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Abstract	


In titanium dioxide (TiO2) photocatalysis, it is well established that the morphology of TiO2 
particles has a significant effect on the photocatalytic properties. In this study, different acids 
were used in the hydrothermal synthesis of TiO2 from titanium nitride to observe the effect of 
acid choice. While there are examples in the literature using various acids, there is little emphasis 
placed on controlling morphologies using the acid-assisted hydrothermal synthesis. In some 
cases other synthetic parameters were varied, including acid concentration, hydrothermal heating 
time, and calcination temperature. We show results obtained from scanning electron microscopy, 
a photocatalysis test, X-ray powder diffraction analysis, and, when applicable, the comparison 
with commercially available P25 TiO2. Our findings contribute to the future development of 
TiO2-based photo- catalysts for efficient solar energy conversion.	



Introduction	


Solar energy conversion by photocatalysis is a promising technology that can displace 
combustive methods of energy generation1 and help to remove environmental pollutants.2 The 
conversion and storage of solar energy to chemical energy is seen in solar fuel generation via 
CO2 reduction. Photocatalytic oxidation has been utilized to degrade organic molecules into 
harmless products. Titanium dioxide (TiO2) is especially promising due to its stability, non-
toxicity, noncorrosive properties, its abundance, and it’s low cost.2,3 In addition, the material’s 
electronic properties, such as appropriate band gap, allow for CO2 reduction and water splitting.4 
The products of these two processes, CO and H2, are very valuable for the facility with which 
they can be transformed into liquid hydrocarbon fuels using the Fischer-Tropsch reaction.2,5-7 A 
closed system, powered by sunlight, could generate sustainable energy with virtually no 
pollutants. 	



The challenges of TiO2 photocatalysis include charge recombination and minimal visible light 
absorption.4,8 Charge recombination in a photocatalytic semiconductor is the process of a 
photoexcited electron in the conduction band (CB) returning to the valence band (VB, Figure 1). 
Photoexcitation is a process in which a photon from the sun transfers its energy into an electron 
of the TiO2 particle. The excited electron, which is now in the CB, leaves a positively charged 
hole, denoted h+, in its place. Either of these species may diffuse to the surface of the particle 
and become available for chemical reactions, unless the electron and hole recombine due to 
attractive forces. Upon recombination, the light energy is dissipated as thermal energy and no 
chemical reaction occurs.	
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Figure 1.Electron (e-) is excited to CB (red arrow), generating a hole	


(h+), where it can either be utilized in another reaction (yellow arrow),	


or it recombines (green arrow), returning to the valence band.	

!!
Methods of inhibiting recombination include adding electron or hole scavengers and optimizing 
the surface characteristics of the particle.4 These methods can improve charge separation. 
Effective charge separation can also be achieved through morphology modification. Optimized 
nanoparticles, as opposed to micron-sized particles, exhibit less charge recombination.4 
Nanorods have been synthesized to have higher surface-to-volume ratios than that of 
nanospheres9 and allow for creative organizational structures.10-11	



The wide band gap, or high ‘activation energy’, of TiO2 materials limits the photoresponse of 
these materials to the higher energy ultraviolet region. The sun emits significantly more photons 
in the lower energy visible light region, which, if utilized, would greatly increase overall solar 
efficiency. Nitrogen-doping of TiO2 materials has arisen as a promising solution to poor visible 
light absorption.13-15 This process simply replaces a small fraction of the oxygen molecules in 
TiO2 with nitrogen. The result is a modification of the electronic properties of the TiO2 material. 
The energy required to excite an electron from the valence band to the conduction band, or band 
gap, is reduced, potentially allowing for visible light photocatalysis. 	

!
The solution to both of these problems can be achieved through optimizing TiO2 materials in 
terms of color, size, shape, phase, and presence of dopant. The synthesis of TiO2 from a titanium 
nitride precursor has been previously achieved via different methods, including open air 
annealing,16,17 hydrothermal treatment with H2O2,18 and hydrothermal treatment with acid.19,20 In 
this study, we attempt to understand how much synthetic control can be had over surface 
morphology through the variation of simple synthetic parameters. The type of acid, acid 
concentration, hydrothermal treatment time, and calcination temperature were the varied 
parameters in our study.	
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Figure 2. Four acids at a final concentration of 2M were explored in the	


synthesis of TiO2 (a. hydrochloric acid, b. nitric acid, c. sulfuric acid, d.	


phosphoric acid).	
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Experimental Procedure	


In a typical synthesis, 0.31 g of titanium nitride (Alfa Aesar, 99.7%) was added to varying 
quantities of DI water under magnetic stirring. Acid was then added dropwise over 30 minutes to 
attain a final volume of 50mL. The mixture was then placed in a Teflon-lined autoclave and 
heated over a 2-hour period to 180ÅãC and held for various times. After cooling to room 
temperature, the contents were placed into two 25mL centrifuge tubes and centrifuged at	


10000 rpm for 5 minutes. The supernatant was discarded, the tubes were refilled with DI water, 
sonicated, and resuspended before being centrifuged again. This washing cycle was repeated 4-5 
times, until the discarded supernatant pH was above 5. The remaining contents were then 
transferred to a ceramic bowl to dry for at least 12 hours in a fume hood. The product was 
ground, sonicated, and calcined. After cooling, the sample was ground and sonicated.	

!
SEM images were collected on an Amray 3300FE scanning electron microscope. X-ray 
diffraction patterns of TiO2 powder materials were collected on a Shimadzu XRD-6100	


diffractometer. In dye degradation experiments, 45 mg of powder sample were placed in 50 mL 
of 0.125 mM methylene blue solution. The mixture was stirred for 15 minutes in the dark to 
allow dye adsorption equilibrium to be established. The mixture was then irradiated with visible 
light at an intensity of 100 mW/cm2 from a Fiber-Lite High Intensity Illuminator (Series 180, 
Dolan-Jenner Industries Inc.) Irradiance was measured with a Newport Hand Held Optical Meter 
(model 1918 C, +/- 02 mW/cm2). The light was equipped with a water filter to reduce radiative 
heating of the reaction vessel from infrared light. Every 15 minutes a 1 mL aliquot was collected 
and centrifuged at 12,500 rpm for 3 minutes in an Eppendorf (Centrifuge 5425) centrifuge. The 
absorbance of the supernatant was then measured with UV-Vis spectroscopy at 664 nm.	
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Figure 3. Four acid concentrations were explored in the synthesis using	


nitric acid (a. 1M, b. 2M, c. 3M, d. 4M).	

!!!!!!!!!!!

Results and Discussion	


The naming convention of samples is as follows. The first letters correspond to the acid used in 
synthesis; NA is nitric acid, PA is phosphoric acid, HCl is hydrochloric acid, The next number 
preceding an ‘M’ is the acid concentration during the hydrothermal treatment ; 1M, 2M, etc. The 
next number is the duration of the hydrothermal treatment time; 12 hr, 56 hr, etc. Finally, the 
calcination temperature is shown; 500oC, 650oC, etc. Samples underwent hydrothermal treatment 
for 12 hours and were calcined at 500oC unless specified.	

!
Hydrochloric acid was then used in 4M and 8M concentrations, as well as a phosphoric acid in a 
4M concentration, showing a steep decrease in nanorod abundance (images not shown).	





The morphology of nitric acid samples was not greatly changed in the syntheses, as evidenced in 
Figure 3. For this acid, in particular, another notable trend was the color of the material. As 
molarity of nitric acid increased from 1M to 4M, the powder color changed from dark yellow to 
very light yellow. This observation is observable in the UV-Vis Diffuse Reflectance and XRD 
analysis below. ]	
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Figure 4. Three calcination temperatures 
were explored in the synthesis using 
phosphoric acid in a 2M concentration (a. 500 
°C: 5 hours, b. 650 °C: 12 hours, c. 800 °C: 5 
hours).	

!!!

It is observable in Figure 4 that the overall morphology of the phosphoric acid synthesized 
samples are not significantly changed between 500oC and 650oC calcinations.	
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Figure 5. Three hydrothermal treatment times 
were explored in the synthesis involving 
phosphoric acid in a 2M concentration (a. 12 
hours, b. 56 hours, c. 168 hours). The 12 and 
56 hour samples were calcined at 650°C, and 
the 168 hour sample at 800°C.	

!!

However, at 800oC, major effects are observable. A slight lightening of the brown color was 
observed with each increase in calcination temperature.	

!
Figure 5 shows a decrease in particle size and a decrease in amount of amorphous chunks, which 
are likely unreacted TiN. The 800oC calcination of this sample seemed to combine the rods into 
amorphous structures, but did not show signs of unreacted TiN.	

 !!

Figure 6. Normalized absorbance of 
methylene blue at 664 nm as a function of 
reaction time during visible-light 
photocatalytic degradation (a. survey of 
varying acids at 2M concentrations, b. 
survey of varying acid concentration of 
nitric acid during synthesis).	

!!!!

The activities of the various acid samples are less than the activity of commercially available 
P25. As Figure 6a shows, the nitric acid sample is the best performing out of the group of 2M 
concentrations. The sulfuric acid sample was not tested because of its undesirable color of dark	


brown, and its amorphous shape. Nitric acid samples in Figure 6b showed little improvement 
after an attempt to optimize the particle by varying acid concentration during synthesis, with the 
3M concentration performing slightly better.	

!
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Figure 7. XRD analysis of samples confirm a 
mostly rutile composition with some peaks 
matching those of the precursor titanium 
nitride (TiN).	


Nine representative samples are seen in this 
figure, showing the closeness in composition 
of all samples. P25 is also shown for 
reference.	

!!!!!!!

We can conclude from Figure 7 that the hydrothermal synthesis of TiN in an acid-water mixture 
produces rutile phase TiO2 with varying amounts of TiN. The intensity of peaks at 2 = 37o, 43o in 
the XRD scan, combined with physical observation, indicates a correlation with TiN presence 
and the darkness of the powder. Due to the reduction of the TiN peaks between samples calcined 
at 500oC and 650oC (most evident in the NA-2M-12hr samples, orange), we can conclude that 
the calcination at elevated temperature reacted TiN into TiO2. Also observable is a decrease of 
the 37o peak of TiN between the 2 and 3 M nitric acid samples.	

 !!

Figure 8. A: A digital image showing the 
different color powders synthesized with 
varying acids (a. pure TiN, b. HCl-2M, c. 
PA-2M, d. NA-1M, e. NA-2M, f. NA-4M, g. 
commercial P25-TiO2). B: UV-visible diffuse	


reflectance spectra of selected samples (g. 
P25-TiO2, f. NA-4M, e. NA- 2M).	

!!

This, along with the visible color difference, indicates that as molarity of nitric acid is increased, 
the presence of TiN decreases. The wide array of powder color observed lies between the colors 
of the original reagent, TiN, and the fully oxidized form, TiO2. Along with the XRD analysis, this	


depicts a model where powder color is dependent on TiN concentration, which was controlled by 
acid concentration. The UV-Vis shows that the presence of nitrogen in TiO2 particles shifts the 
threshold of light absorbance, or band gap, which agrees with literature.21,22	

!
Conclusion	


Samples were synthesized through hydrothermal treatment of titanium nitride in an acid-water 
solution. By varying simple synthetic parameters, effects on morphology and photocatalytic 
activity were observed. In our experiments, hydrothermal syntheses using nitric acid 
concentrations between 1M and 4M, 500ÅãC calcination temperatures, and 12-hour 
hydrothermal reaction times resulted in yellow powders consisting of short flower-shaped 
nanorods which demonstrated favorable catalytic qualities such as visible-light methylene blue 
degradation. As acid concentration was increased, the TiN concentration was decreased, as 
evidenced by XRD and UV-Visible diffuse reflectance spectra. Syntheses using 2M 
concentrations of hydrochloric acid,	





500oC calcination temperatures, and 12-hour reaction times produced a grey powder consisting 
of many long flower-shaped nanorods which were inactive in visible-light methylene blue 
degradation. Phosphoric acid used in 2M concentrations, with widely varying hydrothermal 
heating times, and 500-650oC calcination temperatures produced a grey powder consisting of 
many nano- to micro-scale rods, which may make good foundations for further nanoparticle	


deposition.	

!
Techniques of altering the band gap and hence the color of powders, most notably hydrochloric 
and phosphoric acid samples, will be further explored in the future.	
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