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Abstract 

  Reduction of nitrate (NO3
-) to ammonia (NH3) was performed by a time-separated redox reaction 

using photocatalytically accumulated electrons in a titanium(IV) oxide (TiO2) suspension.  The time-

separated redox reaction uses a two-step reaction under the control of photoexcitation and an electron 

acceptor: (1) accumulation of electrons in TiO2 powder under photoexcitation and (2) reduction of 

added NO3
- by accumulated electrons in the dark.  Color change of TiO2 depending on the degree of 

electron accumulation was observed during the reaction, and 8-electron reduction of NO3
- to NH3 was 

performed by accumulated electrons.  The results of the time-separated redox reaction using 10 kinds 

of commercial TiO2 powder indicate that the use of a rutile sample with a large number of trivalent 

titanium species is a key issue for NH3 production. 
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1. Introduction 

Photocatalytic reactions using semiconductor materials have been intensively studied for chemical 

energy conversion technology with various applications such as water splitting [1-3], carbon dioxide 

reduction [4,5], and organic synthesis [6-8].  The reaction is thought to proceed as a result of 

simultaneous oxidation and reduction by photoexcited electrons and positive holes, respectively.  

Therefore, the use of appropriate photocatalytic materials and the design of an appropriate reaction 

system are important for utilization of electrons and positive holes in target reaction.  For example, 

in organic synthesis by photocatalytic reduction, hole scavengers such as alcohol are often used to 

efficiently obtain the target substance because oxidation of reductive products, i.e., back reaction, 

easily occurs and it decrease the reaction rate as well as the selectivity. 

  “Spatial” separation of redox sites is a conventional approach for retarding the back reaction in a 

photocatalytic system, and it has been performed by co-catalyst loading and/or surface structure 

control of the photocatalytic material [9-12].  Another plausible way is “time” separation of the redox 

reaction, and such a reaction has been studied as a reductive energy-storage system using titanium(IV) 

oxide (TiO2) and tungsten(VI) oxide [13].  Recently, the reaction has been applied to several kinds of 

reaction such as hydrogenation of carbonyl compounds [14] and reduction of toxic metal ions, nitrate 

(NO3
-), nitric oxide (NO) or nitrite (NO2

-) [15,16] using TiO2 and hydrogen evolution using carbon 

nitride [17].  The reaction uses a two-step reaction under the control of photoexcitation and an 

electron acceptor as shown in Fig.1.  In the first step, electron accumulation is induced by 

photoexcitation in the absence of an electron acceptor as a counterpart of the reaction of positive holes 

with a scavenger.  Subsequently, accumulated electrons react with the electron acceptor, which is 

added in the second step, in the dark if the accumulated electrons have more negative potential than 

the redox potential of the acceptor.  Here, the important point of the reaction is that only reduction 

proceeds without oxidation by positive holes, and this means complete inhibition of the back reaction 

in the second step. 

For a metal oxide semiconductor, electron accumulation is induced by electron trapping at a metal 



ion with an oxygen vacancy in the semiconductor.  For example, a possible structure of electron 

accumulation in TiO2 is thought to be trivalent titanium (Ti3+) species, and it is considered that 

defective sites can be empirically measured by evaluation of Ti3+ [18].  In our recent study, 

photoacoustic Fourier transform infrared spectroscopy clarified the energy level of Ti3+ in TiO2 powder, 

which was relatively negative depending on the crystal structure [19], and such defects on the 

semiconductor surface have been studied as active centers for photocatalytic reaction [20,21]. 

In the present study, reduction of nitrate (NO3
-) to ammonia (NH3) by a time-separated redox 

reaction using accumulated electrons on TiO2 was studied.  The NO3
- to NH3 process can be applied 

to production of useful NH3, which can be widely used as fertilizer, fuels, and chemical precursors, 

from NO3
- included in agricultural waste water, and electrochemical reduction of NO3

- to NH3 has been 

studied [22-28].  Although photocatalytic reduction of NO3
- to NH3 has also been reported [29-31], 

it is thought that only conduction band electrons contribute to NH3 production.  The reduction of 

NO3
- to NH3 proceeds as follows: 

NO3
− + 9H+ + 8e− = NH3 + 3H2O, 1.20 V vs NHE (pH = 0)  (eq. 1) 

This reaction requires 8-electron reduction, but its redox potential is not so negative compared to the 

energy level of Ti3+, as suggested by our group and other groups [18,19].  Therefore, it is thought that 

some of the accumulated electrons on TiO2 have sufficient negative potential for NO3
--to-NH3 

reduction (eq. 1) to proceed.  Actually, a few groups reported reduction of NO3
- by electrons 

accumulated in TiO2 particles by ultra-violet (UV) or gamma-ray irradiation, but only limited TiO2 

colloid samples were used in the studies [15].  In the present study, NH3 production by time-separated 

redox reaction was investigated using 10 kinds of commercial TiO2 powder, and it is discussed here 

from the viewpoint of crystal structure and Ti3+ amount as the saturation amount of electron 

accumulation. 



 

Figure 1.  Schematic illustration of the time-separated redox reaction. 

 

2. Experimental 

2.1 Materials 

A total of 10 kinds of TiO2 powder samples from commercial sources, including ST-01, ST-41 and 

CR-EL (Ishihara Sangyo Co.), MT-500B and MT-600B (TAYCA Co.), and reference catalysts JRC-

TIO-1, JRC-TIO-6, JRC-TIO-12, JRC-TIO-13 and JRC-TIO-15 supplied by the Catalysis Society of 

Japan, were used.  Before evaluation of the photocatalytic activity, aqueous suspensions containing 

each TiO2 sample were photoirradiated with a UV light-emitting diode (Nichia, NCU133B), which 

emitted light at a wavelength of ca. 365 nm, under aerated conditions and they were washed with 

deionized water several times in order to remove organic compounds in the samples.  Other 

analytical-grade reagents were used without further purification. 

 

2.2 Photocatalytic reaction 

Fifty milligrams of TiO2, 5 mL of 10 vo% 2-propanol, and a PTFE-coated magnetic stirring bar were 

added to a test tube, and the suspension was treated by ultrasound for 5 min.  Air was purged off from 

the system by passing argon (Ar) through the suspension for 10 min, and then the test tube was sealed 

with a double-capped rubber septum and a sheet of Parafilm. 

In the case of conventional reaction, 100 µL of a 1.0 mmol L-1 KNO3 aqueous solution saturated 



with Ar was added to the test tube by using a syringe and then the test tube was photoirradiated with a 

UV light-emitting diode (Nichia, NCSU033B), which emitted light at a wavelength of ca. 365 nm and 

an intensity of 10 mW cm-2, under magnetic stirring.  After 24 h of photoirradiation, the resulting 

suspension was sampled and centrifuged, and then the concentration of NH3 in the supernatant was 

analyzed by using indophenol blue colorimetry at an absorbance wavelength of 630 nm with a UV-

VIS spectrometer (Shimadzu, UV-1800) and LabAssay Ammonia (Wako Pure Chemical Corp.). 

In the case of time-separated redox reaction, a test tube containing no KNO3 aqueous solution was 

photoirradiated for 24 h under magnetic stirring.  After 24 h of photoirradiation, 100 µL of a 1.0 mmol 

L-1 KNO3 aqueous solution saturated with Ar was added to the test tube by using a syringe, and the 

suspension was stirred for a certain time in the dark.  After the reaction, the resulting suspension was 

sampled and centrifuged, and then the concentration of NH3 in the supernatant was analyzed in the 

same manner as described above.  Moreover, the amount of residual NO3
- was determined by a 

colorimetric method with a UV-VIS spectrometer (Shimadzu, UV-1800), PACKTEST WAK-NO3 and 

pretreatment reagent NO3-RA (Kyoritsu Chemical-Check Lab. Corp.). 

 

3. Results and discussion 

3.1. Color change of TiO2 suspension 

Figure 2 shows a photograph of a test tube during the time-separated redox reaction.  The color of 

the suspension was white before UV irradiation (Fig. 2a).  UV irradiation induced a change in the 

color of the suspension, and a blue color was clearly observed after 24 h of irradiation (Fig. 2b), but 

further change in the color was not observed with photoirradiation for more than 24 h.  The color 

recovered as a function of time after KNO3 injection, though a blue color slightly remained (Fig. 3b).  

These results indicate that the color change is due to accumulation of electrons and that some of the 

electrons were consumed by the addition of KNO3. 



 

Figure 2.  Photographs of a test tube during the time-separated redox reaction. 

 

3.2. Time course of NH3 production 

  Figure 3 shows the time courses of NH3 production by conventional and time-separated redox 

reactions.  It should be noted that reaction time was defined as not photoirradiation time but time after 

KNO3 addition.  In both types of reaction, NH3 production was increased with an increase in reaction 

time and showed a tendency for saturation at 100 nmol of NH3 production due to the 100% conversion 

limit.  In contrast, NH3 production was hardly observed in the control experiment (without UV 

irradiation and without KNO3 addition).  These results indicate that the reduction of NO3
- to NH3 

proceeded by accumulated electrons in the time-separated redox reaction.  Moreover, the time-

separated redox reaction was completed in a few hours, and it was faster than the conventional reaction.  

The reason for this might be that the numbers of accumulated electrons were 9.5-times larger than the 

minimum number of electrons required for complete NO3
--to-NH3 reduction in the case of JRC-TiO-

6, which has 152 µmol g-1 of Ti3+.  A slight excess of NH3 production was observed with longer 

reaction time, presumably due to leakage of air into the reactor at the time of KNO3 injection because 

it has been reported that nitrogen (N2) gas was photocatalytically converted into NH3 over a rutile TiO2 

sample [32]. 



 
Figure 3.  Time courses of NH3 production by conventional and time-separated redox reactions over 

JRC-TIO-6.  Red circles and blue circles show conventional reaction and time-separated redox 

reaction, respectively. 

 

3.3. Relationships between NH3 production and physical and chemical properties of TiO2 samples 

NH3 production and physical and chemical properties TiO2 samples are summarized in Table 1, and 

Figure 4 shows NH3 production as a function of the amount of Ti3+.  In the conventional reaction, a 

linear relationship between NH3 production and Ti3+ amount was observed regardless of the crystal 

structure (Fig. 4a).  This agrees with the results of a previous study showing that Ti3+ sites work as 

active sites for NO3
--to-NH3 reduction [31].  A similar positive correlation was observed between 

NH3 production and specific surface area.  This is a reasonable result because Ti3+ sites exist on the 

surface rather than in the bulk and because TiO2 samples with a larger specific surface area possess a 

larger Ti3+ amount.  In contrast, only a rutile sample showed a monotonic increase in NH3 production 

with increase in the amount of Ti3+ in the time-separated redox reaction, and NH3 production using 

anatase was less than expected (Fig. 4b).  However, a proportional relationship between residual NO3
- 

and Ti3+ amount was observed regardless of the crystal structure (Fig. 5).  These results indicate that 

the kind of reduction by accumulated electrons in Ti3+ sites depends on crystal structure, and the 

deviation from the expected values in Fig. 4b is possibly caused by NO3
--to-N2 reduction in the anatase 



surface as follows: 

NO3
− + 6H+ + 5e− =

1
2

N2 + 3H2O, +1.25 V vs NHE (pH = 0)  (eq. 2) 

Thus, this reaction (eq. 2) requires a smaller number and a more negative potential of electrons than 

those required for NO3
--to-NH3 reduction (eq. 1).  Therefore, thermodynamics suggests that NO3

--to-

N2 reduction (eq. 2) proceeds more favorably than NO3
--to-NH3 reduction if the amount of electrons 

in the system is limited as in the time-separated redox reaction.  On the other hand, continuous supply 

of electrons from the conduction band possibly induces NO3
--to-NH3 reduction (eq. 1) in the 

conventional reaction.  Another possible reason is the different surface structures of anatase and rutile 

samples because the adsorption properties of NO3
- and its intermediate species on the surface structure 

of TiO2 have a large influence on the reaction mechanism.  A previous study showed that defective 

sites, i.e., Ti3+ sites, work as NO3
--to-NH3 reduction sites, while Lewis acid sites, which were often 

observed in the anatase surface, promote nonselective reduction among N2 and NH3 production [35].  

For NO3
--to-NH3 reduction, 8-electron reduction has been reported to proceed via formation of 

intermediates such as nitrite anion (NO2
-) and nitrogen monoxide (NO) [37] as follows: 

NO3
−   2e−,2H+  
�⎯⎯⎯⎯⎯⎯�NO2

−   e−,2H+  
�⎯⎯⎯⎯⎯�NO

  5e−,5H+  
�⎯⎯⎯⎯⎯⎯�NH3  (eq. 3) 

The total amount of produced NH3 and residual NO3
- was almost 100 nmol in almost samples (Table 

1), indicating that intermediates were hardly liberated from the surface.  Thus, 8-electron reduction 

proceeded with strong adsorption of intermediate species on the surface, resulting in high selectivity 

of N2-to-NH3 reduction.  On the other hand, the total amount of produced NH3 and residual NO3
- was 

significantly less than 100 nmol for some samples (JRC-TIO-13 and JRC-TIO-15).  This is because 

N2 is produced by the reaction between the liberated NO2
- and other intermediates, such as NO2

- or 

NO, followed by reduction of dinitrogen monoxide (N2O) [35]. 

Although NH3 can be produced from N2 as shown in eq. 4, this N2-to-NH3 reduction requires a more 

negative potential than those required for the reactions shown eq. 1 and eq. 2. 

1
2

N2 + 3H+ + 3e− =
1
2

NH3, +0.55 V vs NHE (pH = 0)  (eq. 4) 



Moreover, it has been shown that anatase is less active than rutile for the reaction of N2-to-NH3 

reduction (eq. 4) [32].  Therefore, it is thought that N2-to-NH3 reduction is difficult and that most of 

the N2 produced remains in the reaction system in the case of an anatase sample. 

 

 

 

Figure 4.  NH3 production in (a) conventional reaction and (b) time-separated redox reaction as a 

function of amount of Ti3+. 

 

 

 

 

 



 

Figure 5.  Amount of residual NO3
- in time-separated redox reaction as a function of amount of 

Ti3+. 

 

 

Figure 6.  Recycling test in time-separated redox reaction over JRC-TIO-6. 

 

  In order to check the stability of the TiO2 sample, time-separated redox reaction was examined by a 

recycling test three times.  Figure 6 shows the results of the recycling test in time-separated redox 

reaction over JRC-TIO-6.  A slight decrease in NH3 production was observed because the amount of 

TiO2 used in the reaction was also decreased due to some loss in the washing treatment after the 

reaction.  Therefore, photocatalytic activity is possibly stable, taking the amount of TiO2 into 

consideration.  Moreover, the results for the stability and color recovery of TiO2 indicate that the 

valence of Ti before and after the reactions did not change. 



 

Table 1.  NH3 production by and physical and chemical properties of TiO2 samples used in the present 

study.  a) A, R and A/R denote pure anatase, pure rutile and a mixture of anatase and rutile as the 

crystal structure, respectively (ref. 33, 34 and 35).  b) Specific surface areas reported in ref. 33, 34 

and 35.  c) Ti3+ amount reported in ref. 33, and Ti3+ amounts in MT-500B and MT-600B were 

measured by a photoacoustic spectroscopic study (ref. 36).  d) Reaction time is 24 h under UV 

irradiation.  e) Reaction time is 24 h in the dark after 24 h of UV irradiation.  f) Amount of residual 

NO3
- after time-separated reaction. 

Name 
aCrystal 
Structure 

bS 
/ m2 g-1 

cTi3+ amount 
/ µmol g-1 

dconventional etime-separated 
NH3/ nmol NH3/ nmol fNO3

-/ nmol 
ST-41 A  11  13  29.3   3.8 — 

JRC-TIO-1 A  79  97  35.0  36.0 61.2 
JRC-TIO-13 A 70 106  79.5  29.3 28.9 
JRC-TIO-12 A 359  56  69.1   3.8 106 

ST-01 A 344  94 101.3  75.7 30.8 
JRC-TIO-15 A/R  53 119 103.2  54.9 18.0 

CR-EL R   8  23  29.3   9.5 86.7 
MT-600B R  27  71  86.1  25.6 80.5 
MT-500B R  35  85  78.6  58.7 — 

JRC-TIO-6 R 102 152  95.6 116.9  3.8 

 

4. Conclusion 

In the present study, we firstly showed the reduction process of NO3
- to NH3 by photocatalytically 

accumulated electrons in a TiO2 suspension.  Although the time-separated redox reaction in the 

present study could not show sufficient advantages over the conventional method, it can be applied to 

other kinds of photocatalytic reductive process with no back reaction process.  Moreover, the process 

using the time-separated redox reaction as well as the green ammonia process [38-40] may be an 

alternative to the Haber-Bosch process. 
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