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NH3 is a potential hydrogen energy carrier. Here we use 

alcohols as hole scavengers to investigate the nitrogen 

photofixation mechnisms including direct and indirect 

electron transfer processes. The t-butanol system exhibited 

the highest quantum yield of 36.1%, ascribing to the in-situ-10 

formed indirect electronic transmitter of •CO2
−. 

Hydrogen, as a green energy source with a very high gravimetric 

energy content (120 MJ kg−1),1 has received extensive attention.2 

According to Klerke,3 when 10 kg of hydrogen (14 g L−1, 200 bar) 

is stored, the hydrogen density is 71 g L−1 in its liquid phase 15 

(−252 °C) and up to 108 g L−1 in the form of liquid NH3 (one of 

the storage forms of hydrogen). NH3 is produced on a large scale 

and can be easily liquefied at room temperature (ca. 10 bar).1 

Moreover, liquid NH3 is much easier to obtain and safer to handle 

compared to liquid hydrogen. Given that the hydrogen storage 20 

capacity of 1 mol of NH3 is 1.5 mol of H2 (based on 1 mol of 

hydrogen production), compared to water splitting4 (H2O  H2(g) 

+ 1/2O2(g), ΔH = 285 kJ mol−1), the total energy demand via NH3 

synthesis (1/2N2(g) + 3/2H2O(g)  NH3(g) + 3/4O2(g), ΔH = 317 

kJ mol−1)5 and decomposition (NH3(g)  3/2H2(g) + 1/2N2(g), 25 

ΔH = 46.0 kJmol−1)3 is lower (approximately 242 kJ mol−1). In 

addition, NH3 is the only carbon-free carrier solution of 

hydrogen;6 thus, it can be used in fuel cell systems without 

releasing COx. With its advantages of high energy density, 

convenient storage, thermodynamical properties and 30 

environment-friendly features, NH3 is a promising alternative 

energy carrier.3,6 Industrial methods for NH3 synthesis have been 

well studied and developed. Typically, NH3 is synthesized under 

harsh conditions (300−550 °C, 150−250 atm) using an iron 

catalyst;7 in addition, this method consumes a large amount of 35 

energy. Thus, the development of NH3 generation systems that 

operate under mild conditions is of interest. Photofixation with 

suitable semiconductor photocatalysts under ambient conditions 

has been considered.8 Rusina et al. extensively studied nitrogen 

photofixation (   320 nm) on iron titanate films;8c, 9 however, 40 

the yield was far from satisfactory. In the presence of 75 vol% 

ethanol, the concentration of NH3 generated was only 1.7  10−5 

mol L−1. We have previously used Fe-doped TiO2 as a 

photocatalyst, resulting in the highest reported generation amount 

of 1.2  10−3 mol L−1 in the presence of 1.7  10−2 mol L−1 45 

ethanol as a hole scavenger.10 Hole scavengers play an important 

role in significantly enhancing the NH3 yield.  

Herein, we chose biomass platform products (e.g. alcohols) as 

scavengers to investigate their effects on photocatalytic nitrogen 

fixation under UV irradiation ( = 254 nm) using uniform and 50 

stable mesoporous -Ga2O3 nanorods as a photocatalyst (ESI, 

Experimental details†). -Ga2O3, with a 4.4 eV wide bandgap, 

effectively inhibits the recombination of intrinsic optical carriers 

and exhibits strong photocatalytic ability. The activity of -Ga2O3 

is further promoted by the use of alcohols as hole scavengers. 55 

Using methanol, ethanol, n-propanol, and n-butanol as hole 

scavengers, the turnover efficiencies (TOF) were 2.95 × 10−6, 

1.02 × 10−6, 7.52 × 10−7, and 4.93 × 10−7 mol g−1 s−1, respectively 

(ESI, Table S1†), whereas the quantum yields of the 

photocatalytic hydrogen storage were 12.5%, 4.35%, 3.19%, and 60 

2.10%, respectively (Fig. 1 and ESI, Table S1†). In the case of -

Ga2O3, which is an n-type semiconductor, ECB is negatively 

shifted approximately 0.1 V from the flat-band potential (Vfb)
11 

derived from the Mott-Schottky plot (ESI, Fig. S1†) and 

equation8a, 10, 11b (ESI, Eq. S2†). Thus, the ECB of -Ga2O3 is 65 

approximately −0.53 V. When -Ga2O3 is subjected to UV 

irradiation, photo-generated holes (EVB = 3.87 V) can oxidize 

OH− to •OH (E•OH/OH− = 1.985 V vs. SHE),10 which can be 

captured by alcohols. Thus, the light-generated electrons on the 

surface of -Ga2O3 can directly reduce N2 to NH3 (EN2/NH3 = 70 

−0.092 V vs. SHE):10 

N2 + 6H+ + 6e−  2NH3                                                           (1) 

Alcohols with lower EHOMO (energy of the highest occupied  
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Fig 1  Nitrogen photofixation of -Ga2O3 in 100 mL of solution 75 

containing 0.02 mol L−1 alcohol hole scavengers under irradiation of 254 

nm at pH 7 and 25 °C. : quantum yield; CN: concentration of NH3-N. 
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molecular orbital) can be more easily oxidized. Using Gaussian 

calculations,12 we determined that the EHOMO values of methanol, 

ethanol, n-propanol, and n-butanol were −13.776, −13.700, 

−13.698, and −13.696 eV, respectively (ESI, Table S1†). Among 

the investigated alcohols, methanol can lose electrons most easily, 5 

whereas ethanol, n-propanol, and n-butanol exhibit moderate 

abilities to lose electrons, thereby indicating that electron 

 

 

Fig.2  ESR spectra of -Ga2O3 in dark and under UV irradiation of 254 10 

nm. (a) DMPO–•OH in water, (b) DMPO–•O2
– in methanol, and (c) 

DMPO–•CO2
– in 0.2 mol L−1 TBA and CH3OH. 

 

donating ability may decrease with increasing carbon number of 

the alcohols. When t-butanol (TBA) was used as a hole scavenger, 15 

the obtained quantum yield (Fig. 1 and ESI, Table S1†) was 

36.1%, which is nearly 3 times that obtained with methanol. It is 

almost 2 times that best obtained in our previously reported work 

with ethanol as hole scavenger and Fe-TiO2 (atomic ratio of Fe 

and Ti is 1) as photocatalyst. Given that the EHOMO of TBA is 20 

−13.311 V, which is more positive than the EHOMO values of the 

other alcohols, we attributed this high quantum yield to the 

indirect electron transfer rate caused by high yield of in-situ-

formed •CO2
− in TBA systems. As shown in the TBA reaction 

curve, the slope increases significantly after 35 min, suggesting 25 

that the reaction consists of two stages in which the reaction rate 

is notably increased in the second stage. When the TBA 

concentration was increased from 0.005 to 0.1 mol L−1, the 

quantum yield of N2 fixation increased from 20.8% to 38.8% 

(ESI, Fig. S2†) and the onset of the second stage shifted from 75 30 

min to 25 min. This result is reasonably speculated to have 

occurred as a result of the increased formation rate of •CO2
−. 

When the TBA concentration was less than 0.01 mol L−1, the 

reaction rate decreased after 150 min because the depletion of 

TBA decreased the formation of •CO2
−, thus slowing the indirect 35 

electron transfer rate.  

The presence of •CO2
− was confirmed by electron spin 

resonance (ESR) (Fig. 2). No ESR signals were observed when 

samples were measured in the dark. Under UV irradiation, a 

suspension of -Ga2O3 yielded the well-characterized DMPO-40 

OH• and •DMPO-O2
− adducts (Fig. 2a and b). When CH3OH was 

added to the system, characteristic peaks nearly identical to those 

of the previously reported •DMPO-CO2
− were observed13 (Fig. 

2c). When TBA was added to the system, no •OH was detected in 

the ESR spectrum (Fig. 2c), and the characteristic peak intensity 45 

of •CO2
− was stronger than that of CH3OH. The high peak 

intensity of •CO2
− is ascribed to the increased formation rate of 

•CO2
−, which leads to the enhancement of the indirect electron 

transfer rate. The strong reducing ability of •CO2
− (ECO2/•CO2− = 

−1.9 to −1.8 V)13-14 can facilitate the reduction of N2 to NH3 (Eq. 50 

2),  which, in turn, accounts for the high quantum yield in the 

TBA system. 

N2 + 6•CO2
− + 2H2O  2NH3+ 6OH− + 6CO2                           (2)  

  Fig. 3 further shows the role of indirect electron transfer caused 

by •CO2
− under a different reaction atmosphere. In a 4:1 N2/Ar 55 

system, most photo-generated electrons flowed directly to N2; 

thus, the reaction is generally regarded as a direct electron 

transfer process. The N2/O2 (4:1) system achieved the higher 

quantum yield, up to 36.0%, which was 2.15 times greater than 

that of the N2/Ar (4:1) system. These results are attributed to the 60 

role of oxygen, which can be reduced to •O2
− (EO2/•O2− = −0.284 

V vs. SHE)10 by electrons (ECB = −0.53 V). The generated •O2
− 

converts into •OH15 and quickly reacts with TBA to finally form 

•CO2
−. Figure S5 shows the concentration changes of H2O2 

during the reaction process, as measured using UV 65 

spectrophotometry. The amount of H2O2 produced was lowest for 

the TBA systems—almost 25% less than the amounts produced 

by the other systems. This finding may be related to the excellent  

•OH scavenging ability of TBA and to most of the H2O2 

produced in the TBA system converting into •OH and being 70 

quickly consumed during the reaction.14a Thus, we hypothesize  
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Fig. 3  Nitrogen photofixation efficiency of -Ga2O3 with 0.02 mol L−1 

TBA as a hole scavenger under different atmospheres. 

that the other indirect reaction pathways are as follows:  

O2 + e−   •O2
−                                                                          (3) 5 

2•O2
− + 4H2O  3H2O2 + 2OH−                                               (4) 

H2O2 + e−  •OH + OH−                                                           (5)  

OH− + h+  •OH                                                                        (6) 

•OH + TBA  •CO2
− + intermediates                                       (7) 

The N2/O2 (4:1) system was composed of direct and indirect 10 

electron transfer processes, in which the direct electron transfer 

accounted for 46.7% of the total amount of photocatalytic 

hydrogen storage and the indirect nitrogen fixation accounted for 

53.3%. 

Fig. S3 (ESI†) displays the distribution of intermediates during 15 

the hydrogen storage process via quadrupole time-of-flight mass 

spectrometry (Q-TOF-MS) of the TBA systems. Peaks 

corresponding to [N2H4+H]+ (33.0526 amu) and [TBA+H]+ 

(75.1243 amu) are clearly shown. When a 

xylene/aminobenzaldehyde UV spectrophotometry method was 20 

employed using a detection wavelength of 458 nm, N2H4 was 

also detected at a concentration of 1.30 × 10−6 mol L−1. The                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

generated N2H4 or NH3 was therefore reasonably presumed to 

react with carbonaceous intermediates to form isomers of 

C6H9NO (111.0246 amu) or other nitrogen-containing by-25 

products. A small amount of carbonaceous matter, such as 

C8H10O2 (138.0461 amu), was also detected; the matter may 

consist of dimers resulting from reactions between TBA and 

various free radicals. On the basis of the intermediate and final 

products, density functional theory (DFT) calculations were used  30 

to investigate the transition state and the intrinsic electron transfer 

pathways during the hydrogen storage process (ESI, Fig. S4 and 

Table S2†). According to Hoffman et al.,16 the possible 

intermediate states are •N2=N-, HN=N-, •HN-NH-, H2N-NH-, 

H2N-NH2, and •NH2, similar to our previous results.10 According 35 

to our previous report10, the reaction in nitrogen photofixation 

system mainly occurs on the catalyst surface, and the active H• 

derived from H2O on the surface of catalyst plays an important 

role, which is in accordance with rusina et al.’s research. As 

shown in Table S2† (ESI), the N-Ga distances range between 40 

1.961 and 2.667 Å, and the adsorption energies are all negative, 

indicating that these intermediates can be relatively stably 

adsorbed onto the catalyst surface. Therefore, these results 

suggest that the dominant nitrogen fixation steps occur on the 

surface of -Ga2O3 and that the electron transfer is caused 45 

directly by photo-generated carriers or indirectly by in-situ-

formed carbonaceous radicals. Because the N-Ga distances of 

H2N−NH2 and NH3 are slightly larger than that of several other 

intermediate states, they should tend to desorb from the surface of 

-Ga2O3. This hypothesis was verified by the detection of N2H4 50 

and NH3 in the suspension. In the transformation process from 

NNGa to H2N−NH2
Ga, the N-N bond length increases 

gradually from 1.159 to 1.464 Å and tends toward N−N 

separation, which is also confirmed by the generation of NH3. Fig. 

4 clearly shows the aforementioned intermediate conversion 55 

process during direct (1) and indirect (2) electron transfer 

pathways. 

 

 
 60 

Fig. 4  Speculated direct (1) and indirect (2) electron transfer pathways 

Conclusions 

In summary, a high quantum yield of nitrogen fixation, as high as 

36.1%, was achieved via the combined action of indirect electron 

transfer induced by in-situ-formed •CO2
− and direct electron 65 

transfer on the surface of photocatalysts. Furthermore, O2 

improved the efficiency of photocatalytic hydrogen storage 

instead of suppressing the conversion of N2 into NH3. This 

finding has important implications for future research related to 

nitrogen fixation for hydrogen storage systems. In our work, all 70 

the biomass-derivated alcohols, as scavengers, had more or less 

promoted the nitrogen fixation process. Other easily accessible 

biomass (e.g. glucide, aldehydesacids, and esters) will be our 

ongoing researching scavengers, which will give some hints 

about obtaining new green energy using electrons provided by 75 

pollutants during degradation. 
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