oxide nanocomposites was also studied; we found that COS-7 monkey kidney cell growth was not
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Introduction

The development of more sustainable and environmentally
friendly synthetic methods for the functionalisation of gra-
phene nanomaterials (GNMs) remains a persistent challenge.
Currently, many physicochemical methodologies for the
chemical modification of GNMs involve multi-step time-
consuming processes and the use of environmentally harmful
chemicals. Although many scalable approaches to graphene
nanosheet (GN) production have been proposed,* several of
them still rely on harmful solvents such as N,N-dime-
thylformamide, N-methyl-2-pyrrolidone* and strong acids,?
generating toxic waste. More sustainable processes like the
exfoliation of graphite in water*” often necessitate additives like
pyrene derivatives,®® surfactants,' or supercritical CO,."

A prevalent route for the functionalisation of GNs starts with
the oxidation of graphite to obtain graphene oxide (GO), where
each single-atom carbon layer bears reactive oxygen-containing
functional groups: hydroxyl and epoxy groups mainly located in
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inhibited for more than 5% in most of the studies.

the planes and mostly carbonyl and carboxyl groups™ at the
edges. The precise properties of GO depend on the degree of
oxidation™'* and the oxidation method. Widely famous
methods for the synthesis of GO, developed by Brodie,* Stau-
denmaier,' Hofmann,” and Hummers'® and their modifica-
tions, generate corrosive and toxic waste, harmful to the
environment and living organisms. Furthermore, the strong
oxidising agents introduce several types of defects to the gra-
phene nanosheets, and the subsequent reduction of GO often
involves environmentally problematic agents such as hydra-
zine." Consequently, it is imperative to develop efficient and
environmentally friendly synthetic methodologies, which avoid
the oxidation step with acids.

In recent years, ball milling has gained prominence in various
areas of chemistry and materials science,”* proving effective in
nanoparticle synthesis*»* and graphite exfoliation*** - a field
known as mechanochemistry. Mechanochemistry, a sustainable
and green technology, enables the functionalisation of carbon
nanostructures without the use of toxic and hazardous
chemicals. Its advantages over solution-based methodologies
include higher yields, elimination of the use of organic solvents,
cost-effective mass production of graphene,* scalability, reduced
waste generation, improved energy and atom economy.*®

26-28

Several research groups have successfully applied mecha-
nochemical methods to exfoliate and oxidise graphite*~*” uti-
lising a planetary mill and shown that the oxygen content
increases with milling time.** The moving balls transfer energy
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to the milled graphite powder, breaking strong covalent bonds
and producing reactive surfaces.*® Thus, by combining exfolia-
tion and chemical functionalisation, this approach becomes
suitable for large-scale graphene nanocomposite production.

The last decade has witnessed the fabrication of graphene-
lanthanide nanohybrids primarily for supercapacitors and dye
adsorbents in water remediation,*™® fluorescent nanoprobes
for tumour-targeted imaging,*” detection of bacterial spores
and cysteine,*® or catalysts for high-performance hydrogen
evolution and oxygen reduction.*”” However, only a few studies
have explored sustainable synthetic routes using graphite and
lanthanide oxides (LnO) as the main precursors. In our
previous work®® we explored mechanochemistry as a facile one-
step strategy for the synthesis of graphite-lanthanide oxide
nanocomposites. In that first attempt, the milling conditions
were not optimal, leading to excessive graphite fragmentation
and the production of amorphous carbon. In addition, the size
of the LnO particles and their distribution on the graphite
flakes was not uniform.*® Here we present the results of the
optimisation of the processing conditions, where excessive
graphite fragmentation and amorphisation are avoided and
the distribution of lanthanide oxide nanoparticles is much
improved. The success of the optimised processing with
a milling ball size of 10 mm diameter instead of the 20 mm
used previously and an increased milling time of 48 hours
(before only 8 h were used), demonstrates mechanochemistry
as a robust and environmentally friendly strategy for the effi-
cient fabrication of low-defect graphite-lanthanide oxide
nanocomposites.

Experimental

Materials

Lanthanide (Ln) oxides La,0;, Eu,0;, Gd,03, and Tb,0, (all
having 99.9% purity), as well as graphite powder (particle size of
<20 pum) were purchased from Sigma-Aldrich and used as
received.

Mechanochemical functionalisation

The synthesis of graphite-lanthanide oxide (graphite-Ln)
nanocomposites involved the use of mixtures containing
10 wt% lanthanide oxide. The specific details for each sample
are outlined below:

e e

20 WC
10 mm
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For the samples graphite-La, graphite-Eu, graphite-Gd, and
graphite-Tb, 3.6 g of graphite powder and 0.4 g of Ln oxide were
combined. For the sample graphite-Eu-Gd, 3.6 g of graphite
powder, 0.2 g of Eu,0;, and 0.2 g of Gd,0; were mixed. Each
mixture was placed in a 50 mL tungsten carbide (WC) reactor
together with 20 WC balls of 10 mm diameter. The balls:
mixture ratio was 22:1 w/w. After sealing the reactor, each
sample was subjected to high-energy ball-milling for 48 h at
400 rpm using a Planetary Ball-Mill XQM-0.4A from Tencan. The
process is illustrated in Fig. 1.

Characterisation

The X-ray photoelectron spectroscopy (XPS) measurements were
carried out on a Surface Science Instruments SSX-100 ESCA
instrument with a monochromatic Al Ko X-ray source (hv =
1486.4 eV); the pressure in the chamber was maintained at 1 x
10~° mbar during data acquisition and the electron take-off
angle with respect to the surface normal was 37°. The XPS
data were acquired by using a spot size of 1000 um in diameter
and the energy resolution was 1.3 eV; XPS spectra were analysed
using the least-squares curve-fitting program Winspec (devel-
oped at the LISE laboratory of the University of Namur, Bel-
gium). Powder samples were dispersed in isopropanol,
sonicated for 5 min, and drop-casted on a thin gold film, grown
on mica.** Peak profiles were taken as a convolution of Gaussian
and Lorentzian functions and a Shirley background was used;
binding energies (B.E.s) were referenced to the Au 4f;,, photo-
emission peak centred at 84.0 eV (ref. 52) and are accurate to +
0.1 eV when deduced from the fitting procedure. The uncer-
tainty in the peak intensity determination is within 2% for all
core levels reported. All measurements were carried out on
freshly prepared samples; three spots were measured for each
sample to check for homogeneity.

Raman spectra were acquired using a Witec alpha300R
confocal Raman microscope (WITec GmbH, Ulm, Germany)
equipped with a Nd:YVO4 laser providing 532 nm wavelength
light. The incident laser beam, with a power of 2.85 uW, was
focused on the sample using a 100x objective (Zeiss, 0.9 NA).
The spectra in the range of 500-4000 cm ™ * were collected in 10
randomly chosen points of each sample. Each spectrum was the
average of 60 scans collected at 0.5 cm ™" resolution.

Powder X-ray diffraction (XRD) patterns were collected on
a D8 Advance Bruker diffractometer in Bragg-Brentano

"
Ln oxide

=———1

Graphite

Balls:mixture 22:1 o
400 rpm, 48 h

Graphite-lanthanide oxide nanocomposite

Fig.1 Mechanochemical preparation of graphite-lanthanide oxide nanocomposites.
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geometry with a monochromatic Cu Ko X-ray source (wave-
length of 1.5418 A) and a Lynxeye detector. Powder samples
were placed on a zero-background holder and their patterns
were recorded in a 26 range from 5 to 70°, in steps of 0.02° and
with a counting time of 0.75 s per step.

Scanning electron microscopy (SEM) and scanning trans-
mission electron microscopy (STEM) characterisation were
performed using a FEI NovaNano NanoSEM 650 instrument
with an acceleration voltage of 20 kV. The powder samples were
mounted on carbon tape for the SEM measurements. For the
STEM measurements, the samples were dispersed in iso-
propanol, sonicated for 2 min, and drop-casted using standard
Cu grids with holey carbon films.

Thermogravimetric (TGA) and differential thermal analysis
(DTA) were performed in air on an STD 2960 Simultaneous DSC-
TGA analyser from TA Instruments. Samples of ~5 mg were
used; the airflow was 100 mL min ' and a heating ramp of
10 °C min~" up to 1000 °C was applied.

Cytotoxicity activity

The healthy monkey kidney cell line COS-7 was cultured in
RPMI-1640 (Gibco®) supplemented with foetal bovine serum
(10% v/v), nonessential amino acids (1% v/v), and penicillin-
streptomycin solution (1% v/v) (Corning®). The cells were
maintained at 37 °C in a humidified atmosphere with 5% CO,.
Cytotoxicity was tested by the sulforhodamine B (SRB) assay.
Cells were seeded in a 96-well plate and incubated with fresh
media or nanomaterial-water dispersions at 50 and 100 pg mL ™"
concentration for 48 h, then cell monolayers were fixed directly
to medium supernatant by adding cold trichloroacetic acid
(50% wt/v) to each well. After incubation for 1 h at 4 °C, the
plates were gently washed with water and dried at room
temperature. To stain the cells, 100 uL of SRB (0.4% wt/v) were
added to each well, left at room temperature for 30 min, and
then washed with acetic acid (1% v/v) to remove the unbound
dye. After drying at ambient conditions, the bound dye was
solubilised by adding 100 pL tris base solution (10 mM) and
shaking on an orbital shaker for 10 min. The absorbance was
obtained at 515 nM in a microplate reader (SYNERGY HT,
BioTek). Images were captured by an inverted microscope
(DIAPHOT 300 Nikon®, Japan) with a digital camera (AmScope
MD500) after 48 h treatment. The Growth inhibition (%) was
calculated using the following equation:

Growth inhibition (%) =
100 — [(Abs. treatment/Abs. control) x 100]

Experiments were carried out in triplicate. Data are
expressed as mean + standard deviation. Statistical analysis was
performed with GraphPad Prism 10, using a two-way ANOVA
obtained significance with Tukey's multiple comparisons tests.

Results and discussion

Mechanochemical processing leads to the production of diverse
carbon nanostructures, including multi-layered, few-layered,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and single-layered graphene, as well as GO.**** As sketched in
Fig. 2, the milling process subjects graphite crystallites to
impacting, compressive, shearing and collision forces.
Compressive forces break the graphene sheets, reducing the
particle size, while the shear forces induce exfoliation. To gain
information on the type of functional groups present before and
after mechanochemical processing of graphite alone and of the
graphite-lanthanide oxide mixtures, XPS was employed.

The survey spectra of all milled samples and the detailed
spectra of the Ln 3d photoemission lines are shown in Fig. S1-
S7,7 and it is confirmed that the samples are free of impurities
like W from the milling balls employed. The C 1s core level
spectra of pristine and ball milled graphite, along with the
corresponding fits, are shown in Fig. 3. Table 1 provides the
binding energy (B.E.) values of the various components deduced
from the fits, and Table 2 summarises the relative intensities of
the components. For pristine graphite, the presence of oxygen
functionalities is evident even before the mechanochemical
treatment. The observed components are attributed to C=C (at
a B.E. of 284.5 eV), C-C/C-H (285.6 V), C-OH/C-O-C (286.4 eV),
C=0 (287.8 eV), and O-C=0 (289.3 eV), with C=C and C-C/C-
H contributing the highest relative spectral intensity to the C 1s
peak, as shown in Table 2. Considering the stoichiometry, in the
pristine material the carbon and oxygen content was deduced to
be 94.9 at% and 5.1 at%, respectively. Post-milling, the type of
bonds detected remained the same, but their relative contri-
bution to the total C 1s peak intensity changed. Specifically, the
intensity of the component related to C=C bonds (associated
with the sp> carbon atoms of the graphene lattice) decreased,
while that due to C-C/C-H bonds increased, as expected if the
size of the graphite flakes is smaller after the mechanochemical
treatment.>* Simultaneously, the oxygen content increased from
5.1 at% to 14.6 at% (see Table 2), accompanied by an increase in
the contribution of C-OH/C-O-C and C=0 bonds to the C 1s
peak intensity. This confirms that milling in air creates epoxy,
hydroxyl, and carbonyl groups on the graphene sheets,
producing a material resembling reduced graphene oxide in the
composition.”® Since hydroxyl (C-OH) and epoxy (C-O-C)
groups are known to be located mainly on the basal plane, while
carbonyl (C=0) and carboxyl (COOH) groups usually decorate
the edges of graphene,’**>° we can conclude that both the basal
plane and the edges of graphene sheets are functionalised
simultaneously under our processing conditions. This contrasts
with previous findings,*** where mechanochemical function-
alisation of graphene was reported to be highly edge-selective,
both in the presence of additives like dry ice,**** solid urea®
or oxidants like KMnO, and KHSOj (ref. 64) and when milling in
air as in this study.®

The C 1s spectra of all the five graphite-Ln nanocomposites
(Fig. 4) exhibit the same components present in pristine and
ball milled graphite, namely C=C, C-C/C-CH, C-OH/O-C-0O,
C=0, and O-C=0, but the addition of lanthanide oxides to the
milling media seems to influence the efficiency of the mecha-
nochemical processing, as we have seen in the past.*® For all the
graphite-Ln nanocomposites, the contribution of the C-OH/O-
C-O component to the C 1s photoemission line is more
important than for pristine graphite, implying the formation of

RSC Mechanochem., 2025, 2, 443-458 | 445
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Fig. 2 Mechanism of graphite processing in a planetary mill (top) and forces to which the graphite flakes are subjected (bottom).
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Fig. 3 Comparison of the C 1s core level spectra of pristine graphite and ball milled graphite and the corresponding fits.
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Table 1 XPS binding energies of C 1s core level components of pristine graphite and ball milled graphite, as well as of the graphite-Ln
nanocomposites

Sample C=C [eV] C-C/C-H [eV] C-OH/C-0-C [eV] C=0 [eV] 0-C=0 [eV]
Graphite 284.5 285.6 286.4 287.8 289.3
Ball milled graphite 284.4 285.4 286.5 287.8 289.2
Graphite-La 284.5 285.5 286.6 288.0 289.3
Graphite-Eu 284.5 285.6 286.7 288.0 289.4
Graphite-Gd 284.5 285.6 286.8 287.8 289.0
Graphite-Tb 284.5 285.5 286.5 287.9 289.3
Graphite-Eu-Gd 284.5 285.6 286.7 288.0 289.4

Table 2 Relative contributions of the various components to the total C 1s core level photoemission intensity and elemental composition of
pristine and ball milled graphite, as well as of the graphite-Ln nanocomposites

Percentage of the relative contribution to the C 1s Composition

XPS spectral intensity [%] [at%]
Sample C=C C-C/C-H C-OH/C-0-C C=0 0-C=0 C (6] Ln
Graphite 70.6 14.6 6.0 3.0 2.5 949 £ 1.9 5.1 £0.1 —
Ball milled graphite 63.8 17.2 7.6 4.5 2.6 854 +1.7 14.6 £ 0.3 —
Graphite-La 64.6 17.3 7.0 3.3 2.6 82.2 £ 1.6 17.6 = 0.4 0.2 = 0.0
Graphite-Eu 64.1 21.4 7.3 2.6 2.4 87.2 £ 1.7 12.2 £ 0.2 0.6 = 0.0
Graphite-Gd 61.6 19.7 7.8 2.0 2.6 83.4 1.6 16.0 = 0.3 0.6 + 0.0
Graphite-Tb 67.5 14.9 7.1 3.2 1.9 82.4 + 1.6 17.2 £ 0.3 0.3 £ 0.0
Graphite-Eu-Gd 61.0 18.6 7.0 3.9 2.5 85.3 £ 1.7 14.1 £ 0.3 0.3/0.3 £ 0.0

hydroxyl and epoxy groups during ball-milling. More impor- Eu, and graphite-Eu-Gd. Moreover, the contribution of the
tantly, the C-OH/O-C-O component shifts to higher binding C=O bonds to the C 1s photoemission signal, is higher for
energies: by 0.4 eV for graphite-Gd, and by 0.3 eV for graphite- graphite-Eu-Gd, graphite-La, and graphite-Tb nanocomposites,

Graphite-La Graphite-Eu Graphite-Gd

Intensity (arb. units)
Intensity (arb. units)
Intensity (arb. units)

r T T T T T T T T T T T T T T T T -
294 292 290 288 286 284 282 280 294 202 290 288 286 284 282 280 294 292 200 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Graphite-Th Cls Graphite-Eu-Gd a Cls

Intensity (arb. units)
Intensity (arb. units)

T T T T T T T T T T T T
294 292 290 288 286 284 282 280 294 292 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)

Fig.4 Comparison of the C 1s core level spectra of graphite-Ln nanocomposites and the corresponding fits. The components are the same as in
Fig. 3 — for details see text.
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while for graphite-Eu and graphite-Gd it is lower compared to
pristine graphite. Besides that, the C=0 component shifts to
lower binding energy by 0.2 eV for graphite-La, graphite-Eu, and
graphite-Eu-Gd nanocomposites. These results suggest that
lanthanide ions can be ionically/coordinatively anchored to the
oxygen-containing functional groups on the graphene nano-
sheets. For all the graphite-Ln nanocomposites, the relative
intensity of the O-C=0 component and its binding energy
remains practically unchanged with respect to pristine and ball
milled graphite. In summary, these results show that the
incorporation of lanthanide oxides in the milling media results
in changes in the chemical functionalisation of graphene, and
this effect is more pronounced in the presence of europium and
gadolinium ions, in agreement with our previous work.*
Raman spectroscopy is a powerful non-destructive technique
to characterise graphitic structures and carbon nanomaterials
in general.®*” The Raman spectra of pristine graphite, ball
milled graphite and graphite-Ln nanocomposites are shown in
Fig. 5; the Raman shift for the D, G and 2D bands, as well as the
calculated values of the Ip/I; ratio and crystallite size (L,), are
summarised in Table 3. The Raman spectrum of pristine
graphite is dominated by the G band and the 2D band. The G
band appears as a strong symmetric sharp peak located at
1578 ecm™ ' and is attributed to first-order scattering of the Epg
phonon from the in-plane vibration of the sp® hybridised
carbon lattice.®* The 2D band at 2716 cm™*, associated with
the ordered stacked graphite structure along the c-axis, has an
asymmetrical shape, characteristic of the multilayer nature of
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the pristine graphite sample.®*”* Moreover, the D band associ-
ated with the vibrational mode A, known as the breathing
mode, and originating from a disruption in the hexagonal
symmetry of the graphene backbone like structural defects,
vacancies, crystal edges and sp® carbon domains,’®7%7*73
appears as a low-intensity peak located at 1354 cm ™. The ratio
between the intensities of the D and the G band, Ip/Ig, is 0.07,
which confirms that the sample consists of high-quality
graphite with large grain sizes.****’%”” As expected, the Ip/Ig
ratio deduced from the Raman spectrum of ball milled graphite
is much higher, namely 0.62, indicating that the crystallite sizes
have become smaller and that the mechanochemical treatment
has created vacancies and defects as well as epoxy, hydroxyl, and
carbonyl groups on the graphene sheets, as corroborated by the
XPS results. This differs from what has been observed in our
previous work as well as in other studies,******”® where the
Raman spectra of graphite after the mechanochemical treat-
ment looked like the typical GO spectrum with I,/I ratios close
to 1. This confirms that the optimised conditions for ball
milling used here allow to functionalise the graphene surface
without introducing a high amount of disorder in the lattice.
Moreover, the shape of the G band is no longer symmetrical as
for pristine graphite, but shows a shoulder around 1605 cm ™,
a Raman shift associated with the D’ band, demonstrating the
presence of few-layered graphene.?'-**%%7%7880 Thig contrasts
with the results of the mechanochemical preparation of
graphite-phthalocyanine composites, where an effect of
‘glueing’ between graphite platelets and phthalocyanines was

G band d Graphite
2Dband lo/le =0.07

b
' | s

\Ball milled graphite|
I/l = 0.62

Graphite-La
Ip/lg = 0.33

Graphite-Eu
Ip/lg = 0.44

Graphite-Gd
I/l =0.31

Intensity (arb. units)

Graphite-Th
I/l = 0.57

| Graphite-Eu-Gd
! Ip/ls = 0.45

2D band

T

I I 1
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T
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Fig. 5 Comparison of Raman spectra of pristine graphite, ball milled graphite, and graphite-Ln nanocomposites.
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Table 3 Raman shift, Ip/Ig ratio and crystallite L, size of graphite and ball milled graphite, as well as of the graphite-Ln nanocomposites

Sample D band [em ] G band [em ] 2D band [em '] I/l L, [nm]
Graphite 1354 1578 2716 0.07 291.5
Ball milled graphite 1349 1581 2709 0.62 32.9
Graphite-La 1349 1578 2707 0.33 61.8
Graphite-Eu 1352 1581 2709 0.44 46.4
Graphite-Gd 1349 1576 2702 0.31 65.8
Graphite-Tb 1351 1578 2702 0.57 35.8
Graphite-Eu-Gd 1343 1575 2702 0.45 45.3

Table 4 XRD values of (002) peak, FWHM, d-spacing and crystallite L.
size of graphite and BM graphite, as well as of the graphite-Ln
nanocomposites

(002) Position (002) FWHM d-spacing L.

sample [’ [’ [om]  [om]
Graphite 26.5 0.3 0.34 32.3
Ball milled graphite 26.5 0.4 0.34 19.6
Graphite-La 26.5 0.3 0.34 24.0
Graphite-Eu 26.5 0.3 0.34 26.8
Graphite-Gd 26.5 0.3 0.34 271
Graphite-Tb 26.5 0.3 0.34 29.5
Graphite-Eu-Gd 26.5 0.3 0.34 28.5

observed under the same milling conditions.** One also notices
that the 2D band downshifts to 2709 cm ™" and looks symmet-
rical, testifying to the fact that ball milled graphite keeps
a proper Bernal stacking and further supporting the interpre-
tation that graphite was partially exfoliated into few-layer
graphene.?>34767881-85 Taken together the Raman spectra prove
that in comparison to our previous study, changing the milling
time from 8 to 48 hours and the milling ball size from 20 mm to
10 mm diameter in order to reduce their impact energy, led to
an improvement with respect to our previous results where the
creation of few-layered graphene could not be confirmed
(Table 4).>°

Regarding the Raman spectra of the graphite-Ln nano-
composites, the observed changes are practically the same as
those for ball milled graphite; the G band is asymmetrical due
to the appearance of the D’ band, the 2D band shifts to lower
Raman shift values, and the I/I; ratio is higher than that for
pristine graphite but lower than that of ball milled graphite. The
Ip/I; values were employed to calculate the in-plane sp* crys-
tallite size (L,) of graphite by following the equation given by
Cancado et al.:*®

La = (24 X 10710)(Alaser)4/(ID/IG)

where 1 is the wavelength of the laser source (nm). The graphite
crystallite sizes deduced were as follows: pristine graphite
291.5 nm > graphite-Gd 65.8 nm > graphite-La 61.8 nm >
graphite-Eu 46.4 nm > graphite-Eu-Gd 45.3 nm > graphite-Tb
35.8 nm > ball milled graphite 32.9 nm. These results indicate
that the addition of lanthanide oxides to the milling media
reduces the amount of disorder introduced to the graphene
lattice without hindering the exfoliation of graphene

© 2025 The Author(s). Published by the Royal Society of Chemistry

nanosheets or their surface functionalisation with oxygen
functional groups.

The X-ray diffraction (XRD) measurements were taken to
track the changes in the crystalline nature of graphite and the
lanthanide oxides (Fig. 6) produced by the mechanochemical
treatment. The pristine graphite diffractogram shows two peaks
located at 26.5° and 54.6°, corresponding to the (002) and (004)
planes, respectively. The sharp and intense (002) peak is a clear
indication of a highly ordered material with several graphene
layers. Mechanochemically treated graphite maintained these
two peaks, with the (002) peak showing no significant change in
position or shape, suggesting that the milling process did not
induce amorphisation even after 48 h of milling time. This
contrasts with literature reports stating that milling times
longer than 16 h produce a combination of crystalline and
amorphous carbon.?*%*7%%

Interestingly, the introduction of lanthanide oxides in the
milled mixture led to a drastic reduction in the intensity of the
(002) peak in graphite-Ln nanocomposites (Fig. 7), suggesting
a more efficient exfoliation of graphite layers facilitated by
lanthanide oxides, as supported by the Raman spectroscopy
results discussed above. This enhanced exfoliation can be
attributed to a lubrication effect provided by lanthanide oxides,
favouring shear forces over compressive forces during milling
and promoting the slipping of graphene sheets. Despite the
reduced intensity of the (002) peak, the position and sharpness
remained unchanged, indicating that both graphite and
lanthanide oxides retained their crystallinity. Furthermore, the
characteristic peaks of lanthanide oxide hexagonal crystal
structures were evident in graphite-Ln diffractograms, albeit
with lower intensity compared to the graphite (002) peak due to
the employed graphite : lanthanide oxide ratio. This observation
underscores the preservation of lanthanide oxide crystallinity
during the milling process. The graphite layer-to-layer d-spacing
deduced from the XRD data did not reveal any significant
differences between samples, which indicates that neither
oxygen-containing functional groups nor the addition of
lanthanide oxides affected the stacking pattern of graphene
sheets. However, the apparent crystallite size along the c-axis of
graphite decreased with the incorporation of lanthanide oxides,
suggesting a role in reducing abrasive effects during mecha-
nochemical treatment and producing smaller, low-defect crys-
tallites. In detail, the coherently diffracting domains were
slightly different in size for the different nanocomposites:
graphite-Tb (29.5 nm) > graphite-Eu-Gd (28.5 nm) > graphite-Gd
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Fig. 6 XRD diffractograms of pristine graphite, ball milled graphite and graphite-Ln nanocomposites.

(27.1 nm) > graphite-Eu (26.8 nm) > graphite-La (24.0 nm),
always smaller than that of pristine graphite (32.3 nm) but
much larger than that of ball milled graphite (19.6 nm).

450 | RSC Mechanochem., 2025, 2, 443-458

The effects of the mechanochemical treatment on the
graphite morphology were explored by scanning electron
microscopy (Fig. 8). The micrographs of pristine graphite show

© 2025 The Author(s). Published by the Royal Society of Chemistry
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thick flaky crystals with sharp edges, smooth surfaces and
variable crystallite sizes ranging from 5 to 20 um. After the
mechanochemical treatment, the crystallite size decreased, and
platelets had lateral dimensions ranging from 1 to 7 pm while
preserving the stacked structure. These images confirm again

Graphite

Ball milled graphite

View Article Online
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that the optimised milling conditions represent a great
improvement with respect to those of our previous study, where
we found abundant amorphous debris after the mechano-
chemical treatment.*

Similar morphology changes were observed for the graphite-
Ln nanocomposites (Fig. 9), here the lateral dimensions of the
graphite flakes varied between 1 to 6 um. The images generated
by backscattered electrons (Fig. 9, SEM-BE), which allow to
differentiate between light and heavy elements in a sample,
demonstrated a uniform dispersion of micro- and nanosized
lanthanide oxide particles throughout the graphite surface,
pointing to an improved particle distribution compared to
previous studies.*

More detailed information about the size of the lanthanide
nanoparticles is provided by scanning transmission electron
microscopy images (Fig. 9), acquired with the high-angle
annular dark-field detector (STEM-HAADF). The micrographs
show that most lanthanide oxide particles (marked with yellow
dashed circles) have sizes of around 170-340 nm for graphite-
La, 60-140 nm for graphite-Eu, 60-110 nm for graphite-Gd,
80-190 nm for graphite-Tb and 50-200 nm for graphite-Eu-
Gd. In addition, a few smaller lanthanide oxide particles can
be discerned. Eu,0; and Gd,O; particles are smaller than other
lanthanide oxides employed, probably due to the higher inter-
action between the oxygen-containing groups on graphene and
the lanthanide ions deduced from the XPS results. The stacked
layers of graphene are also clearly seen, confirming the presence
of few-layer graphene.

Thermal analysis vis TGA-DTA (Fig. 10) provided insights
into the thermal stability of graphite and the influence of both
mechanochemical treatment and the presence of lanthanide
oxides. The thermogram of pristine graphite exhibited a single
weight loss event starting around 560 °C and ending at 836 °C,
associated with the total combustion of the graphitic carbon
network, with the corresponding DTA peak centred at 794 °C.

Fig. 8 SEM-SE micrographs of pristine graphite and ball milled graphite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Scanning electron microscopy SEM-SE (left column), SEM-BE (central column) and transmission electron microscopy micrographs
STEM-HAADF (right column) of graphite-Ln nanocomposites (yellow circles show some of the nanoparticles). Note that since STEM-HAADF

images were collected on Cu grids, the spot on the sample is different.

Mechanochemical processing reduced the thermal stability
of graphite, as evidenced by the thermogram of ball milled
graphite, which showed a lower onset of combustion at around
520 °C, with a DTA peak centred at 745 °C. This decrease in
temperature can be explained by the introduction of new reac-
tive sites, defects, and oxygen functionalities during milling,
consistent with the findings from XPS, Raman, XRD and SEM
discussed earlier.

452 | RSC Mechanochem., 2025, 2, 443-458

The thermograms of the graphite-Ln nanocomposites
revealed varying temperatures for the final combustion: 750 °C
for graphite-La, 792 °C for graphite-Eu, 837 °C for graphite-Gd,
823 °C for graphite-Tb, and 811 °C for graphite-Eu-Gd. As for the
material ball milled, the weight loss started before 550 °C for all
the lanthanide-containing nanocomposites due to the presence
of oxygen-containing functional groups.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Thermograms of graphite, ball milled graphite, and graphite-Ln nanocomposites.

Interestingly, the observed final combustion temperatures
did not strictly correlate with the Raman Ip/Ig ratio. Only
graphite-La and graphite-Eu show a considerable decrease in

© 2025 The Author(s).

Published by the Royal Society of Chemistry

the final combustion temperature, of 750 °C and 792 °C,
respectively, pointing to a possible catalytic effect of the La and

Eu oxides.

Graphite-Gd, graphite-Tb and graphite-Eu-Gd
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samples showed a minimal influence of the oxides on the
combustion temperature, suggesting a potential role of Gd and
Tb oxides in retarding carbon backbone burning.

Understanding the interaction between graphene nano-
materials and cells is crucial for evaluating material safety. The
cytotoxicity of GNMs can vary depending on factors such as
surface chemistry, size, purity, and dose.*® Graphene oxide, for
example, has been reported to decrease cell viability and induce
cell death,® with surface charge playing a significant role in the
interaction with cells. Studies suggest that GO can interact with
cell membranes through electrostatic®* and hydrophobic®>**
interactions, leading to membrane damage and -cytotoxic
effects.

Also, the type and concentration of oxygen-containing
moieties® influence the outcome and the cytotoxicity induced
is higher for GO than for reduced graphene oxide. Additionally,
small-size GNMs can penetrate cell membranes because of their
sharp edges, causing leakage of cytoplasm.®” They can also
induce the generation of reactive oxygen species,’* which in turn
causes lipid peroxidation, leading to cell death. Impurities in
GNMs, such as metallic impurities, organic solvents, chemical
oxidisers and reducing agents employed in the preparation of
GO and rGO, also affect the toxicity.®® The introduction of
lanthanides to GO can alter the surface charge and thus the
interaction with cell membranes. La@GO composites have been
reported to exhibit strong bactericidal effects,”® based on

454 | RSC Mechanochem., 2025, 2, 443-458

phospholipid dephosphorylation, lipid peroxidation of cell
membranes, and disruption of cell walls. Hence, we decided to
investigate the cytotoxicity of ball milled graphite and graphite-
Ln nanocomposites on COS-7 monkey kidney cells by means of
an SRB assay, which is widely used as a model in mammal
toxicity tests.”* The results, presented in Fig. 11 and Table 5,
show that ball milled graphite exhibited no cytotoxicity at
concentrations of 50 and 100 pug mL ™", possibly due to elec-
trostatic repulsion between graphene nanosheets and cell
membranes. In contrast, graphite-Ln nanocomposites showed
dose-dependent cytotoxicity, with varying degrees of growth

Table 5 Growth inhibition (%) of ball milled graphite and graphite-Ln
nanocomposites against COS-7 cell line at 50 and 100 pg mL™*
concentration calculated by detection of SRB. NC = non-cytotoxic.
The data is expressed as the standard deviation and *p < 0.05 (2way
ANOVA)

Concentration
Sample 50 pg mL " [%] 100 pg mL™" [%)]
Ball milled graphite NC NC
Graphite-La 2.7 £21 1.9+ 1.6
Graphite-Eu 0.6 + 0.5 3.5+ 0.5
Graphite-Gd NC 1.2+1.41
Graphite-Tb 13.5 £ 2.7 17.9 £ 2.3
Graphite-Eu-Gd NC 5.6 £ 0.3

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Cell culture micrographs of the COS-7 line treated with fresh supplemented media as control, ball milled graphite and graphite-Ln

nanocomposites at 100 pg mL™%. Scale bar 250 pm.

inhibition. For a concentration of 50 pg mL ™", the cytotoxicity is
less than 3% for graphite-La (2.7%) and even less for graphite-
Eu (0.6%), graphite-Gd (NC) and graphite-Eu-Gd (NC) but for
graphite-Tb, it was considerably higher (13.5%). For a concen-
tration of 100 pg mL™", the cytotoxicity was again higher for
graphite-Tb (17.9%) than for graphite-Eu-Gd (5.6%), graphite-
Eu (3.5), graphite-La (2.9%) and graphite-Gd (1.2%). These
results correlate with the value of the Ip/I; ratio obtained from
Raman spectroscopy. Thus, it is possible that next to the
changes in the surface charge of graphene nanosheets induced
by the lanthanide ions, the decrease in size of graphene nano-
sheets favours cytotoxicity. Morphological analysis of COS-7
monolayer cultures with control and graphite-Ln nano-
composites (Fig. 12) confirmed material aggregation in all cases
but revealed no significant changes at the tested concentra-
tions. These findings are comparable to those obtained by
Gonzalez et al.*® and support the hypothesis that lanthanide-
modified graphite exhibits altered toxicity behaviour
compared to pristine graphite as well as to lanthanide
complexes,” and underscores the importance of undertaking
more thorough studies to fully understand the cytotoxic effects
of graphite-Ln nanocomposites and mitigate them for potential
applications.

Conclusions

In this study, we have presented a straightforward, cost-
effective, and environmentally friendly approach for synthe-
sizing graphite-lanthanide oxide nanocomposites employing
ball milling. The mechanochemical functionalisation was
accomplished without the need for solvents, hazardous chem-
icals, and oxidant reagents, requiring only an air atmosphere.

X-ray photoelectron spectroscopy confirmed the successful
functionalisation of the graphene nanosheets with hydroxyl,
epoxy, and carbonyl groups, providing anchoring sites for
lanthanide ions. Raman spectroscopy demonstrated the partial
exfoliation of graphite into few-layer graphene in all milled

© 2025 The Author(s). Published by the Royal Society of Chemistry

samples, as indicated by the appearance of the D’ band, change
in symmetry and a downshift of the 2D band. X-ray diffraction
analysis revealed that despite 48 hours of milling, all samples
maintained their crystalline structure, supporting that graphite
exfoliation took place. Scanning electron microscopy with
secondary electron detection showed a reduction in graphite
crystallite size, ranging from 1 to 6 um after milling, consistent
with observations from Raman and XRD analyses. The micro-
graphs collected with the backscattered electron detector
demonstrated a uniform dispersion of micro- and nanometre-
sized lanthanide oxide particles over the graphene nanosheets
while scanning transmission electron microscopy with high-
angle annular dark-field detection confirmed the presence of
lanthanide-containing nanoparticles with lateral dimensions of
at least 50-100 nm in all the nanocomposites. The thermogra-
vimetric analysis further supported the presence of oxygen
functional groups post-mechanochemical treatment, with
weight loss initiating before 550 °C in all nanocomposite ther-
mograms. Interestingly, TGA revealed a catalytic effect of
lanthanum and europium oxides, accelerating the graphite
combustion, while gadolinium and terbium oxides retarded the
combustion process. Moreover, cytotoxicity tests indicated that
growth inhibition exerted by graphite-lanthanide oxide nano-
composites did not exceed 5% for concentrations of 50 and 100
ug mL ', except for the graphite-Tb samples, for which the
growth inhibition reached 17.9% at 100 pg mL ™"

In conclusion, our study highlights the feasibility of
producing graphite-lanthanide oxide nanocomposites via
mechanochemical treatment with promising low cytotoxicity
profiles and underscores their potential for applications in
various fields, from catalysis to biomedicine, emphasising the
importance of further investigation of their properties and
applications.
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