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Abstract 
 

This work represents the influence of glycerol additive on the chemical structure, hydrophobicity, morphology and optical 
properties of the sol-gel based zirconia coatings. The drying control chemical additives (DCCAs) are found to sustain the 
porous structure of the materials, which reduces the risk of cracking. Among various DCCAs like oxalic acid, glycerol (GLY), 
formamide etc., GLY is observed to be an effective DCCA because of its low vapor pressure (2.13 x 10-6 bar at 20oC).  Therefore, 
the effect of GLY additive on the properties of zirconia coatings has been studied by varying the molar ratio of GLY:Zr4+ from 
0 to 2.15. During the sol-gel process the molar ratio of ZrPro: PrOH: Acac: H2O was maintained constant as 1:79.8:0.615:35.08, 
respectively with 0.1 M HCl. The Fourier-transform infrared (FTIR) and X-ray photoelectron (XPS) analyses revealed that the 
coating material was zirconia. Scanning electron microscope (SEM) images manifested the porous morphology of the zirconia 
coatings, having the optical transmission larger than 90%. Moreover, the porous nature of the zirconia coatings was confirmed 
by calculating their refractive indices. The zirconia coatings synthesized using the GLY:Zr4+ molar ratio of 0.429 exhibited the 
high contact angel of 108o  and low refractive index of 1.66, which evidenced their optically transparent and hydrophobic 
characteristics.  
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1. Introduction 

Coatings play a vital role in the development of the 

civilizations based on the high technologies. Oxides like silica, 

zirconia, titania, and alumina have various electro, physical, 

optical, mechanical properties, which make them useful as a 

basis for the synthesis of many coating materials. Amongst 

these oxides, the zirconia-based coatings have a high potential 

owing to their outstanding properties such as the chemical 

inertness, optical transmission in the visible and IR region, 

high refractive index and bandgap, good adhesion to the 

substrates, high heat and corrosion resistance as well as high 

thermal stability.[1-3] Zirconia based coatings are used for many 

purposes such as the optical filters, laser mirrors, thermal 

barrier coatings, and gate dielectric in microelectronic 

devices.[4-6] Different techniques have been employed for 

coating the zirconia viz. the sol-gel spin coating, atomic layer 

deposition (ALD), reactive sputtering and pulsed laser 

deposition etc..[7-9] 

The sol-gel spin coating is a simple and cost-effective 

technique, which produces large ceramics and glass bodies of 

high optical quality.[10] But it has a major drawback of cracking 

the coatings, which is caused by the capillary forces. These 

forces are exerted by the surface tension of the solvent present 

in the pores during the drying stage. It has been studied that 

the effect of capillary forces can be reduced by using the 

drying controlled chemical additives (DCCAs) such as the 

oxalic acid (OA), glycerol (GLY), formamide (FA), dimethyl 

formaldehyde (DMF) etc. Therefore, to lower the cracking 

probability and to improve the optical transmission of the 

nanoporous materials such as aerogels and xerogels, various 

DCCAs have been used as reported elsewhere.[11,12] Beside the 

nanoporous materials, many researchers have synthesized the 

optically transparent and crack-free zirconia coatings using 

various polymeric additives. For example, Qiu et al. have 
prepared zirconia membranes using polyvinyl alcohol (PVA), 

polyethylene glycol (PEG), polyacrylic acid (PAA) and 

methylcellulose (MC).[13] Lee et al. further reported the sol-
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gel based zirconia biocoatings using PEG.[14] However, to our 

knowledge there are rare reports on the preparation of the 

zirconia coatings employing DCCAs. As reported by Rao et 

al., amongst various DCCAs, GLY has been observed to 

improve the textural properties of the nanoporous materials 

because of its low vapor pressure.[12]  

The GLY helps to reduce the refractive index of zirconia 

coatings and sustain their porous structure. This leads to 

improvements in the optical transmission and hydrophobicity 

of the zirconia coatings. These coatings can be applied as the 

active waveguide sensors and optical filters. Therefore, in the 

present work, attempts have been made to synthesize sol-gel 

based optically transparent and hydrophobic zirconia coatings 

using glycerol as DCCA. Further, the influences of different 

concentrations of the GLY on the chemical structure, 

hydrophobicity, morphology and optical properties of the 

zirconia coatings were studied by varying the molar ratio of 

GLY:Zr4+. 

2. Experimental section 

2.1 Preparation of zirconia coatings 

For the synthesis of zirconia coatings, zirconium n-propoxide 

(ZrPrO, Zr(OC3H7)4, 70% in n-PrOH, Sigma-Aldrich) was 

used as a precursor, n-propanol (n-PrOH, Duksan) as a solvent, 

acetylacetonate (Acac, C5H8O2, Sigma-Aldrich) as a chelating 

agent, glycerol (GLY, C3H8O3, SD Fine) as a drying control 

chemical additive (DCCA), aqueous hydrochloric acid (0.1 M) 

(HCl, SD Fine) as a catalyst. Further, HCl (conc.), ammonium 

hydroxide (NH4OH, SD Fine), ethanol (EtOH, SD Fine), 

acetone (SD Fine) and double-distilled water (D. I. H2O) were 

used for cleaning the glass substrates. The glass substrates 

were cleaned following the procedures as explained. Initially, 

the substrates were cut into 2.5x2.5 cm2 size and dipped in HCl 

(conc.) solution for one day. Afterwards, they were immersed 

in the NH4OH (conc.) for 60 min. followed by the ultrasonic 

cleaning in D.I. H2O at 50oC for 30 min. Finally, these 

substrates were rinsed in EtOH and acetone, and then dried in 

oven at 50oC. 

The preparation of zirconia alcosol was carried out using 

the sol-gel process. Initially, the PrOH, Acac and ZrPrO were 

mixed together and the mixture was stirred for 10 min. As seen 

in Reaction (1), a molecule was formed from the mixing of the 

PrOH and ZrPrO, in which PrOH just co-ordinated to ZrPrO. 

As given in Reaction (2), the Acac reacted with the ZrPrO to 

form the zirconium propoxide complex.[15]  Afterwards, GLY 

was added to this mixture (10 min. stirring) followed by the 

addition of HCl (0.1 M), which was again stirred for 60 min. 

The addition of the GLY enhanced the pH (nearly 5) of the 

alcosol because of its weak acidic nature leading to the faster 

gelation.[12] However, HCl caused the decrease in the pH 

(nearly 2-3) of the alcosol resulting in the slower gelation. The 

hydrolysis and condensation reactions of the precursor 

solution are given in the Reactions (3) to (5). The addition of 

a catalyst molecule to this complex formed a dimer of 
zirconium hydroxide complex (Reaction 3). Moreover, the 

reaction of four molecules of the catalyst also formed a dimer 

of the zirconium hydroxide (Reaction 4). The condensation of 

these dimers of zirconium hydroxide and complex formed a 

tetramer (Reaction 5), on which polycondensation resulted in 

the polymer of ziroconia. GLY remained in the pores of the 3D 

network of zirconia and helped to reduce the capillary pressure 

exerted by the pore fluid during the drying. 

            (1) 

 (2) 

    (3) 

 

            (4) 

 

 (5) 

The zirconia alcosol was aged at room temperature for 

one day and used for the coating purpose. The deposition of 

zirconia was taken on the cleaned glass substrates using the 

spin coating technique. The zirconia alcosol was spin coated 

at 500, 1500, 1000 RPM for 10, 30 and 10 seconds 

respectively to form the coatings. Later, these coatings were 

dried at 50 and 150 oC in the proportional integral derivative 

(PID) controlled oven for the period of 60 min. each. During 

the synthesis, the molar ratio of ZrPrO:PrOH:Acac:H2O with 

HCl (0.1M) was fixed for 1:79.8:0.62:35.08. Zirconia coatings 

were prepared by varying the molar ratio of GLY:Zr4+ as 0, 

0.429, 0.58, 1.287, 1.716, and 2.145 and the corresponding 

samples were named as ZT1, ZT2, ZT3, ZT4, ZT5, and ZT6 

respectively. The influence of the GLY:Zr4+ molar ratio on the 

chemical structure, hydrophobicity, morphology and optical 

properties of the zirconia coatings was studied. 

2.2 Characterizations of zirconia coatings 

The Fourier transform infrared spectroscopy (FT-IR, Thermo 

Scientific, USA) was employed for the identification of the 

chemical bonds present in the zirconia coatings.  

Moreover, chemical bonding state of the coatings was 
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analyzed by using the photoemission spectroscopy (PES) and 

near edge X-ray absorption fine structure (NEXAFS) at the 4D 

beamline of the Pohang Accelerator Laboratory (South Korea). 

The hydrophobic property of zirconia coatings was studied by 

measuring the contact angle using contact angle meter (Rame-

Hart instrument, USA). The morphological analysis of the 

zirconia coatings was carried out by utilizing the field 

emission scanning electron microscopy (Quanta 220F, FEI). 

The optical transmittance of the coatings was performed over 

400-1000 nm wavelength range using the spectrophotometer 

(BIO-AGE UV-Vis 2800 PC). The porosity of the zirconia 

coatings was confirmed by calculating their refractive indices. 

3. Results and discussion 

GLY is a protic solvent having the lowest vapor pressure (2.13 

x 10-6 bar at 20oC) among other DCCAs. As shown in the 

chemical structure of GLY (Fig. 1), it consists of three 

hydroxyl groups, which are responsible for increasing the pH 

of the alcosol. The addition of GLY to the alcosol forms a 

protective shielding around the Zr preventing the faster 

gelation of zirconia. Moreover, the GLY facilitates the 

diffusion of water through pores and remains in the pores, 

causing the decrease in capillary pressure during the drying 

stage.[11,12] This may help to maintain the pores sizes in the 

zirconia coating. Therefore, the GLY is used as a DCCA for 

the preparation of the zirconia coatings. The effect of varying 

GLY concentration on various characteristics such as chemical 

structure, hydrophobicity, morphology as well as optical 

transmission of the zirconia coatings has been studied. 

 

 
 

Fig. 1 Chemical structure of GLY. 

3.1 FTIR spectroscopy analysis 

Fig. 2 displays the FTIR spectra of the zirconia coating 

samples (ZT1-ZT6). As seen from Fig. 2, the peaks at around 

506, 627 and 754 cm-1 correspond to the Zr-O vibrations of the 

zirconia,[16-18] which evidence that the formed coating is 

zirconia. The presence of the absorption bands at around 1107 

and 2992 cm-1 can be assigned to the C-C vibrations and 

asymmetric C-H deformation of the –CH3 group of 

acetylacetonate attached to Zr cations and the -CH2 groups of 

GLY in zirconia samples.[19,20]  The peak intensity of the C-H 

band is higher in case of ZT2 sample compared to other 

zirconia samples. This manifests the presence of many 

molecules of the Acac attached to the Zr as well as the GLY in 

the pores of zirconia. The presence of the C-C and C-H bonds 

can be confirmed from the Reaction (5). Further, the peaks at 
around 906 cm-1 corresponds to the Zr-O-Si bond, which may 

be due to the scratching of the zirconia coatings from the silica 

substrate.  

 

Fig. 2 FTIR spectra of zirconia samples with varying molar ratio 

of GLY:Zr4+. 

3.2 XPS analysis 

Moreover, the chemical bonding states of the zirconia coating 

samples were analyzed from XPS spectra as presented in Fig. 

3. The peaks at the binding energies (B.E.) of around 99.15, 

182.5, 285 and 530-532 eV are assigned to the Si2p, Zr 3d5/2, 

C1s, and O1s states of the zirconia respectively.[14] These peaks 

correspond to the Zr–O (530.0 eV), C=O and Zr–OH (531.6 

eV), respectively. The C1s peaks correspond to the C=O, C–C 

and C–H bonds remained in the zirconia samples due to the 

Acac and GLY. All these bonding states match well with the 

results of FTIR (Fig. 2) and can also be confirmed from 

Reaction (5). 

 
Fig. 3 XPS spectra of zirconia samples with varying molar ratio 

of GLY:Zr4+. 

3.3 Contact angle measurement 

The hydrophobic characteristic of zirconia samples was 

studied by measuring their contact angles as shown in Fig. 4. 

From Fig. 4, it is obvious that with the addition of GLY to the 

zirconia alcosol, the contact angle of the zirconia coating is 
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increased. The unmodified zirconia sample ZT1 has a low 

contact angle of 98o, while the GLY modified zirconia sample 

ZT2 exhibits a contact angle of 108o. The contact angle is 

decreased with further increase in the GLY:Zr4+ molar ratio 

(from samples ZT2 to ZT6). The reason behind this may be 

ascribed to the fact that with the increase in the GLY:Zr4+ 

molar ratio, the number of hydroxyl groups (of GLY as seen 

from Fig. 1) in the zirconia is increased. These hydroxyl 

groups are responsible for reducing the hydrophobicity of 

zirconia samples causing the decrease in their contact angle.  

It indicates that a small amount of the GLY is sufficient for 

maintaining the pore structure in the zirconia sample during 

the drying stage. These results are in good agreement with the 

high C-H bond peak intensity for the ZT2 sample in the FTIR 

spectra (Fig. 2).  

 

Fig. 4 Water droplets on the surface of zirconia samples and their 

measured contact angles. 

 

Fig. 5 SEM micrographs of zirconia samples with varying molar 

ratio of GLY:Zr4+. 

3.4 SEM observation 

The SEM micrographs of the pristine and the GLY modified 

zirconia coating samples are shown in Fig. 5. From Fig. 5, it 

is obvious that the microstructure consisted of the spherical 

particles with a good connectivity between them. The surface 

of zirconia samples is observed to be well developed and crack 

free. This may be owing to the presence of GLY, which helps 

to reduce the stress on the pores and to maintain the porous 

structure during drying.[21] The particles and pore sizes are 

observed to be very small in case of the ZT1 and ZT6 samples 

compared to other zirconia samples. While the ZT2-ZT5 

samples exhibited the porous morphologies with larger 

particles sizes. Amongst ZT2-ZT5 samples, ZT2 and ZT3 

showed the uniform surface, whereas ZT4 and ZT5 exhibited 

the micro-holes on their surface. The micro-holes on the 

surface of ZT4 and ZT5 samples are due to the fast 

evaporation of the solvent. The porous morphologies of ZT2 

and ZT3 evidenced the high contact angles of these samples 

as confirmed from the contact angle measurements (Fig. 4). 

The high contact angles are due to the nanoporous 

characteristics of the surfaces, on which the water remained as 

a droplet instead of spreading on the surface. 

3.5 Optical transmission and dielectric constant 

measurement 
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Fig. 6 Transmission spectra of zirconia samples with varying 

molar ratio of GLY:Zr4+. 

The transmission spectra of the zirconia coating samples are 

plotted as shown in Fig. 6. From Fig. 6, it is seen that all the 

zirconia samples exhibit the high optical transmission greater 

than 90%. The high optical transmission is attributed to the 

improvement in the structural and surface homogeneity as 

well as a decrease in the refractive index of the zirconia 

samples. The refractive indices (nc) of the zirconia samples 

were calculated using Equation (1):[22] 

 

 

 

where Rc is the reflection coefficient of the zirconia coating 

and nsub is the refractive index of the substrate which is taken 

to be 1.513. The Rc is found out using Equation (2). 

 

 

 

where T is the transmission coefficient and Rsub is the 

reflection coefficient of the substrate. T = 0.958 is used for the 

Rc   =    1 +        T 

                        Rsub -1 
 (2) 

Rc   =    (nc
2 – nsub)

2 

             (nc
2+ nsub)

2 
 (1) 
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calculation of Rc (Fig. 6). Further, Rsub is calculated using 

Equation 3.  

 

 

 

where na (=1) and nsub (=1.513) are the refractive indices of 

the air and glass substrate. Thus, the refractive indices (nc) of 

different zirconia coating samples were determined using the 

Formulae (1) – (3) and the obtained nc were in the range from 

1.66 to 1.9.  

The graph of the calculated nc and the measured contact 

angles of the zirconia coating samples is plotted as shown in 

Fig. 7. From Fig. 7, it is observed that with the increase in 

GLY:Zr4+ molar ratio from ZT1 to ZT2, the nc decreased while 

the contact angle increased, exhibiting the enhancement in 

porosity of the ZT2 sample.[21] Further increase in the 

GLY:Zr4+ molar ratio from ZT2 to ZT6 led to an increase in 

their nc and decrease in their contact angles. The high optical 

transmission and porosity of of the ZT2 sample (GLY:Zr4+ 

molar ratio of 0.429) is evidenced from its low refractive index 

(～1.66).[22] Thus, all of the above results showed that a small 

amount of GLY is sufficient to improve the optical 

transmission, porosity as well as hydrophobicity of the 

zirconia coatings.  

 
Fig. 7 Influence of varying molar ratio of GLY:Zr4+ on the 

refractive indices and contact angles of zirconia samples 

 

4. Conclusions 

Optically transparent, hydrophobic and porous zirconia 

coatings have been successfully prepared using GLY as DCCA. 

The hydrophobicity of the zirconia coatings was enhanced 

with the addition of GLY as confirmed from the FTIR spectra 

and contact angle measurements. SEM micrographs clearly 

exhibited the formation of crack free and homogeneous 

zirconia coatings. Moreover, the addition of GLY helped to 

reduce the refractive index of the zirconia coatings, leading to 

the improvement in their optical transmission and porous 

characteristics. Thus, the optically transparent (> 90%), 

hydrophobic (θ～108o) and porous zirconia coatings with a 

low refractive index (～1.66) were obtained using the molar 

ratio of GLY:Zr4+ equal to 0.429. These zirconia coatings can 

be used as the optical filters in the UV and VIS region of 

spectrum.  
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