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•	 A new Gd(III) complex has 
been prepared and character-
ized. 

•	 The Gd2O3 nanoparticles were 
prepared from Gd(III) com-
plex precipitates.

•	  Electrochemical reduction of 
CO2 to CO was studied in the 
presence of compounds. 

•	 The Gd(III) complex and 
Gd2O3 nanoparticles can cat-
alyze the electrochemical re-
duction of CO2 to CO.

The mononuclear Gd(III) complex, [Gd(L)3(H2O)5] (where L is alizarin yellow R 
(NaC13H8N3O5)), has been prepared in H2O under reflux condition. The Gd(III) com-
plex has been characterized by elemental analysis and spectroscopic methods (UV–
Vis and FT–IR). The Gd2O3 nanoparticles were prepared by the calcination of the 
Gd(III) complex in air at different temperatures up to 600 °C for 2 h. The calcination 
temperature was the key parameter which was changed for more investigation. The 
products were characterized by various methods such as FT–IR, X-ray diffraction 
analysis and field-emission scanning electron microscopy (FE–SEM). The electro-
chemical studies of the Gd(III) complex and Gd2O3 nanoparticles were performed in 
acetonitrile. The voltammograms in the absence and presence of carbon dioxide in-
dicate that [Gd(L)3(H2O)5] and Gd2O3 nanoparticles can catalyze the electrochemical 
reduction of CO2 to CO.

Article history:
Received 22 November 2014
Received in revised form 
3 December 2014
Accepted 6 December 2014

Keywords:
Gd(III) complex
Gd2O3 nanoparticles
CO2 reduction
Cyclic voltammetry
alizarin yellow R

  *Corresponding author. Tel.: +98 311 3913240; fax: +98 311 3912350.
E-mail address: mt.behnamfar@ch.iut.ac.ir, behnam10@gmail.com (MT.Behnamfar).

DOI: http://dx.doi.org/10.22104/jpst.2015.75



22                                                                                  M.Behnamfar.  / Journal of Particle Science and Technology (2015) 21-30

1. Introduction

Carbon dioxide is an important greenhouse gas pro-
duced by human activities, primarily through the com-
bustion of fossil fuels; however, methane, chlorofluo-
rocarbons and other gases are more potent greenhouse 
gases. Its concentration in the Earth’s atmosphere has 
risen by more than 35% since the Industrial Revolu-
tion. Atmospheric mixing ratios for carbon dioxide are 
now higher than at any time in at least the last 800,000 
years, standing at 385 parts per million (ppm) com-
pared to a pre-industrial high of 280 ppm. The current 
rate of increase is around two ppm per year. This rate 
has caused much worry in the international commu-
nity. Therefore, the fixation of CO2 and conversion 
into a useful chemical feedstock is of potential benefit. 
Research in the field of electrochemical reduction of 
CO2 has grown rapidly in the last few decades. This 
growing research effort is a response by physical sci-
entists and engineers to the increasing amount of CO2 
in the atmosphere and the steady growth in global fuel 
demand. Electrochemical reduction of CO2 with metal 
complexes is a feasible technique for the utilization of 
CO2 as a C1 source, though the reduction products usu-
ally have been limited to CO and/or HCOOH. Metal 
complexes with η1–CO2 are considered to play the key 
role in the reduction of CO2, since metal—η1–CO2 is 
easily converted to metal—CO through an acid–base 
reaction in protic media or via oxide transfer to free 
CO2 in aprotic media. CO evolution in the reduction of 
CO2 is ascribed to reductive cleavage of the resulting 
metal—CO [1–14]. 

Nanoparticles have emerged as sustainable alterna-
tives to conventional materials, as robust, high surface 
area heterogeneous catalysts and catalyst supports. 
The nano-sized particles increase the exposed surface 
area of the active component of the catalyst, thereby 
enhancing the contact between reactants and catalyst 
dramatically and mimicking the homogeneous cata-
lysts. However, their insolubility in reaction solvents 
renders them easily separable from the reaction mix-
ture like heterogeneous catalysts, which in turn makes 
the product isolation stage effortless. Also, the activity 
and selectivity of nano-catalyst can be manipulated by 
tailoring chemical and physical properties like size, 
shape, composition and morphology. The scientific 
challenge is the synthesis of specific-size and shape 
nano-catalysts to allow facile movement of materials 
in the reacting phase and control over morphology 
of nanostructures to tailor their physical and chemi-
cal properties. However, the rapid advancement of 
nano-technology made possible the preparation of a

Fig. 1. Molecular structure of alizarine yellow R.

variety of nanoparticles with controlled size, shape, 
morphology and composition [15–25]. 

Here, I report the synthesis and characterization of 
a new mononuclear Gd(III) complex, [Gd(L)3(H2O)5] 
where L is alizarin yellow R (Fig. 1). A simple method 
is reported for the preparation of the Gd2O3 nanoparti-
cles from a new precursor complex by a facile calcina-
tion method. The electrocatalytic reduction of CO2 to 
CO by the complex and Gd2O3 nanoparticles was in-
vestigated using cyclic voltammetry (CV) in CH3CN-
solution. 

2. Experimental

2.1. Materials and Methods 

GdCl3∙6H2O, alizarin yellow R, tetra-n-butylammo-
nium hexafluorophosphate and acetonitrile were pur-
chased from Merck. Deionized water was used to wash 
all nanoparticles. All chemicals and solvents were of 
high purity and used without any further purification.

Elemental analysis (C, H and N) were performed 
by using a Leco, CHNS-932 elemental analyzer. 
Fourier transform infrared spectra were recorded on 
an FT-IR JASCO 680-PLUS spectrometer in the re-
gion of 4000–400 cm−1 using KBr pellets. Electronic 
absorption spectra were recorded on a JASCO 7580 
UV–Vis–NIR double-beam spectrophotometer using 
quartz cells with a path length of 10 mm. The XRD 
analyses were performed using the X-ray diffractom-
eter (PHILIPS PW3040/60) with CuKa radiation. 
The morphology of the nanoparticles was observed 
using FE-SEM (HITACHI; S-4160). Voltammetric 
experiments were performed on a SAMA Research 
Analyzer M-500. All measurements were carried out 
in a 5 mL cell which was fitted with a Teflon lid in-
corporating a three-electrode system comprising of a 
glassy carbon electrode ( φ  = 2 mm) as the working 
electrode, a platinum wire as the auxiliary electrode 
and a silver wire as the pseudo-reference electrode 

O−Na+O

HO
N

N
+N

O

O−



M.Behnamfar.  / Journal of Particle Science and Technology (2015) 21-30                                                                                  23

(the potential values reported versus SCE). The glassy 
carbon working electrode surface was freshly cleaned 
with alumina polish on a micro cloth before each scan 
and was rinsed with doubly-distilled water between 
each polishing step. Cyclic voltammetry of an acetoni-
trile solution of [Gd(L)3(H2O)5] was carried out with a 
0.1 M solution of tetra-n-butylammoniumhexafluoro-
phosphate (TBAH) as the supporting electrolyte. Fer
rocene (E° = 0.665 V vs. NHE) was used as an internal 
reference at the end of each experiment. The solutions 
were purged by N2 or CO2 flows during study. All spectral
and electrochemical data were collected at ambient 
temperature. 

2.2. Synthesis of [Gd(L)3(H2O)5] 

The [Gd(L)3(H2O)5] (L = alizarin yellow R) complex 
was synthesis by the reaction of alizarin yellow R and 
gadolinium(III) chloride hexahydrate in 30 mL water. 
Alizarin yellow R (0.93 g, 3 mmol) was dissolved in 
15 mL of water under stirring at 80°C until a dark yel-
low solution resulted To the solution was then added 
a solution of GdCl3∙6H2O (0.37 g, 1 mmol) in 15 mL 

water. The reaction mixture was refluxed for 5 h. The 
orange precipitate was filtered and washed with 
water and dried in air at room temperature (scheme. 
1). Yield: 0.92 g, 83%. Anal. Calc. for GdC39H34N9O20 
(MW = 1105.99 g/mol): C, 42.35; H, 3.10; N, 11.40 % 
Found: C, 42.51; H, 3.18; N, 11.58%.

2.3. Synthesis of Gd2O3 nanoparticles

The precursor Gd(III) complex was prepared by 
calcination up to 600°C.Brown gadolinium oxide 
nanoparticles were produced by subjecting 0.3 mg of 
the as-prepared Gd(III) complex powder to heat treat-
ment at a relatively low temperature (300 °C) in air. An 
average temperature increase of 20 °C every minute 
was selected before the temperature reached 300 °C, 
and after keeping the thermal treatment at 300 °C for 2 
h, it was allowed to cool to room temperature natural-
ly. A series of further experiments were carried out to 
investigate the reaction conditions. Detailed reaction 
conditions and the corresponding results are summa-
rized in Table 1.

Table. 1. 
Products obtained under different calcination conditions.

Sample no. Calcinations’ temperature 
(°C)

Calcinations’ time (h) Average size of 
nanoparticles

Morphologies
of the products

Figures’ no.

1 300 2 10 μm nanoparticle Fig. 6, a and b

2 400 2 15 nm nanoparticle Fig. 6, c and d

3 500 2 15 nm nanoparticle Fig. 7, e and f

4 600 2 150 nm nanoflake Fig. 7, g and h

Scheme. 1. Synthesis route to [Gd(L)3(H2O)5].
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3. Results and discussion

3.1. Synthesis and characterization of [Gd(L)3(H2O)5]

The reaction of alizarin yellow R with DyCl3∙6H2O 
is shown in Scheme 1. The complex was prepared in 
good yield. The elemental analyze of the complex was 
entirely consistent with their proposed composition. 
Fig. 2 shows the optimized structure of [Gd(L)3(H2O)5]. 
According to Fig. 2, the binding of alizarin ligands to 
gadolinium, causing the tripodal-like complex. 

3.2. UV–Vis and FT-IR spectroscopic studies

To obtain suitable electronic absorption spectrum, 
the complex was dissolved in acetonitrile. The com-
plex demonstrate three absorption bands in the UV–
Vis region (200–700 nm) that can be assigned to li-
gand-centered (π→π* and n→π*) transitions [26]. 

The orange color observed for Gd(III) complex can 
be attributed to appearance of some of the n→π* tran-
sitions that overlap with more energetic transitions and 
thus the sequence of absorption spectrum has been ex-
panded to visible region.

The FT-IR spectra of the pure alizarin yellow R, 
[Gd(L)3(H2O)5] complex and Gd2O3 nanoparticles 
recorded as KBr disk and shown in Fig. 4. In the IR 
spectrum of [Gd(L)3(H2O)5], the bands associated with 
the carbonyl stretching are clearly seen. By compari-
son of the spectra of [Gd(L)3(H2O)5] with the free aliz-
arin yellow R ligand, it is determined that the bands 
at about 1670 cm–1 are carbonyl stretching vibrations 
in the coordinated alizarin yellow R ligand [27]. The 
absorption peaks at 3445 and 1633cm-1 is attributed to 
the stretching vibration of the O–H bond and the bend-
ing vibration of H–O–H from water. The absorption 
band of Gd–O appears at 550 cm-1 and 433 cm-1. In the 
IR spectrum of Gd2O3 nanoparticles, the bands associ-
ated with the Gd–O vibrations are appear at 546 and 
431 cm-1 [27,28].

3.3. FE-SEM studies

The morphological images of gadolinium oxide 
nanoparticles were obtained by FE-SEM. Some condi-
tions were examined to investigate the morphology of 
products (table. 1), if any, and compare them with each 
other. Fig.6 and 7 shows FE-SEM images of the gado-
linium oxide nanoparticles calcined at 300 °C (sample 
no. 1, Fig. 6, a and b), 400 °C (sample no. 2, Fig. 6, c 
and d), 500 °C (sample no. 3, Fig. 7, e and f), and 600 
°C (sample no. 4, Fig. 7, g and h) for 2 h, respectively. 
At 300 °C some parts of organic matters are remaining 
and nanoparticles have not yet formed. Quasi-spheri-
cal nanoparticles are observed when the calcinations 
temperature is between 400 and 500 °C. At 600 °C, 
the particles grow up and have been sintered togeth-
er leading to the formation of nanoflake. The images 
show that with increasing of calcination temperature, 
the size of the nanoparticles become larger. According 
to the FE-SEM results, the particle size of the Gd2O3 
nanoparticles (sample no. 2 and 3) are between 10 and 
20 nm.

3.4. XRD analysis

XRD analysis, which is the most useful technique 
for identification of crystalline structure, was em-
ployed to investigate the prepared sample. The X-ray 
diffraction pattern of Gd2O3 nanoparticles was shown 
in Fig. 5. The diffraction patterns show that nanopar-
ticles have a crystalline morphology and haven’t any 
amorphous phase at their structures. In Fig. 5, the 
X-ray diffraction pattern of sample no. 3 is shown. 
Calcination of [Gd(L)3(H2O)5] at a three temperatures 
(400°C, 500°C and 600 °C) resulted the crystalline 
phase, namely gadolinium oxide (Fig. 6, c, d and Fig. 
7), which is in agreement with that have been reported 
[28,29]. As shown in Fig. 5 the XRD pattern of the 
pure Gd2O3 reveals that the diffractogram can be deter-

Fig. 2. The optimized structure of [Gd(L)3(H2O)5].
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Fig. 5. XRD patterns of Gd2O3 nanoparticles calcined at 500 °C 
(sample no. 3).

Fig. 3. Electronic spectrum of [Gd(L)3(H2O)5] (1×10-5 M ) in H2O.

Fig. 4. FT-IR spectra of a) alizarine yellow R, b) [Gd(L)3(H2O)5], 
c) sample no. 1 and d) sample no. 3.

mined as Gd2O3 with cubic phase, which can be filed 
to (222), (400), (440), (622), (662) and (844) planes 
(JCPDS Card No. 011- 0608). From XRD data Fig. 
5, the crystallite size (Dc) of the Gd2O3, sample no. 3, 
was calculated to be 15 nm using the Debey-Scherrer 
equation[30], 

Dc= K λ / βcosθ  

where β is the breadth of the observed diffraction 
line at its half maximum intensity, K is the so-called 
shape factor, which usually takes a value of about 0.9, 
and λ is the wavelength of X-ray source used in XRD. 
The average size of the particles of sample no. 3, was 
15 nm, which is to some extent in agreement with that 
observed from FE-SEM images. 

3.5. Electrocatalytic activity 

To study the electrocatalytic activity of the com-
pounds ([Gd(L)3(H2O)5] and sample no. 3) in the CO2 
reduction, cyclic voltammograms of the compounds 
under a flow of carbon dioxide were taken and com-
pared with those obtained under a nitrogen atmo-
sphere. In the case of complex a precatalyst solution 
was prepared by dissolving 5 mg of the complex in 5 
mL of electrolyte solution (0.1 M TBAH in acetoni-
trile) to give a concentration of ca. 1 mM. And also in 
the case of nanoparticles a precatalyst was prepared 
by dispersing 2 mg of the nanoparticles in 1 mL of
water and deposited 10 μL of dispersed nanoparticles 
on the GC electrode surface. 0.1 M TBAH in aceto-
nitrile was used for electrolyte solution. The voltam-
metric response of the complex under two different 
nitrogen and carbon dioxide gas blowing mode will be 
briefly discussed here.

3.5.1 Electrochemical study under N2 atmosphere 

The cyclic voltammograms of the complex and 
nanoparticles (sample no. 3) at a glassy carbon (GC) 
electrode are shown in Fig. 8, a, and Fig. 9, a.  Cy-
clic voltammetry measurements were performed on an 
acetonitrile solution of the complex with 0.1 M TBAH 
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Fig. 6. FE-SEM images of (a and b) Gd2O3 nanoparticles calcined at 300 °C, 2h, (c and d) 400 °C, 2h.

Fig. 7. FE-SEM images of (e and f) Gd2O3 nanoparticles calcined at 500 °C, 2h, (g and h) 600 °C, 2h.
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supporting electrolyte at ambient temperature. The 
voltammogram recorded in N2 present four couples at 
−1.18, −1.05, and −1.98 V versus SCE that assigned to 
the three alizarin yellow R couples and the Gd(III/II) 
reduction couple, respectively. The formal potential, 
E1/2, was calculated from the average of the anodic and 
cathodic peak potentials, where E1/2 = (Ep.a + Ep.c)/2 
at a scan rate of 0.1 V s−1. Under the N2 atmosphere, 
the alizarin yellow R couples exhibits equivalent anod-
ic and cathodic waves, with 0.065 V peak separations. 
The irreversible reduction wave in the negative poten-
tial region is assigned to the reduction of the Gd(III/II) 
couple. In the case of nanoparticles (sample no. 3) the 
voltammogram recorded in N2 present a Voltammetric 
peak at −2.17 V versus SCE that assigned to the irre-
versible Gd(III/II) reduction couple.

3.5.2 Electrochemical study under CO2 atmosphere 

Fig. 8, b, shows the cyclic voltammograms of a 
solution, purged by CO2 flow, containing 1 mM of the 
complex in 0.1 M TBAH/CH3CN at a glassy carbon 
electrode. Also Scheme. 2 shows the Proposed reac-
tion mechanism for the electrocatalytic reduction of 
CO2 by the Gd(III) complex. As can be seen in Fig. 
8, b, some significant changes are observed when the 
N2 atmosphere is replaced by CO2. Around −1.20 V, 
one signal appears which can be assigned to the 1ē re-
ductions that involve the each three alizarin ligands. 
In a solution saturated with CO2, the reduction wave 
(1) is approximately unchanged with respect to an 
N2-saturated solution (Fig. 8, b).  The first, second 
and third one-electron reductions of [Gd(L)3(H2O)5] 
provide three electrons that enter the empty π* or-
bitals of the alizarin ligands. These observations are 
consistent with the alizarin-based reduction to give 
[GdIII(L−•)3(H2O)5]

3− followed by reaction with CO2, 
step (IV)( Scheme. 2). After the substitution of CO2 
with H2O, an intramolecular two-electron transfer 
takes place from the alizarin to the coordinated CO2 
ligand to give an intermediate shown as the metal-
locarboxylate, promoting the reduction of CO2. It
may occur via an O2− transfer to CO2 to give CO3

2− 
and a CO complex (step (VI)).  In fact, the catalytic 
cycle needs two CO2 molecules. One CO2 is reduced 
to CO and another CO2 is fixed to a carbonate anion. 
The carbonate anion (CO3

2−) is stable and cannot con-
vert to CO2 in the experimental condition. There is a 
significant current enhancement for the wave at Ep.c = 
−1.67 V (wave (2) in Fig. 8, b), which consistent with 
the electrocatalytic reduction of CO2 [2]. 

Fig. 9, b, shows the cyclic voltammograms of a 
precatalyst, purged by CO2 flow, containing 10 μL of 
dispersed nanoparticles on the GC electrode surface 
in 0.1 M TBAH/CH3CN. As can be seen in Fig. 9, b, 
some changes are observed when the N2 atmosphere 
is replaced by CO2. A significant current enhancement 
for the wave at Ep.c = −1.88 V, can be assigned to the 
electrocatalytic reduction of CO2.

4. Conclusions

Gd2O3 nanoparticles were prepared by the calcina-
tion of new Gd(III) complex precipitates in air at dif-
ferent temperatures up to 600 °C for 2 h. The products 
were characterized by various methods. The elec-
trochemical studies of Gd complex and gadolinium 

Fig. 8. Cyclic voltammograms of [Gd(L)3(H2O)5] (10-3M) (a) in the 
absence and (b) presence of CO2 at scan rate of 100 mV/s; in dry 
acetonitrile; 0.1 M TBAH.

Fig. 9. Cyclic voltammograms of Gd2O3 nanoparticles (sample no. 
3) (a) in the absence and (b) presence of CO2 at scan rate of 100 
mV/s; in dry acetonitrile; 0.1 M TBAH.
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Scheme. 2. Proposed reaction mechanism for the electrocatalytic reduction of CO2 by the Gd(III) complex in CH3CN.
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oxide nanoparticles were performed in acetonitrile. 
The voltammograms in the absence and presence 
of carbon dioxide indicates that the [Gd(L)3(H2O)5] 
and gadolinium oxide nanoparticles can cata-
lyze the electrochemical reduction of CO2 to CO.
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