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Abstract: This research papers throws light into the compositional, morphological and structural 
properties of novel nanoparticles of Gd2S3:Eu3+ synthesized by a simple co-precipitation technique. 
Furthermore, we also prognosticate that this material could be useful for gas sensing applications at 
room temperature. Nanostructures formulation by this method resulted in the formation of 
orthorhombic crystal structure with primitive lattice having space group Pnma. The material 
characterizations are performed using X-ray diffraction (XRD), energy dispersive X-ray analysis 
(EDX), thermo-gravimetric analysis/differential thermal analysis (TGA/DTA) and transmission 
electron microscope (TEM). The calculated crystallite sizes are ~ 2-5 nm and are in well accordance 
with the HRTEM results. EDX result confirms the presence and homogeneous distribution of Gd and 
Eu throughout the nanoparticle. The prepared nanoparticles exhibit strong paramagnetic nature with 
paramagnetic term, susceptibility emg/g Gauss. TGA/DTA analysis shows 27 % weight 
loss with rise in temperature. The gas sensing capability of the prepared Gd2S3:Eu3+ magnetic 
nanoparticles are investigated using the amperometric method. These nanoparticles show good I-V 
characteristics with ideal semiconducting nature at room temperature with and without ammonia dose. 
The observed room temperature sensitivity with increasing dose of ammonia indicates applicability of 
Gd2S3 nanoparticles as room temperature ammonia sensors. Copyright © 2010 IFSA. 
 
Keywords: Gd2S3:Eu3+ Magnetic nanomaterials, Paramagnetic, Ammonia sensors 
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1. Introduction 
 
Since a few decades, numerous magnetic nanostructures has been synthesized and used for diverse 
applications [1]. Small changes in the band structure of a solid, originating from nanoscale size, are 
expected to have dramatic effects on their properties, which make them suitable and one of the most 
eligible candidates for several applications. Magnetic nanoparticles have been used for gas sensing 
applications since long [2]. Gas sensing is an important science with broad reaching implications 
throughout society. Gas sensors are used to monitor gas levels for safety, environmental impact and 
process control. Gas sensors are useful for safety monitoring, process monitoring and control, 
evaluation of gaseous product quality, environmental control etc. Electrochemical gas sensors are 
typically used to determine the composition of a gas and may further be used to detect the presence of 
various elements or compounds in a gas. Gas sensors for sensing toxic gases are used in a wide variety 
of applications, from commercial and residential markets to automobiles and recreational vehicles to 
scientific instrumentation. An electrochemical gas sensor is used for sensing an oxidisible or reducible 
gas, such as ammonia. 
 
Among various materials used for sensing applications, ferrites are used as a good class of sensing 
material. But they suffer a drawback of being sensors at higher temperatures [3]. Several rare earth 
based nanoparticles have been also applied as sensors [4, 5]. The physical properties of rare earths are 
found very fascinating and sensitive to the structure and filling of the conduction bands because it 
originates almost entirely from their incomplete 4f shells. From the past three decades, rare-earth 
sesquisulphides, Ln2S3 in the series of Ln = La - Dy have emerged as an attractive class of magnetic 
materials. Among these material systems, GdS, a model example of a Heisenberg system is 
antiferromagnetic (Neel temperature about 50 K) with the NaCl structure, an increase of sulfur leads to 
ferromagnetic ordering and transition to the Th3P4 structure for Gd3S4 and Gd2S3. Whereas excess Gd 
leads to an antiferromagnet–ferromagnet transition adjunct with a semiconductor–metal transition. The 
magnetic properties of -Gd2S3 have captured the interest of several research groups in past [6-8]. This 
compound has an orthorhombic structure (Pnma) wherein two types of cation polyhedra, which are 
linked to form a three dimensional (3D) structure [6, 9, 10]. There are five structure types for Ln2S3 
(Ln ¼ lanthanides), two of which are known for Gd2S3: -Gd2S3 and - Gd2S3. 
 
In the present paper, we have synthesized -Gd2S3 nanoparticles by a simple co-precipitation method. 
The samples were characterized thoroughly by variety of characterization techniques such as X-ray 
diffraction (XRD), energy dispersive X-ray analysis (EDX), thermo-gravimetric analysis/differential 
thermal analysis (TGA/DTA) and transmission electron microscope (TEM). Preliminary studies on the 
ammonia sensing ability of the material were carried out. The Eu3+ doped nanoparticles of Gd2S3 not 
only possess good magnetic and luminescence properties, but also show good room temperature 
sensing properties. Here we presented an amperometric gas sensor using these nanoparticles composite 
electrodes. This discovery could aid in the synthesis of low cost and room temperature ammonia/gas 
sensors. 
 
 
2. Experimental Section 
 
2.1. Materials and Method 
 
The analytical grade gadolinium (III) nitrate hexa hydrate, Gd(NO3)3.6H2O, 99.9 % (REO), 
europium(III) nitrate hexa hydrate, Eu(NO3)3.6 H2O 99.99 %, sodium sulphide, Na2S, ethanol and de-
ionized water were procured from Sigma Aldrich (Alfa Aesar) Germany to synthesize Gd2S3:Eu3+ 

nanomagnets. 
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2.2. Synthesis of Nanoparticle 
 
Stock solutions of metal nitrates were prepared by dissolving appropriate amount of metal nitrates in 
de-ionized water. 10 mM aqueous solution of Na2S was prepared separately. Now, 50 mL of 
Gd(NO3)3.6H2O stock solution and 50 mL Eu(NO3)3.6H2O stock solution were allowed to mix 
together homogeneously for 45 minutes. Now 50 mL of Na2S stock solution was added to the above 
metal nitrate solution. After 30 minutes of stirring at room temperature the solution was heated at  
100 ºC with constant stirring till visible precipitate appeared. Precipitate was centrifuged, washed 
several times with absolute ethanol and de-ionized water. Obtained slurry was kept in vacuum oven at 
room temperature for 24 hours to get solid powder sample. 
 
 
2.3. Sensing Experiment. Preparation of Pellet and Sensing Setup 
 
For the sensing application, a pressed pellet of 1 cm diameter was prepared from the Gd2S3 samples 
and is placed on a glass slide. Pressure of 5 tons was applied using a hydraulic press. Two fine copper 
wires were used for making the electrodes, while silver paste was used for contact. Now this glass 
slide having Gd2S3 nanoparticles pellet was placed in a vacuum chamber. The electrodes were 
connected to the Keithley make source meter (model 2400). We have recorded the current (I) - voltage 
(V) characteristics as function of ammonia dose. Initially we have recorded the I-V in air. Then the 
whole chamber was evacuated and different range of concentrations (5 L - 30 L) of ammonia was 
injected inside the chamber and the I-V was recorded. 
 
 
2.4. Characterizations Used 
 
The prepared magnetic nanoparticles of Gd2S3:Eu3+ were thoroughly characterized by X-ray 
diffraction (XRD), energy dispersive X-rays (EDX) and transmission electron microscopy (TEM) in 
order to elaborate structural properties in precise manner. XRD was performed on Rigaku D/max-2200 
PC diffractometer operated at 40 kV/40 mA, using CuKα1 radiation with wavelength of 1.54 Å in the 
wide angle region from 10 to 80 on 2θ scale. The size and morphology of prepared nanoparticles 
were studied using a transmission electron microscope (model Tecnai 30 G2S-Twin electron 
microscope) operated at 300 kV accelerating voltage by dissolving the as-synthesized powder sample 
in ethanol and then placing a drop of this dilute ethanolic solution on the surface of a carbon coated 
copper grid. Room temperature magnetization measurement was carried out using a vibrating sample 
magnetometer (VSM) (ADE Magnetics, USA) up to an applied field of 1.75 T with pressed pellets of 
prepared powdered samples. Keithley source meter (model 2400) was used to determine the I-V 
response of the prepared material with respect to ammonia dose. For the thermal study of prepared 
samples, thermo gravimetric/differential scanning calorimeter (TG/DSC) curves were recorded using 
Perkin Elmer Pyris Diamond TG/ DTA/DSC 8.0 series analyzer. 
 
 
3. Results and Discussions 
 
Fig. 1 shows XRD spectra of the prepared Gd2S3:Eu3+ nanoparticles. The XRD spectra showed 
excellent similarity with standard JCPDS file for Gd2S3 (JCPDS no 76-0265; cell parameters  
a = 10.74 Å, b = 3.898 Å, c = 10.54 Å) and can be indexed as orthorhombic system with primitive 
lattice having space group Pnma. The few peaks of standard JCPDS pattern were found missing in the 
experimental XRD data. This is due to the broadening in experimental XRD spectra due to the 
formation of nanostructure. The crystallite size ‘d’ was estimated using Scherrer’s equation by fitting 
all the available reflections of the experimental XRD phases with a Gaussian distribution and then 
calculating Scherer’s broadening (FWHM). 
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where, d is the crystallite size, λ is the wavelength of radiation used, θ is the Bragg angle and B is the 
full width at half maxima (FWHM) on 2θ scale. The average crystallite size using Debye-Scherrer’s 
equation was of the order of ~ 5 nm and was in agreement with the HRTEM results. 
 
 

 
 

Fig. 1. X-ray diffraction spectra of synthesized Gd2S3:Eu3+ nanoparticles. 
 
 

The morphology of as-synthesized magnetic nanoparticles of Gd2S3:Eu3+ is shown in Fig. 2. As 
evident from the figure, particles of mean size ~5 nm were observed with spherical morphology.  
Fig. 2(b) shows HRTEM image of the prepared samples with the corresponding selected area electron 
diffraction (SAED) pattern. Diffused rings along with few diffraction spots are observed in SAED, 
(shown in the inset of the inset of Fig. 2 (b)) indicating mixture of amorphous and single-crystalline 
nature, which is obvious due to nano-sized (~5 nm) nature of the prepared sample. The imaged lattice 
spacing calculated using HRTEM image was found to be 4.2 Å and supports the XRD observations. 
 
 

 
 

Fig. 2. (a) TEM image of as synthesized Gd2S3:Eu3+ magnetic nanoparticles; (b) High resolution transmission 
electron microscopic (HRTEM) image of as synthesized Gd2S3:Eu3+ magnetic nanoparticles with corresponding 

selected area electron diffraction (SAED) pattern. 
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In order to confirm the presence of Eu3+ in the synthesized Gd2S3 nanoparticles, EDX measurements 
were performed. Fig. 3 shows the EDX spectra of prepared sample. From the similarity of the Gd and 
Eu peak intensity line traces, it is clear that after the synthesis process, gadolinium and europium were 
homogenously distributed throughout the nanoparticles. From the EDX line traces it can be also 
concluded that Eu3+ was successfully substituted into the crystal structure of Gd2S3 nanoparticles. The 
estimated amount of Eu3+ ions were nearly 10 %. The presence of Cu line traces in EDX spectra could 
be attributed due to the signal arising from the copper grid used for the measurement. 
 
 

 
 

Fig. 3. EDX spectra of prepared Gd2S3 sample. EDX measurement on single nanoparticle found that Gd and Eu 
are homogeneously distributed throughout the Gd2S3:Eu3+ nanoparticles. 

 
 

Fig. 4 shows the dependence of magnetization on applied magnetic field (M - H loop) for as 
synthesized Gd2S3:Eu3+ magnetic nanoparticles at room temperature. A clear strong paramagnetic 
nature with paramagnetic term, susceptiblity × emg/g Gauss was observed. The narrow 
hysteresis implies a small amount of dissipated energy in repeatedly reversing the magnetization which 
is important for quick magnetization and demagnetization of the synthesized magnetic nanoparticles. 
The strong paramagnetic behavior can be attributed to the presence of small magnetic dipoles located 
at the surface of nanocrystals, which interacts with their nearest neighbors inside the crystal. 
Consequently, the interchange energy in these magnetic dipoles making other neighboring dipoles 
oriented in the same direction. In nanocrystals, surface to volume ratio increases, so the population of 
magnetic dipoles oriented in the same direction will increase at the surface. Thus, the sum of the total 
amount of dipoles oriented along the same direction will increase subsequently. In short the crystal 
surface will be usually more magnetically oriented. 

 
The thermal stability and response of Gd2S3 nanoparticles at higher temperatures were examined by 
thermal analysis. Fig. 5 shows the obtained TGA/DSC (thermogravimetric analysis and deferential 
scanning calorimetric analysis) spectra. The TGA spectrum shows four distinct decomposition stage of 
synthesized Gd2S3:Eu nanoparticles. The first decomposition is between 50 and 180 °C with a weight 
loss of ~ 4 % and is due to removal of remaining ethanol (used during washing of samples), surface 
adsorbed water/moisture molecules, and the lattice absorbed water molecules. The second significant 
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weight loss of ~ 16 % (12 % + 4 %) was observed between 230 – 350 °C and could be attributed to the 
decomposition of adsorbed precursors/impurities (nitrates) on the surface of the prepared 
nanoparticles. At this stage impurity free pure orthorhombic nanostructures of Gd2S3 were formed. The 
third significant weight loss of 26 % (10 % + 12 % + 4 %) was observed between 400-700 °C and this 
is mainly due to the release of nitrate molecules and gaseous sulphur molecules. At this stage the 
Gd2S3:Eu nanoparticles converts into cubic phase of Gd2O3 nanostructures. The fourth small weight 
loss of ~ 27 % (1% + 10 % + 12 % + 4 %) was observed between 900-1000 °C and could be attributed 
to the cubic to monoclinic phase transformation of Gd2O3 nanostructures. Subsequent changes in DSC 
curves were also observed with four exothermic peaks, corresponding to different transitions as 
observed in TGA curves. 
 

 

 
 

Fig. 4. Room temperature M-H loop for as synthesized Gd2S3:Eu3+ magnetic nanoparticles. 
 
 

 
 

Fig. 5. TGA/DSC curves for as prepared Gd2S3:Eu3+ magnetic nanoparticles. 
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The observed functional properties of Gd2S3 magnetic nanoparticles lead us to investigate their gas 
sensing applications. We have investigated the capability of these nanoparticles for gas sensing 
applications by recording the I-V characteristics in the presence and absence of the gas. Here the 
investigated gas is ammonia. Ammonia is a very toxic gas and thus the effective ammonia sensors at 
room temperature are required for wide range of applications. 
 
The preliminary investigations for the sensing properties of the prepared Gd2S3:Eu3+ magnetic 
nanoparticles were performed by assembling a small sensing setup in lab. The schematic of designed 
sensing setup is shown in Fig. 6. Herein, we have used an enclosed glass chamber having a proper gas 
nozzle. Inside the chamber the slide containing the pellet of the prepared Gd2S3:Eu3+ magnetic 
nanoparticle was placed. A pressed pellet of 1 cm diameter was prepared from the Gd2S3:Eu3+ 
nanoparticles samples and was placed on a glass slide. Two fine copper wires were used for making 
the electrodes, and silver paste for making contacts. Now this glass slide was placed inside a vacuum 
chamber. The electrodes were connected to the Keithley make source meter (model 2400). Now we 
have recorded the current (I) - voltage (V) characteristics as function of ammonia dose. Initially we 
have recorded the I-V in air. Then the whole chamber was evacuated and different range of 
concentrations (5 L - 30 L) of ammonia was injected inside the chamber and the I-V was recorded. 
All the sensing measurements were carried out at room temperature. 
 
 

 
 

Fig. 6. Schematic of experimental sensing setup. 
 
 

Then we have recorded the current (I)-voltage (V) characteristics as a function of ammonia dose. 
Initially we have recorded the I-V in air. Then the whole chamber was evacuated and the I-V was 
recorded for a series of different concentrations ranging from 5L to 30 L of ammonia. The observed 
Current (I) Vs Voltage (V) response of prepared Gd2S3:Eu3+ magnetic nanoparticles with increasing 
concentration of ammonia at room temperature is shown in Fig. 7. 

 
The sensing property of any material can be determined by observing the change in resistance of that 
material with respect to gas dose and the sensing sensitivity is defined as 
 
 S= ( R)/Ra , (2)
 
where, Ra is resistance of material in air at any particular voltage V and  R is defined as difference of 
resistances of material for a particular amount of gas to that of air at voltage V. 
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Fig. 7. Current (I) Vs Voltage (V) response of prepared Gd2S3:Eu3+ magnetic nanoparticles with increasing 
concentration of ammonia at room temperature. 

 
 

The observed resistance and sensitivity of prepared Gd2S3:Eu3+magnetic nanoparticles against different 
concentration are shown in Fig. 8 (b). From these graphs it is evident that with increase in 
concentration the sensitivity increases up to a certain limit then becomes constant. It is seen that the 
sensitivity is good even at lower concentrations of ammonia gas. This gives us clear indication that this 
material can be useful for ammonia biosensor at room temperature. 

 
As expected, a decrease of the resistance of prepared Gd2S3:Eu3+ magnetic nanoparticle is observed 
with the increasing NH3 treatment (Fig. 8 a.). This study shows that the resistance decreases up to 
addition of 10 l of NH3 and the resistance becomes constant above 10 l. 

 
 

 
 

Fig. 8. Resistance (a) and sensitivity of Gd2S3:Eu3+ magnetic nanoparticles as function  
of ammonia concentration. 

 
 
The ammonia sensitivity of Gd2S3 nanoparticles can be explained on the basis of the redox reactions 
occurring on the surface of the nanoparticles. Gd2S3 is a n-type semiconductor. It was been established 
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by W. Piekarczyk and P Peshev for -Gd2S3 crystals [11]. For n-type sensors, the redox process is 
responsible for the sensor response. In case of nanoparticles the surface area increases significantly 
with reduction in size, which is a well known fact. Hence the number of Gd atoms present at the 
nanoparticle surface also increases. This leads to high reactivity of these nanoparticles. It could be 
better understood by the schematic representation as shown in Fig. 9. The adsorption of NH3 at the 
surface is shown both in case of bulk material and in case of nanoparticles. During the first treatment, a 
monolayer of chemisorbed NH3 molecules is formed at the Gd2S3 nanoparticle surface. This reduces 
all surface oxygen molecules on the surface of the nanoparticles. As ammonia diffuses into the 
nanoparticle, a redox reaction occurs, generating a current linearly proportional to ammonia gas 
concentration. The exact mechanism is not so clear, but a simple explanation can be given. Interaction 
of reducing gas with n-type semiconductor increases surface conductivity. As ammonia molecule is 
electron rich, it donates electrons to the Gd atom, reducing it and creating the electron rich species of 
Gd2+ (as shown in Fig. 9). This increases the number of electrons in the lattice of the nanoparticles. 
This increases the number of electrons and promotes sufficient number of electrons from the lowest 
energy levels in the valence band to the conduction band which result in measurable currents, which is 
recorded. 
 
 

 
 

Fig. 9. Crystal structure of -Gd2S3 with the adsorption of NH3, the adsorption of NH3 at the surface of prepared 
Gd2S3 nanostructure and the process of reduction reaction. 

 
 

4. Conclusions 
 
Thus we have prepared the magnetic nanoparticles of Gd2S3:Eu3+

 with orthorhombic crystal structure 
having primitive lattice space group Pnma by the chemical method for the first time and thoroughly 
investigated its functional properties. The prepared nanoparticles exhibit strong paramagnetic nature 
with paramagnetic term, susceptibility emg/g Gauss. Furthermore, we also prognosticate 
that this material could be useful for gas sensing applications at room temperature. The gas sensing 
capability of this material is investigated using the amperometric method. These nanoparticles show 
good I-V characteristics with ideal semiconducting nature at room temperature with and without 
ammonia dose. The observed sensitivity is quite good at room temperature, giving us some indication 
that Gd2S3 nanoparticles could be used as room temperature ammonia sensor, although detailed studies 
are needed to see whether it is even sensitive to other gases or not. 
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