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Complete H2 release from ammonia-borane (NH3BH3, AB) in water 

was achieved by using a platinum-loaded TiO2 (Pt/TiO2) via two 

consecutive reaction steps, i.e., hydrolysis of AB and 

photocatalytic decomposition of thus formed NH3 in water, under 

inert conditions at 298 K. 

Recently, H2 storage materials and production systems have 

attracted many attentions in relation to the fuel cell systems.
1,2

 

Among the chemical H2 storage materials, ammonia-borane 

(NH3BH3, AB) having the multiple advantages (e.g. the high 

hydrogen content (19.6 wt%), the high stability as well as the 

solubility in water) is a promising solid H2 carrier.
3
 To release of 

H2 gas from AB, thermal decomposition above 373 K and 

catalytic hydrolysis under moderate conditions are well 

investigated.
1d,3,4

 The generation of H2 gas through the 

hydrolysis of AB can be expressed as eq. (1) in the presence of 

a suitable catalyst at room temperature. 

     NH3BH3  +  2H2O  →  NH4
+

(aq.)  +  BO2
-
(aq.)  +  3H2(g)      (1) 

The amount of H2 generated is limited to a H2/NH3BH3 ratio up 

to 3 in catalytic hydrolysis. In water, equilibrium process of 

BO2
-
 and H3BO3 (eq. (2)) as well as NH4

+
 and NH3 (eq. (3)) 

undergoes a rapid change between each other.
5
 

     H+  +  BO2
-
(aq.)  +  H2O  ⇔  H3BO3(aq.)      (2) 

     NH4
+

(aq.)  +  OH-  ⇔  NH3(aq.)  +  H2O          (3) 

The catalytic hydrolysis of AB under moderate conditions is 

intensively studied by many researchers for future applications 

in energy related issues, whereas there are difficulties in the 

recycling and disposal after release of H2 gas (eq. (1)).
6
 

 On the other hand, TiO2-based photocatalytic materials 

have attracted many attentions for solving environmental and 

energy issues.
7,8

 These materials are able to promote the 

synthesis of chemicals and production of clean energies.
9
 The 

complete decomposition of diluted organic molecules such as 

dyes and endocrine disruptors in water occurs on these 

materials by using various light sources.
9,10

 Photocatalytic 

transformation of nitrogen-containing chemicals such as NH3 

and related compounds in water has also been investigated for 

treatment of waste water.
11,12

 In aerobic conditions, N2, N2O, 

NO2
-
 and NO3

-
 are predominantly formed by the 

decomposition of NH3 in water.
11,12

 Meanwhile, the NH3 in 

water is photocatalytically decomposed to N2 and H2 under 

inert conditions, which has been investigated as a more 

environmentally benign process.
12

 In the present work, 

complete H2 release from AB in water was investigated by 

using a platinum-loaded TiO2 at 298 K under inert conditions, 

aimed at the treatment of the residual solution in hydrolysis of 

AB in water for H2 production and water purification. 

 The Pt-loaded samples with different crystalline structure 

of TiO2 were prepared by a photo-deposition method and 

denoted as Pt/TiO2(R), Pt/TiO2(A/R) and Pt/TiO2(A). The Pt-

loaded SiO2 (Pt/SiO2) was also prepared by an impregnation 

method. The Pt content of samples was adjusted to 0.2 wt%. 

 The specific surface area of samples and information about 

the deposited Pt was summarized in Table 1. Each 

commercially available oxide used as a Pt support was 

maintained its original surface area. Nano-sized Pt particles 

were formed on SiO2 and each TiO2, whereas there were some 

variations depending on the types of Pt supports. The average 

size of Pt was below 3.0 nm, indicating the formation of highly 

dispersed Pt particles. 

 Fig. 1(a-c) shows the time courses of H2 formation in the 

decomposition of AB on TiO2(A), Pt/SiO2 and Pt/TiO2(A) at 298 

K under dark and UV light irradiation. In the dark conditions, 

no H2 formation was observed on TiO2(A). Catalytic hydrolysis 

of AB occurred on Pt/SiO2 and Pt/TiO2(A). The mainstream for 

hydrolysis of AB is noble metal-, non-noble metal- and alloy-

loaded catalysts designed by using various catalysis 

supports.
1d,3

 The formation of H2 has ceased within 0.5 h under  
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Table 1. The specific surface area, as well as the dispersion, surface area and particle 

sizes of Pt metals. 

Sample 
SBET

a
  

/ m
2
·g

-1
 

Pt dispersion
b
 

/ % 

Pt surface 

area
b
 / m

2
·g

-1
 

Pt particle 

size
b
 / nm 

Pt/TiO2(A) 279 57 139 2.0 

Pt/TiO2(A/R)   51 43 105 2.7 

Pt/TiO2(R)   49 39   94 3.0 

Pt/SiO2(A) 302 81 197 1.4 

a Specific surface area calculated by BET method. b Determined by pulsed CO 

adsorption. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1 Time courses of H2 formation in the decomposition of AB in water on (a) TiO2(A) 

(open circles), (b) Pt/TiO2(A) and (c) Pt/SiO2 at 298 K. Inset: time courses of H2 

formation on (d) Pt/TiO2(A) and (e) TiO2(A) under UV light irradiation. 

present conditions. The amount of H2 formed showed good 

correspondences with the estimated value from eq. (1) and 

the initial amount of AB in water, which was also almost same 

even after keeping for 2 h in the dark. The molar ratio (H2/AB) 

was achieved about 3. The pH of this solution was ca. 9.2, 

which was similar to that of aqueous NH3 solution (pH 9.8) and 

of the properly mixed solution of NH3 and H3BO3 (pH 9.4). 

 Under UV light irradiation, the H2 formation was observed 

on Pt/TiO2(A) in proportion to the reaction time, whereas the 

amount of H2 was almost same in the case of Pt/SiO2 (Fig. 

1(b,c)). No catalytic activity of Pt/SiO2 was observed in the 

release of H2 from the residual solution in hydrolysis of AB. The 

formation of H2 on Pt/TiO2(A) was completed after UV light 

irradiation for 4 h. The amount of H2 formed was equivalent to 

the 1.5 times of NH4
+
 (eq. (1)) exist in the residual solution in 

hydrolysis of AB. UV light irradiation was scarcely affected to 

hydrolysis of AB, and thus the total amount of H2 formed was 

achieved to almost same value without the separation of two 

reactions (Fig. 1(d)). The small amount of H2 formation was 

also observed in TiO2(A) under UV light irradiation (Fig. 1(e)). 

 As shown in eq. (3), NH4
+
 and NH3 exist in equilibrium. The 

photocatalytic decomposition of aqueous NH3 to H2 and N2 has 

also been reported under inert conditions.
11,12

 Aqueous NH3 is 

mainly decomposed to H2 and N2 in a nearly stoichiometric 

molar ratio (eq. (4)). 

       2NH3(aq.)  →  3H2(g)  +  N2(g)      (4) 

Fig. 2 shows the time courses of gases evolved from the 

residual solution in hydrolysis of AB on Pt/TiO2(A) under UV 

light irradiation. The increases in the amount of H2 and N2 

formed was directly proportion to irradiation time. The molar 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2 Time courses of gases (H2 and N2) evolved, as well as the molar ratio of them in 

the treatment of the residual solution in hydrolysis of AB on Pt/TiO2(A) at 298 K under 

UV light irradiation. 

ratio calculated by eq. (5) was determined to be ca. 1.0 at a 

certain time interval. 

Molar ratio = (Amount of H2 formed) / 3(Amount of N2 formed) (5) 

These results clearly indicated that the H2 and N2 were 

stoichiometrically produced from the residual solution in 

hydrolysis of AB through the photocatalytic decomposition of 

NH3 in water. The pH was gradually decreased during the 

formation of H2 and N2. These results clearly indicated that the 

complete H2 release was successfully achieved via two 

consecutive reaction steps according to eq. (1)-(4). 

 Fig. 3 shows the pH of solution and amount of H2 formed in 

the photocatalytic decomposition of NH3 in water. The 

photocatalytic performance was dramatically affected by the 

pH of solution, depending on the kinds of reagents (Fig. 3(a,c)). 

The amount of H2 formed decreased with decrease in the pH 

of a solution. The large increase in the number of NH4
+
 in 

water by the protonation of NH3 results in the lower 

photocatalytic performance. The surface of TiO2 also has a 

positive charge at low pH region, which is other reason for 

changing the photocatalytic performance.
12b,c

 In the treatment 

of the residual solution in hydrolysis of AB, the amount of H2 

formed become slightly small as compared to that of pure NH3 

solution due to the co-existence of H3BO3 (Fig. 3(a,d)). The 

properly mixed solution of NH3 and H3BO3 also showed slightly 

small amount of H2 formed (Fig. 3(b)). This result corresponds 

to the changes in the pH of solution. The residual solution in 

hydrolysis of AB has a relatively high pH (ca. 9.2) and is thus  

 

 

 

 

 

 

 

 

 

 

 
Fig. 3 Relationship between pH of solution ((a) aqueous NH3, (b) mixture of aqueous 

NH3 and H3BO3, (c) aqueous (NH4)2SO4, (d) residual solution in hydrolysis of AB, (e) 

aqueous H3BO3) and the amount of H2 formed (reaction time: 1 h). 
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Fig. 4 Amount of H2 formed in the hydrolysis of AB (A) and photocatalytic reaction for 

treatment of the residual solution in hydrolysis of AB under UV light irradiation (B) on 

each sample ((a) Pt/TiO2(A), (b) Pt/TiO2(A/R) and (c) Pt/TiO2(R)). 

possible to release H2 by photocatalytic reaction. No formation 

of H2 was also observed in the pure H3BO3 solution (Fig. 3(e)). 

 The effect of types of TiO2 was investigated in these 

reaction systems. In the hydrolysis of AB at 298 K, formation of 

H2 was clearly observed in each sample (Fig. 4(A)). No 

induction period was observed, and H2 was stoichiometrically 

formed during the reaction period in all samples. Pt/TiO2(A/R) 

and Pt/TiO2(R) had almost similar surface area of TiO2 and Pt 

particle size, and showed comparable catalytic performance. 

The higher catalytic performance of Pt/TiO2(A) might be 

attributed to a large surface area of TiO2 and the small size of 

deposited Pt particle on TiO2. Fig. 4(B) shows the amount of H2 

formed in the treatment of the residual solution in hydrolysis 

of AB at 298 K under UV light irradiation. Among the evaluated 

samples, Pt/TiO2(A), having a relatively high surface area, 

exhibited a good photocatalytic performance. The crystalline 

structure, crystallinity and other properties of TiO2 strongly 

affects the photocatalytic performance in reactions. In 

previous studies related to the photocatalytic decomposition 

of NH3 in water, reaction rate is also mainly influenced by the 

surface area of TiO2.
12b,c

 Adsorption of NH3 on TiO2 surface 

might be important for more efficient decomposition at 

relatively high pH region. On the other hand, negligible 

photocatalytic activity of Pt/TiO2(R) was observed in this 

reaction system. The rutile phase of TiO2 is insufficient for 

formation of H2 due to the low level of conduction band 

position. It was also reported that the rutile phase of TiO2 

generally shows lower photocatalytic activity than anatase 

phase of TiO2.
13

 As a consequence, a good catalytic and 

photocatalytic performance are realized on Pt/TiO2(A) having a 

relatively large surface area and small Pt particles. 

 In summary, Pt/TiO2(A) enables the complete H2 release 

from an aqueous AB solution via two consecutive reactions 

under inert conditions at 298 K. Formation of H2 through the 

hydrolysis of AB easily occurred on Pt-loaded catalysts, 

whereas the decomposition of thus formed NH3 in water was 

not so easy. Stoichiometric production of H2 and N2 from NH3 

in the residual solution of hydrolysis of AB was successfully 

achieved by using a photocatalytic property of Pt/TiO2(A) at 

298 K under UV light irradiation. Photocatalytic reaction is one 

way for treatment of residual solution in hydrolysis of AB in 

water for H2 production and water purification. 

 This study was partially supported by a Grant-in-Aid for 

Scientific Research (KAKENHI from the Ministry of Education, 

Culture, Sports, Science and Technology (MEXT), Japan (No. 

26420786). 
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