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Solvothermal synthesis of lanthanide-functionalized graphene 
oxide nanocomposites 

Diego A. Acevedo-Guzmán a,b,*, Lázaro Huerta c, Monserrat Bizarro c, Víctor Meza-Laguna d, 
Petra Rudolf b, Vladimir A. Basiuk d, Elena V. Basiuk a,** 

a Instituto de Ciencias Aplicadas y Tecnología, Universidad Nacional Autónoma de México, Circuito Exterior C.U, 04510, Cd. México, Mexico 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• GO-Ln oxide/hydroxide (La,Eu,Gd,Tb) 
nanocomposites prepared by sol
vothermal method. 

• Lanthanide oxide/hydroxide nano
particles were formed on the graphene 
oxide surface. 

• Ln oxides present better distribution and 
smaller sizes than Ln hydroxides.  
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A B S T R A C T   

We propose a facile approach to the preparation of graphene oxide (GO) composites with lanthanide (Ln) oxide/ 
hydroxide nanoparticles (Ln = La, Eu, Gd, Tb) under relatively mild conditions by two different procedures of 
solvothermal synthesis. The mechanism of GO-Ln nanocomposite formation is thought to involve the initial 
coordination of Ln3+ ions to the oxygen-containing groups of GO as nucleation sites, followed by f Ln2O3 and Ln 
(OH)3 nanoparticle growth. The nanocomposites obtained preserve the intrinsic planar honeycomb-like struc
tures of graphene as proven by the typical G and D bands in the Raman spectra. Fourier-transform infrared and X- 
ray photoelectron spectroscopy confirm the interaction between oxygen-containing groups of GO and Ln ions. 
The size and distribution of Ln oxide/hydroxide nanoparticles on GO sheets, estimated from scanning and 
transmission electron microscopy images, vary broadly for the different lanthanides. The size can span from sub- 
nm dimensions for Eu oxide to more than 10 μm for Eu hydroxide nanoparticles. The most homogeneous dis
tribution of Ln oxide/hydroxide nanoparticles was found in La-containing composites. Thermogravimetric 
analysis demonstrated that all the GO-Ln nanocomposites are thermally less stable, by up to 30 ◦C than pristine 
GO.  
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1. Introduction 

The graphene “gold rush” has resulted in the development of 
countless applications including electrochemical energy storage, sen
sors, and catalysts, using graphene (G) and graphene oxide (GO)-based 
materials. Surface functionalization with different metal species - single 
ions, neutral atoms or nanoparticles [1–3] - is a frequently explored 
approach to the development of metal-graphene composites. Among the 
most attractive metals are lanthanides, whose electronic configuration 
consists of filled [Xe]6s levels and 4f orbitals that are gradually filled as 
the atomic number increases. These 4f orbitals are strongly shielded 
from the external environment by the 5s5p6s orbitals, and therefore the 
ligands of lanthanide complexes cause only small perturbations in the 4f 
electron structure, and the lanthanides retain their properties [4]. 
Lanthanide ions are preferred dopants for diverse nanoparticles due to 
their outstanding properties such as stable luminescence, high fluores
cence quantum efficiency and long luminescence lifetimes along with 
low toxicity [5–9]. The combination of the unique characteristics of 
carbon nanomaterials, in particular graphene, with those of lanthanides, 
opens a way to the preparation of novel materials with unusual mag
netic, luminescent, catalytic, biological and other properties useful for a 
broad spectrum of applications in different areas of science, technology, 
and medicine [10–15]. 

Using graphene oxide as a solid support for lanthanide deposition 
can be advantageous because of the presence of oxygen-containing 
functional groups that promote the nucleation of metal-containing 
nanoparticles [16–21]. 

Many previously published works are focused on the interaction of 
lanthanide compounds with GO. However, most of them are limited to 
considering Ln ion and/or complex adsorption on different active sites, 
particularly the carboxylic groups of GO. Ashour et al. [22] reported the 
adsorption of La(III), Nd(III), Gd(III) and Y(III) ions as a dependent effect 
of the pH, because higher values of pH increase the degree of GO 
deprotonation and the negative charges on the GO surface promote the 
electrostatic interaction with Ln(III) ions. Narayanam et al. [23] studied 
the luminescence tunability of Eu(III) functionalized GO sheets in green 
and red wavelength regions but Eu(III) does not form nanoparticles, 
instead, its isolated ions bind with oxygen functionalities of GO. Pang 
et al. [24] designed and synthesized a luminescent terbium complex 
containing GO. In this case, Tb does not form nanoparticles, instead, it 
complexes with N2,N6-bis(4-aminobutyl)pyridine-2,6-cicarboxamide, 
forming a coordination compound, whose synthesis is a multi-step and 
ecologically unfriendly process. Wang et al. [25] described the prepa
ration of Eu3+ and Tb3+ complex with GO for the detection of bacterial 
spores and cysteine, but first GO has to be covalently modified by 
grafting 1,2-Bis(2-aminoethoxy)ethane and ethylenediamine tetraacetic 
acid dianhydride (EDTAD) and later the coordination with Eu3+ and 
Tb3+ ions is achieved. Although these studies emphasise in adsorption 
and coordination of Ln(III) ions, reports on lanthanide-containing 
nanoparticles deposition onto GO (that is, on the synthesis of genuine 
GO-Ln nanocomposites) are much scarce. Jenkins et al. [26] and Jabeen 
et al. [27] reported the preparation of GO-Ln2O3 (namely Sm2O3, Dy2O3, 
Gd2O3, and Er2O3) nanocomposites showing AFM images revealing a 
particle size distribution in the nano range from 10 to 60 nm and ag
glomerates around 150 nm. Zhang et al. [28] synthesized a reduced 
GO/lanthanum oxide nanocomposite as an electrode material in a 
supercapacitor where La2O3 nanorods obtained have a diameter of 
about 20 nm utilising long-time heating reflux reaction. Aryanrad et al. 
[29] produced a GO/europium oxide nanorods nanocomposite where Eu 
nanorods present a diameter larger than 30 nm, but europium oxide 
nanorods have to be prepared previous their integration with GO as a 
self-assembly approach. 

Subasri et al. [30] reported simple solvothermal reduction as a 
method to prepare a novel nanohybrid of La(OH)3 electrostatically 
anchored onto 2D-graphene nanosheets and investigated as an electrode 
material for supercapacitors; unfortunately, this methodology required 

long reaction times, as well as DMF as reaction media and the previous 
preparation of La(OH)3 nanoparticles, not to mention that it was tested 
only for lanthanum, and not for lanthanides having partially or totally 
filled 4f orbitals. Nanoparticle size in La(OH)3/GO nanocomposite is 
around 7 nm and it is estimated by employing XRD, but it is not 
confirmed by microscopy studies (the use of transmission electron mi
croscopy, TEM, is highly desirable or even mandatory). Sharma et al. 
[31] developed a hydrothermal method-assisted synthesis of Ce, Tb, and 
Ce/Tb-doped binary GO nanocomposites, using ionic liquid 
(1-butyl-3-methyl tetrafluoroborate) as reaction medium and fluori
nating agents; the sizes of the reported nanoparticles are of 20–29 nm for 
CeF3:Tb3+-GO and LaF3:Ce3+/Tb3+-GO and around 80 nm for BaF2: 
Ce3+-GO and BaF2:Ce3+/Tb3+-GO nanocomposites. 

Thus, the traditional synthetic routes for the preparation of com
posites based on carbon nanomaterials and lanthanides are carried out 
in an organic solvent, the amount of organic solvent used is large, 
compared with the amount of nanomaterial used, which is undesirable 
given the harmful effects on the environment and human health these 
solvents can produce. Other significantdisadvantages one should 
mention are elevated costs, difficulties in impurity removal, and special 
equipment requirements. For this reason, molten medium methods are a 
great alternative when it comes to developing more scalable, facile and 
efficient processes for different types of nanoparticles [32,33]. 
Furthermore, solvothermal synthesis is a well-known one-step technique 
for obtaining nanomaterials with high yields and at low cost. In addition 
to offering advantageous features like fast and uniform heating of the 
material and mild reaction conditions [34–39], this method can yield 
thermodynamically stable as well as metastable materials, which cannot 
be easily obtained through other synthetic routes. The ability to control 
the size and shape of target nanoparticles makes solvothermal synthesis 
especially valuable for applications in nanocircuits and devices. The 
process employs solvents under moderate to high pressure (typically 
between 1 and 10,000 atm) and temperature (typically between 100 ◦C 
and 1000 ◦C), which considerably facilitates the interaction of pre
cursors during synthesis [40]. For example, Li et al. [41] employed 
solvothermal synthesis to decorate nitrogen-doped graphene with Fe2O3 
and obtained uniformly dispersed and chemically bonded Fe2O3 nano
crystals that can be used as synergistic microwave absorbers. Another 
example is the synthesis of nanocomposites with carbon dots and Ag 
nanoparticles/TiO2 studied by Wang et al. [42] to produce photo
catalysts for environmental remediation. 

However, in terms of an application of a broader variety of lantha
nides and more environmentally friendly reaction media, the prepara
tion of Ln-functionalized GO [30,31] deserve further exploration and 
improvements. Accordingly, the present study focuses on the sol
vothermal synthesis of lanthanide-functionalized graphene oxide 
nanocomposites. Two different preparation pathways for GO decorated 
with lanthanide oxide and hydroxide nanoparticles were tested for La, 
Eu, Gd and Tb. The nanocomposites obtained were characterized by 
several spectroscopic, microscopic, and thermal analysis techniques. 

2. Experimental 

2.1. Materials 

La(III), Eu(III), Gd(III) and Tb(III) acetate hydrates (all having 99.9% 
purity), ethyl alcohol (CH3CH2OH, ≥99.5%), citric acid (C6H8O7, 
≥99.5%), and potassium hydroxide (KOH, ≥85%) were purchased from 
Sigma-Aldrich and used as received. Single-layer graphene oxide was 
purchased from Cheap Tubes, Inc. (>99 wt% purity, sheet size of 
300–800 nm and thickness of 0.7–1.2 nm). 

2.2. Solvothermal synthesis 

Two series of GO-Ln nanocomposites were prepared using the sol
vothermal synthetic approach (see Fig. 1). 
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2.2.1. Series 1 labelled as GO-Ln-1 
20 mg of GO was mixed with 2 mg of Ln(III) acetate hydrate in 10 mL 

of ethyl alcohol. The mixture was stirred for 5 min. Then, the solution 
was transferred to a Teflon-lined stainless-steel autoclave (25 mL) and 
heated at 170 ◦C for 4 h. Once the reaction was finished, the resulting 
mixture was dried under ambient conditions. The powder obtained was 
further heated at 300 ◦C for 3 h in air. The samples obtained are denoted 
hereafter as GO-La-1, GO-Eu-1, GO-Gd-1, and GO-Tb-1. 

2.2.2. Series 2 labelled as GO-Ln-2 
2 mg of Ln(III) acetate hydrate and 0.25 mmol of citric acid were 

dissolved in 20 mL of deionized water. At the same time, also a 10 mL 
aqueous solution containing 10 wt% potassium hydroxide and 20 mg GO 
was prepared. The lanthanide solution was added to the KOH solution 
and stirred for 5 min. The prepared mixture was transferred to a Teflon- 
lined stainless-steel autoclave (50 mL) and heated at 170 ◦C for 4 h. Once 
the reaction was finished, the product was centrifuged to collect the 
solid phase, which was washed three times with deionized water (this 
methodology was adapted from the one described in Ref. [43]). The 
samples obtained are denoted hereafter as GO-La-2, GO-Eu-2, GO-Gd-2, 
and GO-Tb-2. 

2.3. Characterisation 

Raman spectral characterisation was performed on a Raman Witec 
alpha300R (WITec GmbH, Ulm, Germany) using a 532 nm wavelength 
laser light excitation from a Nd:YVO4 laser. The incident laser beam 
with a power of 2.85 μW was focused on the sample using a 100x 
objective (Zeiss, 0.9 NA). Ten punctual Raman spectra of every sample 
were collected randomly, in a Raman shift range of 500–4000 cm− 1. 
Each spectrum was the average of 60 scans collected at 0.5 cm− 1 reso
lution. Fourier-transform infrared (FTIR) spectra were recorded in the 
range 500–4000 cm− 1 on a Nicolet iS50R Thermo-Scientific spectrom
eter, under ambient conditions. Each spectrum was the average of 32 
scans collected at 4 cm− 1 resolution. 

X-Ray photoelectron spectroscopy (XPS) measurements were carried 
out on two instruments:  

(1) a Scanning XPS microprobe PHI5000 VersaProbe II system, 
equipped with a monochromatic Al Kα X-ray source (hν = 1486.6 
eV); the pressure in the chamber was maintained at 7 × 10− 10 

mbar during data acquisition and the electron take-off angle with 
respect to the surface normal was 45◦. The XPS data were ac
quired by using a spot size of 100 μm in diameter and the energy 
resolution was 0.56 eV for the detailed spectra of core level 

regions; the programs PHI Multipack© version 9.6.0.15 and 
SDP© v 4.1 were employed for the deconvolution analysis;  

(2) a Surface Science Instruments SSX-100 ESCA instrument with a 
monochromatic Al Kα X-ray source (hν = 1486.4 eV); the pressure 
in the chamber was maintained at 1 × 10− 9 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 μm in diameter and the energy resolution was 
1.3 eV for the detailed spectra of core level regions; XPS spectra 
were analyzed using the least-squares curve-fitting program 
Winspec (developed at the LISE laboratory of the University of 
Namur, Belgium). 

For both measurements, powder samples were dispersed in iso
propanol, sonicated for 5 min, and dop-casted on a thin gold film, grown 
on mica. Peak profiles were taken as a convolution of Gaussian and 
Lorentzian functions and Shirley background was used; binding energies 
(BEs) were referenced to the Au 4f7/2 photoemission peak [44] centered 
at 84.0 eV and accurate to ± 0.1 eV when deduced from the fitting 
procedure. The uncertainty in the peak intensity determination is within 
2% for all core levels reported. All data were normalized to the number 
of scans and corrected for the sensitivity factor of the spectrometer. The 
transmission function of the analyser was corrected by the Atomic 
Sensitivity Factor (ASF) reported by Scofield [45] with the lanthanides 
reference materials. All measurements were carried out on freshly pre
pared samples. 

The powder X-ray diffraction (XRD) patterns were collected on a D8 
Advance Bruker diffractometer in Bragg-Brentano geometry with a 
monochromatic Cu Kα X-ray source (wavelength of 1.5418 Å) and a 
Lynxeye detector. Powder samples were first placed on a zero- 
background holder. The patterns were recorded in a 2θ range from 5 
to 70◦, in steps of 0.02◦ and with a counting time of 0.75 s per step. 

For scanning electron microscopy (SEM) characterization of the 
samples, we used a JEOL JSM-6510LV microscope and backscattered 
mode was employed, operated at a voltage of 20 kV. The SEM instru
ment was coupled to an INCA Energy 250 Energy Dispersive X-ray (EDS) 
Microanalysis System from Oxford Instruments. For acquiring the dark- 
field transmission electron microscopy (DF-TEM) images, a JEOL JEM- 
ARM200F STEM (Schottky field emission gun) instrument was used, 
operated at 1.0 Å resolution and 200 kV voltage. Samples were dispersed 
in isopropanol, sonicated for 5 min, and drop-casted using standard 
grids with collodion support films. 

Thermogravimetric (TGA) and differential thermal analysis (DTA) 
were performed on an STD 2960 Simultaneous DSC-TGA analyser from 
TA Instruments in air; the airflow was 100 mL/min and a heating ramp 

Fig. 1. Solvothermal synthesis employed for the preparation of GO-Ln oxides and hydroxides nanocomposites.  
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of 10 ◦C/min up to 1000 ◦C was applied. Samples of approximately 5 mg 
were used. 

3. Results and discussion 

Detailed information on the composition, morphology, and structure 
of the nanohybrid materials was obtained from FTIR, Raman, EDS and 
XPS spectroscopy, XRD, SEM and HRTEM microscopy, as well as TGA 
and DTA thermal analysis. 

The Raman spectra of all samples (Fig. 2) showed the presence of the 
characteristic D band centered at about 1350 cm− 1, which is related to 
C-C bond disorder (sp3-hybridized carbon atoms), and the G band 

located at 1595 cm− 1, which is caused by stretching vibrations of C––C 
of the sp2 hybridized carbon backbone [46–49]. For both series, the ratio 
between D and G band intensities (ID/IG) did not exhibit tangible 
changes from 0.99 for pristine GO to 1.00 for all GO-Ln hybrids, thus 
implying that the solvothermal treatment nor the interaction of 
lanthanide ions with the GO affect the ratio between sp3-and sp2-hy
bridized carbon atoms. 

At the same time, the FTIR analysis (Fig. 3) revealed evident changes 
upon the solvothermal chemical modification of GO sheets. Pristine GO 
showed typical peaks due to the presence of oxygen-containing func
tional groups [50,51]: the broad stretching hydroxyl νOH band at 3363 
cm− 1 and the corresponding deformation δOH band at 1618 cm− 1, 

Fig. 2. Comparison of the Raman spectra for (a, f) pristine GO, (b) GO-La-1, (c) GO-Eu-1, (d) GO-Gd-1, (e) GO-Tb-1, (g) GO-La-2, (h) GO-Eu-2, (i) GO-Gd-2, and (j) 
GO-Tb-2. 

Fig. 3. Comparison of FTIR spectra of (a, f) pristine GO, (b) GO-La-1, (c) GO-Eu-1, (d) GO-Gd-1, (e) GO-Tb-1, (g) GO-La-2, (h) GO-Eu-2, (i) GO-Gd-2, and (j) GO-Tb-2.  
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stretching νC = O vibrations in COOH groups at 1720 cm− 1, a strong band 
at 1224 cm− 1 due to asymmetric and symmetric stretching modes of 
epoxy C-O-C groups, a band at 1052 cm− 1 associated with C-O stretching 
vibrations, and a shoulder at 965 cm− 1 due to unsaturated ketone 
groups. A weak symmetric and asymmetric νC-H bands at 2981 and 2959 
cm− 1 and a signal of unoxidized sp2 C––C bonds at 1552-1593 cm− 1 can 
be observed as well. 

While in the FTIR spectra of GO-Ln samples for both Series 1 and 2, 
the intensity of the broad hydroxyl νOH stretching band at 3363 cm− 1 

significantly decreased, and some differences were found depending on 
the particular synthetic approach. The most noticeable changes 

observed for the samples of Series 1 were the frequency shift of the 
epoxy band to 1232 cm− 1 for GO-La-1, 1208 cm− 1 for GO-Eu-1, and 
1201 cm− 1 for both GO-Gd-1 and GO-Tb-1, indicating an epoxide ring 
opening reaction. Fig. 2 shows a decrease in the intensity of the COOH 
band and an almost total disappearance of the C-O signal at 1052 cm− 1 

for all GO-Ln-1 samples. On the other hand, one can see an intensity 
increase for the band corresponding to the vibrations of unoxidized sp2 

C––C bonds at 1568-1581 cm− 1, as well as emerging bands at 724-550 
cm− 1 related to the Ln-O vibrations. For the Series 2 samples, the epoxy 
band (~1220 cm− 1) increased in intensity and became broader. In 
addition, the band intensity due to the COOH group decreased, along 

Fig. 4. Comparison of XPS spectra of the C1s core level region of (a, f) pristine GO, (b) GO-La-1, (c) GO-Eu-1, (d) GO-Gd-1, (e) GO-Tb-1, (g) GO-La-2, (h) GO-Eu-2, (i) 
GO-Gd-2, and (j) GO-Tb-2 and corresponding fits. 

Fig. 5. Comparison of the XPS spectra of the O1s core level region of (a, f) pristine GO, (b) GO-La-1, (c) GO-Eu-1, (d) GO-Gd-1, (e) GO-Tb-1, (g) GO-La-2, (h) GO-Eu- 
2, (i) GO-Gd-2, and (j) GO-Tb-2 and corresponding fits. 
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Fig. 6. Comparison of the XPS spectra of the Ln 3d core level region of (a) GO-La-1, (b) GO-La-2, (c) GO-Eu-1, (d) GO-Eu-2, (e) GO-Gd-1, (f) GO-Gd-2, (g) GO-Tb-1 
and (h) GO-Tb-2 and corresponding fits. 
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Fig. 7. Comparison of XRD diffractograms of (a, f) pristine GO, (b) GO-La-1, (c) GO-Eu-1, (d) GO-Gd-1, (e) GO-Tb-1, (g) GO-La-2, (h) GO-Eu-2, (i) GO-Gd-2, and (j) 
GO-Tb-2. (Red numbers correspond to GO peaks and blue numbers correspond to lanthanide hydroxides peaks). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 8. SEM-BEC images at different magnifications of (a–c) GO-La-1, (d–f) GO-Eu-1, (g–i) GO-Gd-1, and (j–l) GO-Tb-1. (Yellow arrows point to lanthanide oxide 
particles). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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with a total disappearance of the C-O signal at 1041 cm− 1, an intensity 
increase of the band due to sp2 C––C bond vibrations at 1552-1593 cm− 1, 
and the appearance of a band near 1340 cm− 1 corresponding to 
stretching C-O bond vibrations in alcohols. As a whole, all the FTIR 
spectra presented are indicative of structural changes in the oxygen- 
containing groups of GO, which can be interpreted as pointing to the 

chemical bonding of Ln ions to GO sheets by replacing H atoms of OH, 
COOH functionalities or breaking C-O-C bonds where the pH media 
plays an important role such as for Series 2, where the use of KOH and 
water media in the solvothermal process fosters the interaction of Ln 
ions with COOH groups, rather than the interaction with epoxy groups. 

Further details of the chemical bonding in GO-Ln samples in 

Fig. 9. SEM-BEC images at different magnifications of (a–c) GO-La-2, (d–f) GO-Eu-2, (g–i) GO-Gd-2, and (j–l) GO-Tb-2. (Yellow arrows point to lanthanide hydroxide 
particles). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 10. EDS spectra of (a) GO-La-1, (b) GO-Eu-1, (c) GO-Gd-1, and (d) GO-Tb-1.  
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comparison to pristine GO were obtained from XPS measurements. XPS 
spectra of the C1s, O1s and Ln 3d core level regions are shown in 
Figs. 4–6, respectively; the corresponding binding energies and the 
percentages indicating the relative at% are listed in Tables S1–S4. The fit 
of the C1s core level spectrum of pristine GO (Fig. 4) requires six com
ponents at binding energies (BEs) of 284.2, 285.0, 285.9, 287.2, 288.2 
and 289.3 eV, attributed respectively to the presence of CH-CH, C-C, C- 
CH2, C-O, C––O and COOH bonds. Their contributions to the total C1s 
spectral intensity amounted to 8.6, 25.8, 16.9, 32.9, 8.5 and 7.5%, 
respectively. After the solvothermal treatment, with the incorporation of 
Ln(III) ions on GO, the most remarkable change for both sample series 
was the appearance of a new component at a BE of 287.5–287.8 eV, 
attributed to the bond between Ln atoms and GO oxygenated func
tionalities. The relative contribution of this component to the total C1s 
spectral intensity varies from 6.4% for La to 19.6% for Gd. Although the 
bonding nature in lanthanide compounds is still under discussion [52], 
this effect might be linked to the difference in electron configuration of 
the two lanthanide ions, which is [Xe]4f0 for La3+ and [Xe]4f7 for Gd3+. 
Therefore, with a higher number of 4f electrons, the Gd3+ ion can exhibit 
a higher coordination number, i.e. form a larger number of chemical 
bonds with functional groups in the reaction medium: in the present 
case, with oxygenated functionalities of GO. To put it in a different way, 
as the Ln atomic number increases, the ionic radius decreases and hence 
the charge density of the cation increases, leading to the differences 
observed. The peak related to C-O for all GO-Ln samples downshifts by 
approximately 0.6 eV (to 286.5 eV), and the contributions related to 
C––O and COOH exhibited similar shift higher binding energies, namely 
to 288.9 and 290.5 eV, respectively, indicating that the integration of Ln 
ions can also change the electronic charge of oxygen-containing groups 
of GO. Also, the relative intensity related to the oxygen-containing 
groups decreases for C-O to 13.5–27.9%, for C––O to 5.4–8.9% and for 
COOH to 1.7–4.8% of the total C1s intensities. It can be said, hence, that 
the solvothermal conditions promote the chemical reaction of C-O, 
C––O, and COOH groups to C-O-Ln bonds and change the nature of 
oxygen functional groups of GO. 

The O1s (Fig. 5) line of the pristine GO sample can be deconvoluted 
into four contributions at 531.0, 531.9, 532.6 and 533.5 eV, which are 
assigned respectively to COOH, C––O, C-OH, and C-O. The contributions 
amounted of the total O1s spectral intensity are 5.0%, 15.5%, 38.4% and 
36.6%, respectively. After the solvothermal reactions with the Ln salts, 
new components appear at 530.5–531.4 eV due to Ln-O bonding and the 
relative intensity goes from 0.6% to 13.3% of the total O1s line intensity 
depending on the Ln composite, in accordance with the changes 
observed in C1s line. Also, a slight shift of 0.1–0.4 eV can be observed for 

the peak assigned to the C––O component, while the binding energy of 
the contribution due to C-OH bonds does not change. Therefore, it can 
be observed that while the C––O and COOH component shifts to higher 
BEs in the C1s peak, they shift to lower BEs in the O1s peak, conversely 
to the C-O component, confirming the change in electronic distribution 
in oxygen groups of GO. The relative intensity of C––O varies in the 
range of 18.4–37.0% between the different Ln composites, decreases for 
C-OH to 11.9–27.0% and increases for C-O to 20.1–39.8% of the total 
O1s peak. This supports the claim that C-OH groups replace H atoms to 
form a chemical bonding with Ln ions. 

A number of previous studies [53–55] demonstrated that variations 
in ligand nature and/or coordination number of lanthanides cause 
changes in relative intensities of satellites and main Ln 3d signals. The 
assignment of final states related to the 3d core level peaks is a difficult 
task due to the existence of satellite features next to the main spectral 
components. The Ln 3d photoemission lines observed for several com
pounds can be accompanied by shake-up, shake-down and multiplet 
splittings, which leads to a very complex fine structure [56,57]. In our 
case, the XPS spectra of the La 3d5/2 core level for GO-La-1 and GO-La-2 
show the main component at 834.8 eV and satellites appearing at about 
838.5 and 836.7 eV that are indicative of the presence of La3+ [58,59]. 
The difference between the two samples concerns one more satellite 
located at a BE of 832.7 eV for GO-La-1, and at 840.5 eV for GO-La-2. 
The Eu 3d XPS spectra for europium-containing samples are qualita
tively similar to each other. For GO-Eu-1, the main peaks are observed at 
1164.8 eV and 1135.0 eV, respectively, and these binding energies are 
typical for Eu3+ [60]. One can also see minor components at 1156.3 eV 
and 1126.6 eV, which can be attributed to Eu2+ [60], with additional 
multiplet features at BEs of 1144.0 and 1172.5 eV. For GO-Eu-2, the 
component located at 1152.3 eV is shifted by 4.0 eV with respect to the 
Eu2+ peak at 1156.3 eV for GO-Eu-1. In the Gd 3d5/2 core level spectrum 
for GO-Gd-1, the main peak due [61] to Gd3+ appears at 1187.4 eV and 
its satellite at 1196.0 eV. For GO-Gd-2, the main component is found at 
1188.4 eV (1.00 eV higher than for GO-Gd-1) and its satellite at 1197.5 
eV. The main peak in the Tb 3d5/2 spectrum appears at a BE of 1241.7 eV 
for GO-Tb-1, and at 1241.5 eV for GO-Tb-2, with a multiplet additionally 
present in the case of GO-Tb-1 sample. All the samples show differences 
between the BEs components of 3d5/2 core levels due to the interactions 
related to oxides and hydroxides. 

The atomic percentages of the elements present in all the samples 
were calculated and are presented in Table S4. The estimated content for 
La (GO-La-1) is 0.6 at%, for Eu (GO-Eu-1) is 0.8 at%, for Gd (GO-Gd-1) is 
0.7 at%, for Tb (GO-Tb-1) is 0.3 at%, for La (GO-La-2) is 0.4 at%, for Eu 
(GO-Eu-2) is 0.6 at%, for Gd (GO-Gd-2) is 0.9 at%, and for Tb (GO-Tb-2) 

Fig. 11. EDS spectra of (a) GO-La-2, (b) GO-Eu-2, (c) GO-Gd-2, and (d) GO-Tb-2.  
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Fig. 12. Dark-field TEM images at different magnifications of (a, b) GO-La-1, (c, d) GO-Eu-1, (e, f) GO-Gd-1, and (g, h) GO-Tb-1. (Yellow arrows point to lanthanide 
oxide nanoparticles). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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is 0.5 at%. The amount of lanthanide in the nanocomposites is slightly 
lower for La3+ and Tb3+ than for Eu3+ and Gd3+ in both series, indi
cating a different nanoparticle formation efficiency. As could be seen 
with the relative contributions of C-O-Ln components to the total C1s 
intensity, this can be attributed to the differences in the electronic 
configuration of the four lanthanides used, where also half-filled elec
tron shell effect can influence the ability and stability of bonding with 
oxygen functionalities of GO. 

The XRD pattern of pristine GO (Fig. 7) presents a characteristic 
sharp peak at 11.4◦ consistent with a basal spacing of d001 = 7.8 Å that is 
associated with the presence of hydroxyl, epoxy, and carbonyl groups 
and possibly intercalated water between the GO sheet surfaces [50,62]. 
After the solvothermal reaction, the XRD patterns of GO-Ln samples of 
both series 1 and 2, show a broad peak that points to exfoliation of the 
GO sheets; the maximum at around 25.1◦ corresponds to a basal spacing 
of d002 = 3.5 Å that can be explained by a partial reconstruction of the 
sp2 carbon network involving the epoxy ring-opening reactions as re
ported by Fan et al. using aluminum powder [63,64] and agrees with the 
sp2 C––C band increase observed in the FTIR results. In the case of 
GO-Ln-1 samples, no peaks attributable to Ln oxides were observed, 
which can be explained by the very small dimensions and low crystal
linity of Ln nanoparticles formed [65]. At the same time, the diffracto
grams obtained for GO-Ln-2 samples exhibit a series of characteristic 
peaks corresponding to the hexagonal crystal structure of lanthanide 
hydroxides and indicate larger Ln nanoparticles than for GO-Ln-1 
[66–69], and it confirms that even using shorter reaction times than 
Zheng reported [43] it is possible to obtain nanoparticles onto GO sur
face employing the solvothermal technique. 

The morphology of the GO-Ln hybrids was investigated at different 
length scales with the help of SEM and TEM. SEM images acquired in the 
backscattered electron composition (BEC) mode, where light and heavy 
elements appear with different contrast, are presented in Figs. 8 and 9. 
The micrographs show GO sheets covered by lanthanide-containing 
particles of variable size as can be seen in the particle distribution his
tograms (Figs. S1 and S2): for the GO-Ln-1 series, the particle sizes range 
from approximately 100 to 800 nm with a mean size of (387 ± 127) nm 

for GO-La-1, (300 ± 48) nm for GO-Eu-1, (472 ± 99) nm for GO-Gd-1, 
and (357 ± 80) nm, whereas for the GO-Ln-2 series, the particle size 
varies roughly between 800 and 7000 nm, with a mean size of (2169 ±
203) nm for GO-La-2, (2774 ± 1446) nm for GO-Eu-2, (1170 ± 131) nm 
for GO-Gd-2, and (935 ± 401) nm for GO-Tb-2. The samples of the GO- 
Ln-1 series exhibit a much more homogeneous particle distribution 
compared to the GO-Ln-2 series. There is also a difference between 
particle shapes: when comparing GO-La-1 and GO-La-2 most striking is 
the presence of large rod-shaped particles in the latter. The corre
sponding EDS spectra were probed at 10 different sites, representative 
results shown in Figs. 10 and 11, S3, and S4 allow to estimate the Ln 
content, which is as follows: (0.86–0.98) wt% for GO-La-1; (1.22–2.84) 
wt% for GO-Eu-1; (3.98–6.82) wt% for GO-Gd-1 and (4.29–8.28) wt% 
for GO-Tb-1; while it was higher for the second series, namely 
(2.69–5.84) wt% for GO-La-2; (1.50–3.45) wt% for GO-Eu-2; 
(2.42–9.35) wt% for GO-Gd-2 and (2.86–7.16) wt%, for GO-Tb-2 (see 
also Table S5). The EDS also confirms that there are no other contami
nant species present. The Ln content expressed in at% (see Figs. 10 and 
11) agrees with that derived from the XPS results (Table S4) within the 
experimental error. 

For exploring the finer details of the size and distribution of the 
lanthanide-containing particles, we employed dark-field TEM. The im
ages of GO-Ln-1 and GO-Ln-2 samples are presented in Figs. 12 and 13, 
respectively. One can see that in addition to the larger particles seen in 
SEM, nanoparticles are also present in both samples, as illustrated in 
particle distribution histograms (Figs. S5 and S6). In the case of La, a 
more uniform distribution on the GO sheets is observed for GO-La-1 
(Fig. 12a and b), where the particle size varies in the range of approxi
mately 2–5 nm with a mean size of (3.4 ± 1.3) nm. Similar features are 
found in the GO-La-2 image (Fig. 13a), with almost equally well- 
distributed nanoparticles, but their size is notably larger, namely up to 
ca. 20 nm but with a mean size of (8.9 ± 4.2) nm. In both cases, the 
nanoparticle morphology is close to spherical. The particles appearing in 
both Eu-containing samples are apparently amorphous and smaller, 
with a mean size of (0.9 ± 0.5) nm for GO-Eu-1 and (8.2 ± 2.0) nm for 
GO-Eu-2. Also, a more homogeneous coverage can be observed in the 
case of GO-Eu-1 (Fig. 12c and d). General similarities were also found 
between GO-Gd-1 (Fig. 12e and f) and GO-Gd-2 (Fig. 13c), where the 
nanoparticle structure seems to be amorphous as well, with mean sizes 
of (1.3 ± 0.6) nm for GO-Gd-1 and (6.6 ± 1.5) nm for GO-Gd-2. On the 
contrary, the nanoparticles observed in GO-Tb-1 (Fig. 12g and h) exhibit 
clear facets, forming compact agglomerates of roughly 160 nm but the 
coverage appears to be scarce compared to the nanoparticle distribution 
in GO-Tb-2 (Fig. 13d); here, the formations seem to be amorphous as for 
the Eu- and Gd-containing samples with a mean size of (8.3 ± 3.5) nm. 
Jenkins et al. [26] used atomic force microscopy to confirm Ln2O3 
particle size distribution in the nano range: in particular, 10–60 nm for 
Sm2O3 and Dy2O3, with some up to 120 nm for Sm2O3. Gd2O3 particle 
size ranges from 10 to 42.5 nm, while Er2O3 has 50 nm with agglom
erated bigger particles around 150 nm. Also, Zhang et al. [28] and 
Aryanrad et al. [29] confirm La2O3 nanorods and Eu2O3 nanorods that 
have a diameter of about 20 nm (by TEM) and 30 nm (by SEM), 
respectively. That is, our approach allows for the preparation of smaller 
nanoparticles with a considerably larger surface area. Thus, according to 
SEM and TEM results together with Raman, FTIR and XPS studies, it can 
be stated that not only the solvothermal conditions have an important 
effect on the behaviour of the interaction of Ln ions with oxygen func
tional groups of GO, the morphology and distribution of lanthanide 
oxide and hydroxide nanoparticles, but also the nature of the lantha
nides itself. 

The thermal behaviour of GO-Ln nanocomposites was studied by 
TGA-DTA analysis; the corresponding thermograms are shown in 
Fig. 13. The TGA curve for pristine GO (Fig. 14a) exhibits three main 
weight loss steps. The first loss of 16.7% occurs up to 100 ◦C and is due to 
the evaporation of physisorbed water. The second loss of 28.7% is 
observed until 241 ◦C and is caused by the decomposition of the intrinsic 

Fig. 13. Dark-field TEM images of (a) GO-La-2, (b) GO-Eu-2, (c) GO-Gd-2, and 
(d) GO-Tb-2. (Yellow arrows point to lanthanide hydroxide nanoparticles). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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Fig. 14. Comparison of TGA (black) – DTA (red) curves of (a) pristine GO, (b) GO-La-1, (c) GO-La-2, (d) GO-Eu-1, (e) GO-Eu-2, (f) GO-Gd-1, (g) GO-Gd-2, (h) GO-Tb- 
1 and (i) GO-Tb-2. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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oxygen-containing groups of GO. The third weight loss of 51.4%, ending 
at 619 ◦C, corresponds to the decomposition of the graphene backbone. 
The DTA thermogram contains features at 69, 225 and 509 ◦C, consis
tent with the three weight-loss steps in the TGA curve. The thermograms 
for GO-Ln-1 composites exhibited only two weight loss steps; the first 
one (due to the elimination of adsorbed water) amounts to 5.5–7.0% 
ends at about 120 ◦C and a similar step can be observed for GO-Ln-2 
series as well, but its magnitude is considerably higher, namely 
12.9–14.2%. The second weight loss in the TGA curves of the GO-Ln-1 
series finishes below 600 ◦C, viz. at 589 ◦C for GO-La-1, 576 ◦C for 
GO-Eu-1, 577 ◦C for GO-Gd-1 and 570 ◦C for GO-Tb-1, with the corre
sponding DTA peaks at 503, 518, 512 and 513 ◦C. In other words, the 
thermal stability of Ln-containing samples decreases by 30–60 ◦C 
compared to the final decomposition temperature of pristine GO, and 
this decrease can be attributed to a catalytic effect of lanthanide oxides 
on the combustion of the graphene backbone. This final weight loss for 
GO-Ln-1 samples is matched by the second (of a total of three) weight 
loss step for the GO-Ln-2 series, ending at 575 ◦C for GO-La-2, at 560 ◦C 
for GO-Eu-2, at 581 ◦C for GO-Gd-2 and at 595 ◦C for GO-Tb-2; again, the 
thermal stability of the Ln-containing samples is lower than that of 
pristine GO. The corresponding DTA thermograms exhibit a more 
complex structure, with the main maxima observed at lower tempera
tures than for the GO-Ln-1 series, i.e. at 404 ◦C for GO-La-2, 399 ◦C for 
GO-Eu-2, 496 ◦C for GO-Gd-2 and 487 ◦C for GO-Tb-2. The final (third) 
weight loss step for the GO-Ln-2 samples ends at temperatures as high as 
1000 ◦C and represents the main difference between the two series: it 
confirms the fact that Ln species exist as hydroxides in GO-Ln-2 samples, 
which are dehydrated at temperatures higher than 600 ◦C. From the 
analysis of TGA curves, it is possible to estimate that the lanthanide 
oxide content; in GO-La-1 it amounts to 11.8%, in GO-Eu-1 to 12.5%, in 
GO-Gd-1 to 9.0% and in GO-Tb-1 it is 12.6% (Fig. 9). For the GO-Ln-2 
series, the values of 22% (La), 25% (Eu), 25% (Gd) and 23% (Tb), 
roughly approximated from the horizontal ramp at around 700 ◦C, 
correspond to Ln hydroxide content. Both for GO-Ln-1 and GO-Ln-2, the 
estimated Ln content is considerably higher than the values obtained 
from EDS, and this could be explained due to TGA allowing quantifying 
not only the content of Ln but the whole Ln oxide content that forms 
during the thermogravimetric process. 

4. Conclusions 

We propose a facile time-saving approach to the preparation of GO- 
Ln2O3 and GO-Ln(OH)3 nanocomposites under relatively mild condi
tions, applying two pathways of solvothermal synthesis. One can suggest 
that the mechanism of GO-Ln nanocomposite formation involves the 
initial coordination of Ln3+ ions to the oxygen-containing groups of GO 
as nucleation sites, which is followed by the formation of Ln2O3 and Ln 
(OH)3 nanoparticles. Although FTIR and XRD present an increase in sp2 

hybridized carbon, all the nanocomposites obtained preserve ID/IG ratio 
of sp3 defects and the intrinsic planar honeycomb-like structures of 
graphene with the typical G and D bands in the Raman spectra. FTIR and 
XPS spectra support the interaction between oxygen-containing groups 
of GO and Ln ions. The size and distribution of Ln oxide/hydroxide 
nanoparticles on GO sheets, estimated from SEM and TEM images, varies 
broadly, e.g. for the composites with Eu, the size spans from sub-nm 
dimensions (by TEM) in the case of GO-Eu-1 to more than 10 μm (by 
SEM) for GO-Eu-2. The most homogeneous distribution of Ln oxide/ 
hydroxide nanoparticles was found in GO-La-1 and GO-La-2. TGA-DTA 
measurements demonstrated that all the GO-Ln nanocomposites are less 
thermally stable than pristine GO by up to 30 ◦C. The results demon
strate that the solvothermal approach is a simple, efficient, and eco- 
friendly preparation pathway for GO-Ln nanocomposites. 
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Gadolinium-containing carbon nanomaterials for magnetic resonance imaging: 
trends and challenges, J. Cell Mol. Med. 24 (7) (2020) 3779–3794, https://doi.org/ 
10.1111/jcmm.15065. 

[16] C. Lee, X. Wei, J.W. Kysar, J. Hone, Measurement of the elastic properties and 
intrinsic strength of monolayer graphene, Science 321 (5887) (2008) 385–388, 
https://doi.org/10.1126/science.115799. 

[17] K.S. Novoselov, A.K. Geim, S.V. Morozov, D.E. Jiang, Y. Zhang, S.V. Dubonos, I. 
V. Grigorieva, A.A. Firsov, Electric field effect in atomically thin carbon films, 
Science 306 (5696) (2004) 666–669, https://doi.org/10.1126/science.1102896. 

[18] K. Wang, J. Ruan, H. Song, J. Zhang, Y. Wo, S. Guo, D. Cui, Biocompatibility of 
graphene oxide, Nanoscale Res. Lett. 6 (1) (2011) 1–8, https://doi.org/10.1007/ 
s11671-010-9751-6. 

[19] S.F. Kiew, L.V. Kiew, H.B. Lee, T. Imae, L.Y. Chung, Assessing biocompatibility of 
graphene oxide-based nanocarriers: a review, J. Contr. Release 226 (2016) 
217–228, https://doi.org/10.1016/j.jconrel.2016.02.015. 
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