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ABSTRACT 

 
Ga2O3 is one semiconducting oxide with high chemical stability. A common precursor of this 

compound is a partial hydroxide form, GaOOH. The band gap energy of these both compounds was 
determined from UV-vis data and assessed after exposing the powders to solutions of organic compounds 
(urea, sodium dodecyl sulfate, phenylphosphonic acid and adipic acid). This solely exposition at room 
temperature favored the adsorption of the organic molecules onto the surface of both semiconducting 
materials, especially onto GaOOH, which enabled the adsorption through hydrogen bonds (as determined by 
infrared data) and consequently, this compound underwent a higher change in the band gap energy 
compared with Ga2O3. 
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INTRODUCTION 
 

Among several semiconducting materials, binary compounds of gallium like nitrates and oxides have 
attracted the attention of scientists and developers of technology since they present a wide range of band gap 
values and high chemical and thermal stability (1). In the case of gallium oxides, they have been proposed to 
produce photocatalyst, photodetectors,  solar-blind UV cameras, electrodes for sulphate quantification  and 
barriers to avoid bacterial growth, among others (1–5). 
 

On the other hand, functionalization of materials provides a way to modify or tune properties by 
either chemical physical or biological reactions (6). In gallium binary compounds, recent research has been 
conducted on GaN by functionalizing with amino groups  and even with biomolecules like peptides (7,8). 
Regarding functionalization of gallium oxides, a couple of papers are reported: one is a theoretical study 
demonstrating that the functionalization of  β-Ga2O3 with carboxylic acids is possible and that alcohols and 
water are retained by H bonds (9); and the second describes an attempt to functionalize Ga2O3 with 
dodecanoic acid and lysine. Even though such functionalization is not demonstrated, biocide assays indicated 
that the dodecanoic acid and lysine treatments improve the antibacterial activity (1). Both reports 
demonstrate, anyway, that functionalization of gallium occurs and the chemical properties are modified.  
 

In this work, we functionalize gallium oxide and gallium oxyhydroxide particles with four organic 
molecules and explore the band gap energy determined by UV-vis spectroscopy with the aim to detect if 
functionalization is capable to affect such band gap energy. The organic compounds were selected considering 
the most common functional groups present in biological life and commercial compounds, such as –NH2 in 
urea, -SO4

- in sodium dodecyl sulfate, -PO3H2 in phenyl phosphonic acid and –COOH in adipic acid. 
 

METHODOLOGY 

 
Gallium oxyhydroxide and gallium hydroxide synthesis 
 

A solution of Ga(III) was prepared by placing 1.5014 g of metal gallium (Sigma-Aldrich, 99.99%)  in a 
round flask and mixed with 20 mL of 35% HNO3 solution under an air extractor. The flask was immersed in a 
glycerin bath and heated at 60 °C under constant stirring to promote gallium oxidation. After three days a 
colorless solution was obtained and this was transferred to a volumetric flask and mixed with deionized water 
to complete a volume of 250 mL. Thereafter, 25 mL of Ga(III) were titrated with 14% ammonia solution and 
the pH. A white precipitate appeared at pH 3.5 and titration was stopped at pH 4.0 where the highest 
turbidity was observed. If pH is increased, the powder disappears due to hydrolysis. The powder was 
separated by decantation, washed with deionized water and dried at 80 °C. This powder was labeled as 
GaOOH once this is the compound commonly obtained from the reaction of Ga(III) solutions with a base 
(10,11). 
 

Part of the GaOOH sample was calcined at 700 °C for 5 h in order to dehydrate the sample and 
produce the oxide (Ga2O3) (11). Both oxyhydroxide and oxide were prepared in duplicated experiments. 
 
 Functionalization 
 

The functionalization step was conducted by incubation (1,12). Firstly, 0.05 M solutions of urea (U), 
sodium dodecylsulfate (DDS), phenyl phosphonic acid (PP) and adipic acid (Adip) were prepared in deionized 
water (18 M-ohm). Then, 50 mL of these solutions were mixed with 0.500 g of GaOOH or (Ga2O3) and stirred 
at 27 °C for 24 h. Thereafter, the stirring was stopped and liquid phases were removed. The white powders 
were washed with deionized water and dried in an oved at 60 °C for 24 h. GaOOH and (Ga2O3) were labeled 
with Urea, SDS, PP or AA regarding the organic solutions where they were immersed. The effect of the 
concentration was studied with adipic acid in the functionalization of GaOOH once these two compounds 
produced the largest change in the band gap energy. The acid solutions were prepared at 5x10-2, 5x10-3 and 
5x10-4 M. 
 
 
 
 



ISSN: 0975-8585 

September–October 2018  RJPBCS 9(5)  Page No. 1754 

Characterization 
 

The powder X-ray diffraction patterns were acquired with a Panalytical-Empyream diffractometer 
using CuKα radiation (0.15418 nm) produced at 45 kV and 40 mA. Samples were scanned with steps of 0.02 
degrees and exposition of 30 seconds per step. Infrared (IR) spectra were collected in the reflectance mode 
with a ThermoScientific spectrometer model NICOLET iS5 iD5 ATR using resolution of 4 cm-1. The UV-vis 
spectra were obtained with a ThermoSCIENTIFIC spectrometer model GENESYS 10S UV-Vis. The powder 
samples were weigh (20 mg) and mixed with 6mL of deionized water under sonication. This suspension was 
diluted 1:20 and sonicated for 20 minutes more and immediately read in the spectrometer at a resolution of 2 

nm.  The spectra were threated through the Tauc equation: hν = (hν – Eg)m, where  is the measured 
absorbance, h the Plank´s constant, ν the frequency, Eg the band gap energy and m assumes the value of ½ for 

direct band gap calculation (13,14). The linear component obtained after plotting (hν)2 versus hν (13,14). 
 

RESULTS AND DISCUSSION 
 

Solid state analysis 
 

The powders obtained by precipitation with the alkaline solution presented a diffractogram (Figure 1) 
that matched with the profile recorded in the International Centre for Diffraction Data (ICDD) card number 06-
0180. This corresponds to gallium oxyhydroxide with composition GaOOH. Regarding the XRD profiles of the 
powders obtained by calcination in duplicated experiments, they matched with the profile of the ICDD card 
number 43-1012 of an oxide with composition Ga2O3. The oxyhydroxide and the hydroxide were synthesized 
twice and the diffractograms of the replicates produced the same patterns, thus confirming reproducibility. 
 

 
 

Figure 1: X-ray diffraction profiles of the GaOOH sample prepared by precipitation and the Ga2O3 obtained 
by a subsequent calcination. 
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The infrared spectra in Figure 2 corresponds to samples of GaOOH treated in solutions with different 

organic molecules. The pristine GaOOH sample presented transmittance bands between 3500 and 2900 cm-1 
of O-H stretching modes (15), 1030 and 950 cm-1 of the Ga-OH bending mode (15,16) ; a band of H-O 
stretching at 1315 cm-1 (17) and an overtone signal around 2000 cm-1 (18). The flexion of Ga-O-Ga bridges 
produces the band at 650 cm-1 (15).  

 
Figure 2: Infrared spectra of GaOOH and the functionalization products. 

 
After the functionalization reactions there are not evident bands from the organic molecules. 

Although a set of bands are observed between 1800 and 1100 cm-1, these cannot be assigned to the organic 
fraction, as they appear at the same wavelength in all the samples regardless the functionalizing molecule. If 
the organic molecules are not evidenced by infrared spectroscopy, the concentration in this samples must be 
below 5% according to calibration curves conducted with our spectrometer. 
 

The bands corresponding to Ga-OH, Ga-O-Ga and O-H are retained, indicating that the composition is 
maintained. However, the weak band assigned to the H-O stretching vibration at 1315 cm-1 (17) becomes 
narrower, suggesting that a this groups is responsible for retaining the organic molecules as demonstrated in 
theoretical reports (9). 
 

Regarding the infrared spectrum of the series prepared with Ga2O3, an intense signal is observed at 
665 cm-1 produced by the Ga-O-Ga stretching mode (15). Except in the PPA derivative, no other signals are 
observed indicating a very low content of the organic compounds. The PPA product contains intense bands 
related to the P=O and O-P-O stretching modes around 1087 cm-1 (19) as well as bands from the aromatic ring 
identified with φ within figure 3. The high intensity indicates that PPA is readily adsorbed by gallium oxide 
particles. 
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Figure 3: Infrared spectra of Ga2O3 and the functionalization products. 

 
UV vis spectra of all the samples were treated with the Tauc equation to obtain the Eg values and 

asses the effect of functionalization. The resulting plots are presented in figure 4.The duplicated experiments 
revealed that both GaOOH and Ga2O3 presented Eg = 5.2 eV (Table 1). Several semiconducting oxides have 
been proposed as sensor of gases and the resulting devices measure conductivity changes against exposition 
to gases like CO, CO2 and propane (20,21). The current proposal is to determine if the band gap energy of 
GaOOH and Ga2O3 is sensitive enough to detect, at least qualitatively, the presence of organic molecules. The 
estimated value for the band gap energy of GaOOH (Eg = 5.2 eV) is in excellent agreement with reports in 
literature (22,23), on the other hand, the reported Eg values for Ga2O3 oscillate between 4.8 and 5 eV (24–26), 
which differs with the value obtained in this work. The higher band gap value can be associated to quantum 
confinement due to the presence of small crystals. As it can be seen in figure 1, the XRD pattern for the Ga2O3 
sample shows broad peaks, the broadening of the peaks is an effect of crystal size reduction. In fact, the size of 

crystal determined through the Scherrer equation D = 0.9/β cosθ (where D is the average grain size, θ and β 
are the diffraction angle and width of a reflection peak (27)) indicate that the crystallite size of GaOOH ranged 
from 41 to 57 nm and decreased to 9 to 28 nm in Ga2O3. 
 

This Eg value of GaOOH was reduced from 5.2 to 4.3, 4.6, 3.7 and 4.4 eV after exposition to Urea, SDS, 
PPA and AA, respectively, whereas the Eg of Ga2O3 (5.2 eV) was also decreased to 5.1, 4.9, 4.9 and 4.8 eV in the 
same sequence of organic compounds. More pronounced changes were induced in the GaOOH powder where 
ΔEg values ranged from 0.7 eV (with DSD) to 1.6 eV (with AA), whilst ΔEg in Ga2O3 presented lower differences 
from 0.1 eV (with Urea) to 0.4 (with PPA). 
 

A possible reason for the stronger change in the GaOOH sample is the higher ability to form H bonds 
(9), and thus stronger attraction results between the organic molecules and the GaOOH surface which may 
introduce deep energy levels within the band gap generating allowed transitions at lower energies. Detection 
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of organic molecules based on band gap changes provide an alternative method to design detectors to those 
systems based on resistivity (20,21). 

 
Figure 4: Tauc plots from the UV-vis spectra of GaOOH, Ga2O3 and their respective functionalization 

products with organic molecules. 
 
Table 1: Band gap energy (Eg) values obtained after functionalization of GaOOH (Eg = 5.2 eV) and Ga2O3 (Eg = 

5.2 eV). 

 

Functionalizing agent GaOOH 
Eg (eV) 

GaOOH 
ΔEg (eV) 

Ga2O3 

Eg (eV) 
Ga2O3 

ΔEg (eV) 

Urea 4.3 1.0 5.1 0.1 

SDS 4.6 0.7 4.9 0.3 

AA 3.7 1.6 4.9 0.3 

PPA 4.4 0.9 4.8 0.4 

 
However, consideration on concentration must be taken into account. The data in Table 2 correspond 

to the band gap energy changes detected after exposition in different logarithmic concentrations of AA. 
Fluctuations are observed from 5x10-4 to 5x10-2 M since there change in the Eg is not proportional to the AA 
concentration, in fact, the medium concentration presented the highest Eg value. Due to this irregular result, 
the powders were analyzed in a different spectrometer, instead of the Genesys 10S model from Thermo 
Scientific, an older Genesys 10 model from Thermo Spectronic was used, and in this case, the increase in 
concentration produced a larger Eg value. The interesting results here is that the lower concentrations, 5x10-4 
and 5x10-3 M, produce mean Eg values with the largest standard deviation (0.49 and 0.64), while the standard 
deviation in the mean value with the most concentrated solution was only 0.01. Therefore, the use of these 
powders are reliable at concentrations above 10-3 M, where likely the population of functionalizing molecules 
is large enough to uniformly cover all the particles. 
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Table 2: Band gap energy (Eg) after functionalization of GaOOH (Eg = 5.2 eV) with adipic acid at different 

concentrations 

 

 Eg (eV)after immersion in AA 
 

 5x10-4 M 5x10-3 M 5x10-2 M 

Genesys 10S, Thermo 
Scientific 

spectrometer 5.43 5.48 5.40 

Genesys 10, Thermo 
Spectronic 

spectrometer 5.36 5.39 5.41 

Mean value 5.39 5.43 5.40 

Standard deviation 0.049 0.064 0.01 

 
CONCLUSIONS 

 

The band gap energy of GaOOH and Ga2O3 were 5.2 eV for both compounds. The exposition of these 
powder compounds to solutions of organic molecules reduced such energy. More marked differences, from 
0.7 to 1.6 eV, were detected in GaOOH where the attaching of organic molecules is more favorable through 
hydrogen bonds. Although differences in Ga2O3 ranged from 0.1 to 0.4 eV, the values are detectable, thus 
evidencing that detection of organic molecules is possible if enough concentration is present to uniformly 
functionalize all the particles. 
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