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Note S1. H2 amount calculations and gaseous reaction products 

H2 amount calculations 

The temperature and pressure of the gas in the milling vessel were tracked in situ during 

milling, with measurements acquired every second. Using the measured pressure P(T, t) and 

temperature T of the gas at milling time t, the water vapor pressure 𝑃ୌమ୓(T, t), the Ar partial 

pressure PAr(T, t), and the equation of state for an ideal gas, the amount of H2 was quantified: 

𝑃ୌ₂ሺ𝑇, 𝑡ሻ ൌ 𝑃ሺ𝑇, 𝑡ሻ െ 𝑃ୌమ୓ሺ𝑇, 𝑡ሻ െ 𝑃୅୰ሺ𝑇, 𝑡ሻ      (S1) 

𝑃ୌమ୓ሺ𝑇, 𝑡ሻ was determined from T measured at milling time t and the Tetens equation1: 

𝑃ୌమ୓ሺ𝑇, 𝑡ሻ ൌ 6.1078 ൈ 10
ళ.ఱሺ೅షమళయ.భሻ

ሺሺ೅షమళయ.భሻశమయళ.యሻ       (S2) 

PAr(T, t) was determined for the use of Ar as the ambient gas when the vessel containing the 

metal was placed in a glove box: 

𝑃୅୰ሺ𝑇, 𝑡ሻ ൌ ௡ఽ౨ோ்

௏
          (S3) 

𝑛୅୰ ൌ ௉ఽ౨௏

ோ்ౢ౗ౘ
           (S4) 

where nAr is the molar amount of Ar, R is the molar gas constant, V is the volume of the vessel 

(52.8 mL), PAr is the pressure of Ar in the glove box (0.101 MPa), and Tlab is the temperature 

of the laboratory (296.3 K). The amount of H2 was calculated according to 𝑃ୌ₂(T, t) using 

𝑛ୌమ
ൌ

௉ౄమሺ்,௧ሻ௏

ோ்
          (S5) 

 

Gas content of the vessel  

Fig. S1 shows typical results for the analysis of the gas content in the milling vessel during 

the mechanochemical Ti–water reactions. The data shown corresponds to that presented for 

the Ti–water reaction in Fig. 1C. Each gas pressure value was obtained from in situ 

measurements of the total pressure P(T, t) and temperature T(t) in the milling vessel, using 

Eqn (S1)–(S3), as described above.  
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Fig. S1. Gas content of the vessel. The data shown corresponds to that shown for the 
mechanochemical Ti–water reaction in Fig. 1C. 
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Note S2. Gas chromatography of mechanochemical metal–water 

reactions  

Fig. S2 shows a schematic diagram of the gas collection system. This system was purpose-

built to analyze the gas generated by the mechanochemical metal–water reactions. The system 

consists of a gas sampling bag (GL science, smart bag PA CEK-0.1), vacuum pump, valves, 

and stainless-steel tubes. The measurement procedure is now described. First, the air in the 

tubes and the sampling bag is evacuated by the vacuum pump. Second, the generated gas in 

the milling vessel is released into the bag. Third, a 100-µL gas volume is collected using a 

microsyringe and injected into a gas chromatography (GC) instrument (SHIMADZU, GC-

2014). The GC instrument is equipped with a thermal conductivity detector (TCD) and used 

with either high-purity Ar or He as the carrier gas. A packed column (SHINCARBON ST, 2 

m length, 3 mm diameter) is used, and the column flow rate is set to 30 mL min−1. The 

column temperature is set to 40 °C and the vaporizer/detector temperature to 120 °C (for Ar) 

or 100 °C (for He). 

 

 

Fig. S2. Schematic diagram of the gas collection system. The system was designed and 
constructed specifically for the purpose of gas chromatographic analysis of the gases 
generated during the mechanochemical metal–water reactions. 
 

Ar and He carrier gases were chosen for the analysis of H2 and the other gases, respectively. 

This is because the TCD offers a high signal-to-noise ratio when the difference in the thermal 

conductivities of the sample and carrier gas is large. We considered all of the gases that might 

possibly have been produced by the mechanochemical metal–water reactions with milling 

media made of either tungsten carbide (WC), stainless steel (SUS), or ZrO2; the retention 

times of these gases—H2, O2, N2, CH4, CO2, and CO—are listed in Table S1.  
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The use of He as the carrier gas allows the detection of polyatomic molecules (i.e., CO, CO2, 

and CH4) with high sensitivity, but the sensitivity of H2 detection with this carrier gas is low. 

In contrast, the use of Ar as a carrier gas allows the detection of H2 with high sensitivity and 

polyatomic molecules (i.e., CO, CO2, and CH4) with low sensitivity; the different GC 

sensitivities are listed in Table S2. 

To quantify the gas concentrations, we prepared a calibration curve, using the linear 

relationship between the gas concentration and signal intensity, for six standard gases: H2, O2, 

N2, CH4, CO2, and CO. As a result, we verified the purity of the generated gas as >99% H2. In 

addition, small amounts of O2 and N2 (air contamination) were observed, but CO2 and CO 

were not observed, and the CH4 gas concentration was <0.8% (Fig. S3).  

 

 

Fig. S3. GC data for gas generated by the mechanochemical Ti–water reaction. We carefully 
checked the signal for all the possible minor gases that might exist in the reaction vessel; He 
was used as the carrier gas to facilitate their detection. A small amount of CH4 (<0.8%) and 
no CO2 or CO were detected. The GC experiments were conducted using the WC milling 
medium, with 3.5 h of milling at 400 rpm.  
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Note S3. Induction period in mechanochemical reactions of Al and Zn 

systems  

The H2 production vs. time profiles of the mechanochemical reactions between water and Al 

or Zn include inflection points (Fig. 1E and F). This feature, observed only for the Al and Zn 

systems, was attributed to a so-called induction period2: the H2 production rate was initially 

slow, and it gradually accelerated with time during the reaction, with the inflection point 

appearing subsequently, at the time when almost all the reactant metal placed in the vessel 

had been consumed by the reaction. In contrast, the other metals had H2 production rates that 

were initially high and gradually decreased with time as the reactant metal was consumed. 

The induction period (induction time) is a well-established and important concept in H2 

production and has been frequently observed for many metal–water reactions.2 Specifically, 

the H2 production rate at the initial reaction stage is slow because the surface of the metal is 

covered by a passivation layer. In order to minimize the induction period, researchers have 

performed various pretreatments, such as the use of additives or alkaline solutions, increasing 

the surface area via particle size reduction, and alloy formation.2−6 However, the 

mechanochemical metal–water reaction in the present study did not require any pretreatments 

owing the fact that mechanical milling and the reaction occurred simultaneously (Fig. 1E and 

F). In contrast, it is well-known that for Al and Zn, a passivation layer is easily formed, and a 

particularly long induction time is seen in reactions involving Al.2 Moreover, since Al and Zn 

are soft metals with high ductility, cracks and defects, which promote the reaction with water, 

are not produced in large numbers during mechanical milling. As a result, in the Al and Zn 

systems, H2 production was hindered even during mechanical milling with water; thus, these 

reactions were delayed, and hence long induction periods were observed (Fig. 1E and F).  
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Note S4. H2 production and products of other metal–water reactions 

The H2 production yields of all the metals investigated in the present study are listed in Table 

1. As shown in Fig. 1F, for Ti, extraordinary H2 production occurred, unlike the other metals, 

for which the H2 production yields were in the range of 20–100%. It should be emphasized 

that under standard-state conditions [i.e., 25 °C and 105 Pa (1 atm)], none of the hydrogen-

producing metal–water reactions we examined in this study proceed easily because the 

passivation layer on the metal surfaces significantly hinders the reaction with water, and 

hence the resultant H2 production is negligible. Therefore, to generate H2 by reacting metals 

with water, metal pretreatments (additives, alkaline solutions, increasing the surface area via 

particle size reduction, alloy formation, and so on) are usually required.2–6 However, the 

mechanochemical reactions in the present study efficiently produced H2 from water without 

any pretreatment. This is because the milling process and reaction occurred simultaneously in 

water, destroying the passivation layer and increasing the surface area of the metal; this 

allowed the reaction to proceed in localized regions of high temperature T and pressure p at 

the sites of impact between colliding milling balls. Thus, the main focus of our study was the 

mechanochemical reaction between Ti species and water. However, with the aim of obtaining 

a clearer understanding of this specific mechanochemical metal–water reaction and its H2 

production, the other mechanochemical metal–water reactions were analyzed. Brief overviews 

of the results for the reaction of each metal are now presented. 

 

Al system 

Al does not easily react with water under standard-state conditions because a passivation layer 

is immediately formed on the Al surface, which prevents the reactants from accessing the 

metal surface.2–6 However, the hydrogen-producing reaction between Al and water is the most 

well-studied system among the metal–water systems covered in the present study, and several 

review articles on this topic, including the exploration of the use of additives and/or alkaline 

water and alloying to promote the reaction, have been published.3,5,6 Based on these studies, 

the overall reaction can be described in terms of the three reaction processes [Eqn (S6)–

(S8)]2,3:  

Al + 3 H2O → Al(OH)3 + 3/2 H2        (S6) 

Al + 2 H2O → AlO(OH) + 3/2 H2        (S7) 

Al + 3/2 H2O → 1/2 Al2O3 + 3/2 H2        (S8) 
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The results of DFT calculations indicate that the stabilities of the different forms of aluminum 

oxides and hydroxides are dependent on temperature T, with Al(OH)3, AlO(OH), and Al2O3 

being formed at T < 280 °C, 280 °C < T < 480 °C, and T > 480 °C, respectively.7 Note that all 

the reactions in Eqn (S6)–(S8) generate the same amount of H2 using the same amount of Al.  

In the present study, we measured the XRD patterns of the solid products of the 

mechanochemical Al–water reactions performed using a revolution velocity of 400 rpm. For 

the Al system, the XRD pattern is shown in Fig. S4A, and the peaks in the pattern were 

assigned to three species. Since the diffraction pattern was dominated by the Al(OH)3 peaks, 

we conclude that the reaction in Eqn (S6) was dominant, and hence this reaction was listed 

along with the other metal–water reactions in Table 1. However, Fig. S4A also demonstrates 

that three species were formed as solid reaction products. This indicates that the 

mechanochemical Al–water reactions proceed at local temperatures of ~480 °C. In addition, 

in this study, the mechanochemical reactions occurred in a high-energy ball mill, and local 

temperatures and pressures during collision impact between milling balls were calculated to 

be in the ranges of 300–1000 °C and 2–12 GPa, respectively, at revolution velocities of 100–

800 rpm (Fig. 4A and B). The experimental XRD results and theoretical calculations revealed 

that the mechanochemical Al–water reaction proceeded at a high temperature (~480 °C) and 

pressure (>2 GPa). This thermodynamic state corresponds to supercritical water (Tc = 374 °C, 

Pc = 22.1 MPa), and hence we conclude that this exists at the sites of impact between milling 

balls. 

 

Zn system 

Zinc does not easily react with water at room temperature owing to the formation of a surface 

passivation layer, and small amounts of H2 are produced by reacting this metal with warm 

water [Eqn (S9)].  

Zn  + 2H2O → Zn(OH)2 + H2  in warm water     (S9) 

Zn  + H2O → ZnO + H2   >250 °C     (S10) 

Thus, there are very few papers reporting research into H2 production as a result of the 

reaction between zinc and water.8 However, many valuable studies have been conducted on 

H2 production via Zn hydrolysis, i.e., the reaction between Zn and steam. This reaction 

requires harsh conditions, which can be realized via solar thermochemical processing.8−11 

Specifically, a slow reaction between Zn and steam occurs at temperatures of >250 °C. The 

reaction rate increases sharply above 400 °C, and the reaction proceeds vigorously, causing 

the release of additional exothermic heat from the powdered reactant.8 In addition, there have 
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been many reports of H2 production via solar thermochemical water splitting in a Zn/ZnO 

system; at high temperatures (>1700 °C) and under dry conditions, ZnO is decomposed into 

Zn and O2, efficiently reacting with steam [Eqn (S10)] at a temperature of ~700 °C to produce 

H2.9−11 Thus, Zn can be used to produce H2 at high temperatures (>400 °C).   

In the present study, we performed XRD on the solid products of the mechanochemical Zn–

water reactions, and the resulting ZnO diffraction patterns are shown in Fig. S4B. Thus, it was 

confirmed that Eqn (S10) proceeded in the mechanochemical vessel, and hence this reaction 

was listed among the metal–water reactions in Table 1. In addition, the mechanochemical 

reactions occurred in a high-energy ball mill, and local temperatures and pressures during 

collisions between milling balls, at the sites of impact, were calculated to be in the ranges of 

300–1000 °C and 2–12 GPa, respectively, at revolution velocities of 100–800 rpm (Fig. 4A 

and B). Based on the experimental XRD results and theoretical calculations, we conclude that 

the mechanochemical Zn–water reaction proceeded at a high temperature (>400 °C) and 

pressure (>2 GPa). These thermodynamic conditions at the collision impact sites between 

milling balls correspond to water existing in a supercritical state (Tc = 374 °C, Pc = 22.1 

MPa). 

 

Fe system 

The steam–iron process is one of the oldest methods for producing H2, and the reaction is a 

cyclic redox process in which coal and water are typically used as the reagents.12 In addition, 

it is well-known that iron reacts vigorously with steam at high temperatures, with the 

formation of iron oxide and H2 [Eqn (S11)].12,13  

Fe + 4/3 H2O → 1/3 Fe3O4 + 4/3 H2  in steam     (S11) 

According to a thermodynamic study, this reaction proceeds at temperatures of >157 °C.12 

The same reaction has also been used to explain H2 production via thermochemical water 

splitting or steam–iron processes at high temperatures.12  

In the present study, we acquired the XRD pattern of the solid products of the 

mechanochemical Fe–water reactions, and Fe3O4 diffraction peaks were observed (Fig. S4C). 

Thus, the reaction in Eqn (S11) was listed in Table 1 among the metal–water reactions, and 

we can also conclude that, like the above-discussed Al–water and Zn–water reactions, the 

mechanochemical Fe–water reaction proceeded in localized high-temperature regions at the 

sites of impact between milling balls.  
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Mn system 

An inorganic chemistry textbook14 states that “Manganese reacts with warm water to give 

Mn(OH)2 and H2.” Another inorganic chemistry textbook13 explains that “Mn is more reactive 

than its neighbors in the periodic table. It reacts slowly with H2O, liberating H2.” However, 

there are very few mentions in the literature of H2 production as a result of the reaction 

between Mn and water and/or steam. Specifically, only a single paper reporting H2 production 

owing to the reaction of Mn with water15 has been published, to the best of our knowledge. 

According to the authors of that study, Mn efficiently generates H2 when reacted with steam 

at 200 °C and 2.0 MPa, but the chemical equation of the reaction is not given.  

In contrast, several thermochemical studies on H2 production using manganese oxides, rather 

than metallic manganese, have been published. In these experiments, H2 was generated by 

cyclic reactions between water and manganese oxides (i.e., Mn2O3/MnO, Mn3O4/MnO) in the 

presence of Na2CO3 or NaOH.10,16 However, as far as we are aware, there have been no 

reports published on thermal water splitting using metallic manganese.  

Based on the thermodynamic equilibrium of manganese oxides in an inert gas environment, it 

can be concluded that different manganese oxides are formed at different temperatures: 

MnO2, Mn2O3, Mn3O4, and MnO are formed at 500–900, 500–1500, 500–1600, and 700–

1900 °C, respectively.16 Assuming these products are generated by reactions with steam at 

high temperature, the details of the reactions are as follows: 

Mn + 2 H2O → MnO2 + 2H2   in steam     (S12) 

Mn + 3/2 H2O → 1/2 Mn2O3 + 3/2 H2  in steam     (S13) 

Mn + 4/3 H2O → 1/3 Mn3O4 + 4/3 H2  in steam     (S14) 

Mn + H2O → MnO + H2    in steam     (S15) 

XRD patterns of the solid products of the mechanochemical Mn–water reactions were 

obtained, and diffraction peaks were assigned to Mn3O4 (β-Mn3O4) and MnO2 (λ-MnO2) (Fig. 

S4D). The former is a commonly occurring phase, for which there is an abundance of 

electrochemical redox data, whereas the latter phase is rare, and its electrochemistry is not 

well characterized. In addition, it has been reported that Mn3O4 is thermodynamically 2–5 

times more stable than MnO2 at high temperatures (500–1300 °C).16 By considering the 

observed XRD pattern and literature thermodynamic data, we concluded that the reaction 

producing Mn3O4  [Eqn (S14)] was the principal reaction occurring in the ball mill, and hence 

this was listed in Table 1 among the metal–water reactions. However, considering the 

temperature at which Mn3O4 and MnO2 are formed (500–1600 °C)16 and the calculated local 

temperature range (Fig. 4B), as well as the XRD results, it is clear that MnO2 was formed, 
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alongside Mn3O4, in the milling vessel. In conclusion, the mechanochemical Mn–water 

reaction also proceeded in localized high-temperature regions at the sites of impact between 

milling balls. 

 

Sn system 

There are very few mentions in the literature of H2 production as a result of the reaction 

between Sn and water. One textbook states: “Tin is unaffected by water, and it reacts with 

steam to give tin dioxide and hydrogen” [Eqn (S17)].13 

Sn + H2O → SnO + H2  in steam       (S16) 

Sn + 2H2O → SnO2 + 2H2  in steam      (S17) 

However, there are several reports of H2 production via thermochemical water splitting using 

this metal. Namely, a SnO2/SnO thermochemical cycle with steam produced H2 at a 

temperature of >350 °C [Eqn (S16) and (S17)], and the branching ratios changed with the 

heating temperature.17,18  

In the present study, among all the metal–water reactions studied, the mechanochemical Sn–

water reactions produced the smallest amount of H2 (Fig. 4B). We acquired XRD 

measurements of the solid products of the mechanochemical Sn–water reactions (Fig. S4E), 

but almost all the diffraction peaks were assigned to Sn. This is because the thermochemical 

Sn–water reaction is inefficient, as concluded by the authors of a previous study.15 

Specifically, the reaction between Sn and steam generating H2 is less reactive than that 

involving Al at 200 °C, producing a gas amount 30 times lower. One reason for this low H2 

production yield could be the low standard Gibbs energy for the reaction (Fig. 2D). 

 

Sample preparation procedures for XRD measurements 

After the mechanochemical reactions, the slurries in the vessel were collected by 

centrifugation at 7830 rpm for 20 min (Centrifuge 5430, Eppendorf), and the obtained 

precipitates were dried at 35 °C overnight before the XRD measurements were acquired with 

Cu Kα radiation (40 kV, 50 mA; SmartLab SE, Rigaku, Japan). For these measurements, a 

sample-holder plate made from nonreflecting silicon, custom-designed to guarantee a 

background-free signal, was used.  
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Fig. S4. XRD patterns of products of the mechanochemical metal–water reactions. Patterns 
for the products of the reactions between water and A Al, B Zn, C Fe, D Mn, and E Sn. The 
reagents were 4 mmol of Al, Fe, Mn, or Sn, or 2 mmol of Zn, and 10 mL of distilled water. 
The mechanochemical Al–water and Zn–water reactions were performed using the SUS 
milling medium, and the other reactions were performed using the WC milling medium. In 
each case except for the reaction with Sn, the revolution velocity was 400 rpm and the 
reaction time was 60 min; for the mechanochemical Sn–water reaction, which was less 
efficient, the reaction time was extended to 900 min. After the mechanochemical reaction, the 
obtained slurry was centrifuged. The dried powder was used as a sample for the XRD 
measurement with Cu Kα radiation. The bar XRD patterns of the standard materials were 
generated using powder diffraction data from the International Centre for Diffraction Data 
(ICDD) database, and the numbers embedded in each data indicate the ICCD PDF of their 
crystal structures. 
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Note S5. Mechanochemical reactions between tungsten or WC and 

water 

We verified that H2 is produced by the mechanochemical reaction between tungsten (W) and 

water (Fig. S5). In addition, to observe H2 production owing to the reaction between the 

milling media (WC) and water, we performed milling with only the WC balls and water in the 

WC vessel, as shown in Fig. S6. The amounts of H2 produced in the former and latter cases 

were small (13% and 7%, respectively, of that produced by the Ti–water reaction). Thus, it 

was verified that W-based materials were not directly responsible for the extraordinary 

amount of H2 produced by the Ti–water reaction (Fig. 1E). Moreover, the amount of H2 

produced when the SUS milling balls and water, without any other reactant, were subjected to 

the mechanical treatment in the SUS vessel (black line in Fig. S6) was even smaller; it was 35 

times lower than the amount of H2 produced in the presence of Ti [compare Fig. S6 (0.4 

mmol) and Fig. 1E (14 mmol) at 600 min]. To facilitate comparison, the ranges of the vertical 

axes in Fig. S5 and S6 are the same as those used for the right vertical axis of Fig. 1E. 

 

Fig. S5. H2 production during the mechanochemical reactions between W and water. The 
milling medium was WC, and the revolution velocity was 400 rpm. 

 

Fig. S6. H2 production during the mechanochemical reactions between the milling media and 
water. This data can be considered background signals for H2 production reactions performed 
using each specific milling medium. The revolution velocity was 400 rpm.   
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Note S6. Repeatability of the extraordinary H2 production 

To evaluate the repeatability of the extraordinary H2 production of the mechanochemical Ti–

water reactions, we repeated the reaction, and it was verified that the differences in the H2 

yields of the different repeats was <10%. In addition, when different graduate students 

conducted mechanochemical Ti–water reactions at different times over the course of several 

years, the resulting data were always similar, with extraordinary H2 production being 

observed on each occasion. Several of these results are displayed in Fig. S7. 

 

 

Fig. S7. Verification of the repeatability of the mechanochemical Ti–water reactions.  
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Note S7. Gas chromatogram of the mechanochemical TiO2–water 

reaction products 

Fig. S8 shows the GC data for the gas generated by the reaction between TiO2 and water 

using the WC milling medium. A small amount of CH4 was observed (<1%), but CO2 and CO 

were not detected. For this measurement, He gas was used as the carrier gas because 

polyatomic molecules can be detected with high sensitivity using this gas, as explained above 

(Note S2). 

 

 

Fig. S8. GC data for the gases generated by the mechanochemical TiO2–water reaction. Using 
He as the carrier gas, a small amount of CH4 (<1%), and no CO2 or CO, was detected. The 
mechanochemical reactions in this case were conducted using the WC milling medium with 
water at 400 rpm after 10 h of milling. 
  



  

S17 
 

Note S8. H2 production characteristics of the mechanochemical Ti–

seawater reactions 

The H2 production behaviors of the mechanochemical reactions between Ti and distilled 

water or seawater did not differ significantly (Fig. 1J). Similar behavior was observed for the 

reactions between Mg and various aqueous salt solutions, with differences in this case being 

attributed to the properties of the salts.19 Specifically, the H2 production behaviors of the 

reactions between Mg and distilled water, aqueous NaCl, or aqueous KCl were found to be 

very similar. However, the amounts of H2 produced by the reactions between Mg and either 

aqueous MnCl2, aqueous NiCl2, or aqueous AlCl3 were 5, 7, and 8 times greater, respectively, 

than that produced by the Mg–distilled water reaction.19 These differences were attributed to 

the ability of the cation species of each salt to hinder the formation of a passivation layer. As 

this idea is very interesting, a detailed investigation to test the hypothesis in the near future 

would be valuable. 

 

Cl Analyses during mechanochemical Ti–seawater reactions 

To investigate the fate of the salts in the seawater during the mechanochemical Ti–seawater 

reaction, we monitored the amount of Cl− in the aqueous NaCl as a function of milling time. 

Aliquots of the solution (1 mL) were taken from the milling vessel at intervals during the 

mechanochemical reaction, and the amount of Cl− in the solution was quantified via 

conventional titration, using 0.01 M aqueous AgNO3, with AgCl being observed as a white 

precipitate. The color change to red of an indicator reagent (K2CrO4, 5 wt.%) was used to 

quantify the total amount of Cl− in the sample solution with the formation of Ag2CrO4. The 

obtained results are shown in Fig. S9. The blue and gray lines represent the Cl− concentrations 

measured in the titration experiments and calculated Cl− concentrations, obtained for the use 

of seawater for H2 production, respectively. The experimental data are in good agreement 

with the calculated data. In addition, no decrease in the Cl− concentration was observed. 

Therefore, we can conclude that chlorine remained in the solution in the vessel as Cl−, and Cl2 

gas was not emitted as a result of the mechanochemical Ti–seawater reaction. 
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Fig. S9. Cl analyses during mechanochemical Ti–seawater reactions. The Cl− and NaCl 
concentrations were obtained from titration measurements and calculations, respectively, as 
functions of the milling time. The error bars represent the standard deviations of three 
measurements acquired at each time during the reaction (milling time). 
 

Next, we measured the FTIR spectra of the solid products of the Ti–water reaction to 

determine whether or not TiClx products were formed. In addition, we compared these results 

with the FTIR spectra of the solid products of the mechanochemical Ti–seawater and Ti–

distilled water reactions performed under the same milling conditions. The motivation for this 

comparison was to understand the fate of the salts present in the seawater during the 

mechanochemical Ti–seawater reaction from the viewpoint of solid products. The 

experimental procedures are described in the next paragraph. Fig. S10 shows the FTIR spectra 

of the solid products of 1-, 3-, and 5-h mechanochemical Ti–seawater and Ti–distilled water 

reactions (red lines). These results indicate that the solid products consisted of titanium oxide 

(TiO2) and WO3 mixtures. Thus, it was verified that mechanochemical Ti/TiOx–distilled water 

and Ti/TiOx–seawater reactions produced TiO2 and WO3 via catalytic cycles. In addition, note 

that a strong, narrow FTIR band at approximately 500 cm−1 is characteristic of TiClx,20,21  but 

this signal was not observed in our spectra. Moreover, the FTIR spectra of the 

mechanochemical Ti–seawater reaction products were in good agreement with those of the 

mechanochemical Ti–distilled water reaction products. Therefore, TiClx (x = 1–4) compounds 

were not formed in the present experiments. This is unsurprising, given that TiClx is known to 

be unstable, immediately decomposing by reacting with moisture in the air; hence, its 

coexistence with water in the milling vessel is improbable.  
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Sample preparation procedures for FTIR measurements 

FTIR absorption spectroscopy (FT/IR-4200, JASCO, Japan) was used to measure the IR 

spectra of the samples and several standards. To prepare the samples for these measurements, 

after the mechanochemical reactions, the slurries in the vessel were collected by 

centrifugation (Centrifuge 5430, Eppendorf) at 7830 rpm for 20 min, and the obtained 

precipitates were dried in preparation for the FTIR measurements. Since the measurements 

were conducted using the diffuse reflectance method, the dried precipitates were ground with 

KBr powder using a mortar and pestle. Each IR spectrum was measured three times to obtain 

averaged spectral data (Fig. S10). As reference data, we measured the FTIR spectra of Ti, 

TiO2, Ti2O3, TiO, WC, and WO3 powders, all of which were used as received. Thus, these 

standard FTIR spectra were used to characterize the solid products of the mechanochemical 

Ti–seawater and Ti–distilled water reactions.   
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Fig. S10. FTIR spectra of solid products and standard samples. FTIR spectra of 
mechanochemical Ti–seawater and Ti–distilled water reaction products (red lines). The 
samples were prepared from the solid products of 1-, 3-, and 5-h reactions. For clarity, several 
standard samples were purchased and used as received for similar measurements (blue lines). 
K/M is the Kubelka–Munk absorption coefficient, i.e., the absorbance as measured by the 
diffuse reflectance method. 
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Note S9. Raman and XPS spectra of WO3 

Fig. S11 shows the Raman spectra of the products of the mechanochemical Ti–water (red 

line) and WC–water (black line) reactions carried out using the WC milling medium; a 

milling time of 10 h was used in each case. Four WO3 Raman bands can be identified: the W–

O–W bending mode [i.e., δ(W–O–W)] at 270 cm−1, W–O–W stretching modes at 700 and 810 

cm−1 [i.e., ν(W–O–W)], and the W=O stretching mode at 960 cm−1 [i.e., ν(W=O)]. These 

Raman bands were assigned based on literature results.22,23 The TiO2 Raman bands are 

located at 400, 520, and 640 cm−1, and these contributed a broad increase in intensity to the 

spectrum of the products of the mechanochemical Ti–water reaction (red line in Fig. S11). 

The spectra were acquired using a Horiba Jobin Yvon HR800 Raman spectrometer and an 

excitation wavelength of 632.8 nm.  

 

 

Fig. S11. Raman spectra of products of the mechanochemical Ti–water reaction performed 
using the WC milling medium. The reaction was conducted at a revolution velocity of 400 
rpm. Assignments for the WO3 Raman bands observed in the spectrum are overlaid on the 
plot. 
 
 
 
  



  

S22 
 

Fig. S12 shows the X-ray photoelectron spectroscopy (XPS) spectra of the products (samples 

1−4) of the mechanochemical Ti–water (Fig. S12a,b) and TiO2–water (Fig.S12 c,d) reactions 

carried out using the WC milling medium; a reaction time of 8 h or 3h was used in each case. 

Each spectrum (W 4d) shows WO3 bands, and longer reaction times gave higher relative ratio 

of WO3 bands. The spectra were acquired using a spectrometer (Kratos Ultra2, Shimadzu) and 

an excitation X-ray of monochromatic AlKα. 

 

Fig. S12. XPS spectra (W 4d) of products of the mechanochemical (a, b) Ti–water and (c, d) 
TiO2−water reactions performed using the WC milling medium. The reactions were 
conducted at a revolution velocity of 400 rpm. WO3 bands are observed in all spectra, and 
their binding energy (BE) and relative ratio are listed in tables as inset. 
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Note S10. H2 produced by milling Ti and WC powders together with 

water using ZrO2 milling medium 

We investigated the mechanochemical generation of H2 from a mixture of Ti and WC 

powders milled with a ZrO2 milling medium (vessel and balls). Extraordinary H2 generation 

was observed, and the maximum yield was 150%, as shown in Fig. S13. This yield was 

smaller than that observed when WC was used as the milling medium (300%), as shown in 

Fig. 1F. The reason for this lower yield was attributed to the following two factors. First, 

when ZrO2 rather than WC was used, the collision energy was lower, as the former has a 

lower density and Young’s modulus (Table S7), even though the revolution velocity used for 

milling with ZrO2 (500 rpm, Fig. S12) was higher than that used for milling with WC (400 

rpm, Fig. 1F). Specifically, for the WC milling medium, the cumulative collision energy as 

calculated using Eqn (S25)–(S28) was 120% higher, which resulted in higher reaction 

efficiency and hence also a higher yield. Second, the reaction system consisting of the ZrO2 

milling medium and two powders was inefficient. This was because extraordinary H2 

production via the mechanochemical TiO2–water reaction occurred owing to the fact that 

individual TiO2 and WC particles were in contact while being crushed within a region of 

high-T, high-p water between a pair of ZrO2 balls. In contrast, using the WC milling medium, 

extraordinary H2 production occurred simply owing to the fact that individual generated TiO2 

particles were crushed in high-T, high-p water between pairs of WC balls. Therefore, the 

reaction efficiency was much higher for the use of the WC milling medium. 

 

 

Fig. S13. H2 production during the mechanochemical reactions between Ti powder, WC 
powder, and water. The milling medium was ZrO2 and the revolution velocity was 500 rpm. 
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Note S11. XRD of products of mechanochemical Ti–water and TiO2–

water reactions 

Mechanochemical reactions using WC milling medium  

We performed XRD measurements on the solid products of the mechanochemical Ti–

water and TiO2 (anatase)–water reactions performed using the WC milling medium, 

and the diffraction patterns are shown in Fig. S14a and b, respectively. The patterns in 

Fig. S14a and b feature strong WC signals generated by the milling medium. TiO 

signals can also be seen in the patterns in Fig. S14a and b, generated by the 

mechanochemical Ti–water (oxidation of Ti to generate H2) and TiO2–WC (reduction 

of TiO2 by WC) reactions, respectively. We did not identify WO3 signals in the XRD 

patterns because XRD characterizes the bulk structure of crystalline materials, and the 

conversion of WC to WO3 proceeded on the WC surfaces. The Raman spectrum, 

which includes signals generated at depths below the WC surface of up to 100 nm, 

included a WO3 band (Fig. S11), and the FTIR spectrum of the products of the 

catalytic mechanochemical Ti/TiOx–water reactions also included WO3 bands (Fig. 

S10). In addition, XPS spectra also showed WO3 bands (Fig. S12). Thus, 

mechanochemical Ti–water and TiO2–water reactions performed using the WC milling 

medium produced TiO and WO3. Next, because the WC milling medium contained 

12% Co as a binder, we looked for signals assignable to CoWO4, another possible 

product of the mechanochemical reactions performed using the WC milling medium, 

in the XRD pattern (Fig. 14). However, we did not observe any such signals.  

The experimental methods and sample preparation procedures used to obtain the 

XRD patterns were similar to those described in Note S4. Briefly, the reactions were 

conducted using 4 mmol of Ti or TiO2 (anatase), 10 mL of distilled water, and the WC 

milling medium. In each case, the revolution velocity was 400 rpm and the reaction 

time was 100 min. After the mechanochemical reactions, the slurries in the vessel were 

collected by centrifugation at 7830 rpm for 20 min (Centrifuge 5430, Eppendorf), and 

the obtained precipitates were dried at 35 °C overnight before the XRD measurements 

were acquired with Cu Kα radiation (40 kV, 30 mA; Smart lab, Rigaku, Japan). A 

sample-holder plate made from nonreflecting silicon, custom-designed to guarantee a 

background-free signal, was used to acquire the measurements. 
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Fig. S14. XRD patterns of products of the mechanochemical (a) Ti–water and (b) TiO2–water 
reactions performed using the WC milling medium. The bar XRD patterns of the standard 
materials were generated using powder diffraction data from the International Centre for 
Diffraction Data (ICDD) database. The data shown for TiO2 and WO3 are patterns for anatase 
and the α phase, respectively. The numbers embedded in each data indicate the ICCD PDF of 
their crystal structures.  
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Mechanochemical reactions using SUS milling medium 

We performed XRD measurements on the solid products of the mechanochemical Ti–

water and TiO2 (anatase)–water reactions performed using the SUS milling media, and 

the resulting diffraction patterns are shown in Fig. S15a and b, respectively. The 

patterns in Fig. S15a and b include Fe3O4 signals originating from the milling medium. 

Ti2O3 (and TiO) signals can also be observed in the patterns in Fig. S15a and b. These 

materials were generated by the mechanochemical Ti–water (oxidation of Ti to 

generate H2) and/or TiO2–Fe (reduction of TiO2 by Fe in SUS) reactions. Therefore, 

the Fe present in SUS acted as a mechano-cocatalyst, facilitating the production of 

extraordinary amounts of H2 via mechanochemical Ti/TiO2–water reactions performed 

using the SUS milling medium (Fig. 2A and B). This conclusion is further supported 

by the fact that signals that could also be assigned to the cocatalytic byproduct (Fe3O4) 

were observed in the XRD patterns (Fig. S15). The experimental methods and sample 

preparation procedures used to obtain the patterns shown in Fig. 15 were the same as 

those described on page S24, except that the SUS milling medium was used in place of 

the WC milling medium.  
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Fig. S15. XRD patterns of products of the mechanochemical (a) Ti–water and (b) TiO2–water 
reactions performed using the SUS milling medium. The bar XRD patterns of the standard 
materials were generated using powder diffraction data from the International Centre for 
Diffraction Data (ICDD) database. The data shown for TiO2 and WO3 are patterns for anatase 
and the α phase, respectively. The numbers embedded in each data indicate the ICCD PDF of 
their crystal structures. 
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Note S12. Theoretical local p and T calculations 

Local pressure at the point of impact between balls 

The impulsive pressure was calculated using Hertz theory,24,25 as summarized below:  

〈𝜎∗〉 ൌ 1.3𝜌଴.ଶ𝜃ଵ
ି଴.଼𝑊଴.ସ         (S18) 

𝜃ଵ ൌ
ସ൫ଵିఔభ

మ൯

௘భ
           (S19) 

𝑊 ൌ 𝜔ଵ𝑙ଶ|ሺ𝜅 ൅ 1ሻଶ ൅ 𝛤ଶ െ 2𝛤ሺ𝜅 െ 1ሻcos𝜑 ൅ ሺ𝛤 ൅ 1ሻଶ|଴.ହ    (S20) 

In Eqn (S18)–(S20), ⟨σ*⟩ is the instantaneous pressure of the sample between two balls, ρ is 

the density of each individual milling ball, θ1 is the compliance constant of the sample, W is 

the relative velocity of the milling balls, v1 is Poisson’s ratio for the sample, e1 is Young’s 

modulus for the sample, ω1 is the angular frequency associated with the revolution of the 

vessel, l2 is the inner radius of the vessel, κ is the velocity ratio (rotations/revolutions), Γ is the 

distance ratio l1/l2 (l1 is the distance between the rotation and revolution axes), and φ is the 

angle of the ball leaving the vessel wall. Although the instantaneous and atmospheric 

pressures were summed to determine the local pressure, the local pressure was almost equal to 

the impulsive pressure because the atmospheric pressure was, relatively, negligible. The ball-

to-ball contact region radius r (~50 µm) during impact was calculated using the equation r = 

0.75R0ρ0.2𝜃ଵ
଴.ଶW0.4, where R0 = 0.8 mm is the radius of the ball. The ball-to-ball contact period 

τ during impact was calculated to be ~10−6 s using the equation τ = 3.6R0ρ0.4𝜃ଵ
଴.ସW−0.2, and the 

parameters used to obtain this value are listed in Tables S6 and S7. 

 

Local temperature at the point of impact between balls 

The local T between colliding balls was calculated using Hertz theory.24,25 Briefly, the 

impulsive p increases the local T, and the magnitude of the change depends on the thermal 

properties and tribology of the sample over a frictional interaction time. The local T was 

obtained by summing the measured bulk T and impulsive ΔT, which was calculated as 

follows: 

∆𝑇ሺ𝑥, 𝑡ሻ ൌ 2𝑄ሺ𝑐ଵ
ଶ𝜆ଵ

ଶ𝜌ଵ
ଶሻି଴.ଶହሼ𝑡଴.ହiErfc ቂ௫

ଶ
ሺ𝑎ଵ

ଶሻ଴.ଶହ𝑡଴.ହቃ   

െሺ𝑡 െ 𝜏ଵሻ଴.ହiErfc ቂ௫

ଶ
ሺ𝑎ଵ

ଶሻ଴.ଶହሺ𝑡 െ 𝜏ଵሻ଴.ହቃሽ       (S21) 

𝜏ଵ ൌ 4.0𝑅ଵ𝜌ଵ
଴.ହ𝜌ି଴.ଵ𝜃ଵ

଴.ସ𝑊ି଴.ଶ        (S22) 

2𝑄 ൌ 𝜉〈𝜎∗〉𝑊௧
∗          (S23) 

𝑊௧
∗ ൌ 0.38𝜌ଵ

ି଴.ହ𝜌଴.ଷ𝜃ଵ
ି଴.ଶ𝑊଴.଺        (S24) 
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where c1 is the heat capacity, λ1 is the thermal conductivity, ρ1 is the density of the sample, t is 

time, iErfc is the integral error expressed as iErfc[0] = 0.5642, τ is the friction interaction 

time for the collisions between two sample particles (~10−9 s), ⟨σ*⟩ is the impulsive pressure, 

𝑊௧
∗ is the relative velocity associated with particle interaction, ρ is the density of the ball 

material, θ1 is the compliance coefficient of the sample, W is the relative velocity of the balls, 

and ξ is the dynamic friction coefficient. The radius of the contact region r1 (~50 nm) between 

particles during impact was calculated using the equation r1 = 0.75R1ρ0.2𝜃ଵ
଴.ଶW0.4, where R1 is 

the radius of a particle. The parameters used in these calculations are listed in Tables S6, S7, 

and S9. 

 

Milling ball collision energy 

The collision energy was obtained from the kinetic energy of a single milling ball: 

𝐸 ൌ ଵ

ଶ
𝑚𝑣ଶ           (S25) 

where m is the weight and v is the velocity of a single ball (v = W/2π). 

 

The total collision energy in the milling vessel was summed over the number of balls: 

𝐸୲ ൌ ଵ

ଶ
𝑚𝑣ଶ𝑁 ଵ

ெ
          (S26) 

where Et is the total collision energy in the vessel, N is the number of milling balls, and M is 

the molar amount of the sample. The cumulative collision energy Etc was obtained using Eqn 

(S26): 

𝐸୲ୡ ൌ 𝐸୲𝑧           (S27) 

𝑧 ൌ √2𝑣𝑠𝑛           (S28) 

where z is the collision frequency, s is the collision cross section (s = πd2, where d is the ball 

diameter), and n is the number density of the balls in the vessel. The parameters used for this 

calculation for each milling medium are listed in Table S7. 
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Note S13. H2 production rates normalized by the consumed electric 

power 

 

Fig. S16. H2-production rates. These data were obtained by normalizing the data in Fig. 4F by 
the consumed electric power. The left and right axes show H2-production rates in molar 
(molH2

 h−1 molTi
−1 kW−1) and standard-state volume (LH2

 h−1 molTi
−1 kW−1) units, respectively. 
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Note S14. SEM images, ICP-OES, and GC data 

SEM images of metal powders 

To evaluate the morphologies before and after milling of the metal particles used in the 

mechanochemical metal–water reactions, we performed scanning electron microscopy (SEM; 

S-3400N, Hitachi High-Tech). Fig. S17 and S18 show SEM images of samples of the six 

metal powders before and after milling, respectively; the insets show the corresponding size 

distributions obtained by analyzing the SEM images using ImageJ software.  

 

 

Fig. S17. SEM images of various metal powders before milling. 
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Fig. S18. SEM images of various metal powders after milling. Milling was conducted in 
distilled water for 10 h at a revolution velocity of 400 rpm. 
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SEM images and mechanochemical reactions of titanium oxides 

The particle sizes of the three titanium oxides (TiO, Ti2O3, and TiO2) were measured using 

SEM. Fig. S19 shows the SEM images and size distributions of particles from samples of the 

three types of titanium oxide before milling; the average radii are listed in Table S10. There 

were large differences between the particle sizes of the different oxides; specifically, the TiO2 

particles were more than 20 times smaller than the TiO and Ti2O3 particles. In contrast, in 

terms of the mechanical properties and hardness, the differences between the different types 

of titanium oxide are relatively small (Table S10). Therefore, because the H2 production via 

mechanochemical reactions between water and the three titanium oxides proceeded similarly, 

we conclude that under the conditions of this experiment, the particle sizes of the titanium 

oxides seem to have had a negligible effect on mechanochemical H2 production by milling in 

water (Fig. 3). In fact, our previous study showed that during the initial milling period, within 

10–20 min, the particle size was reduced from a few tens of micrometers to a few hundred 

nanometers,26 and in the current experiments, the reaction (milling) time was long (up to 10 

h). Since the all the titanium oxide particles were reduced to similar sizes during the initial 

period of milling, it can be concluded that the reactions of the different titanium oxides were 

independent of the initial particle size. 

 

 

Fig. S19. SEM images of TiO, Ti2O3, and TiO2 powders. 
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SEM images of milling balls before and after mechanochemical reactions 

To examine the surface morphology of the milling balls, we performed SEM (Fig. 20). 

From the resulting images, we concluded that the differences between the morphology 

of the balls before and after the mechanochemical reactions were insignificant. 

 

Fig. S20. SEM images of milling balls before (left) and after (right) mechanochemical 
Ti–water reactions using (a–d) WC and (e–h) SUS milling media. Reactions were 
conducted at a revolution velocity of 400 rpm for a period of 5 h.   
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ICP-OES measurements of aqueous solution after mechanochemical reactions  

We quantified the W and Fe content of the aqueous solutions in the milling vessel after 

the mechanochemical Ti–water reactions performed using the WC and SUS milling 

media, respectively. We measured the concentrations of these elements in the 

supernatant from the vessel using inductively coupled plasma–atomic emission 

spectroscopy (ICP-OES; 700 series, Agilent technologies). The aqueous solution 

samples were prepared by mechanochemically reacting Ti and distilled water (400 

rpm, reaction time 5 h). The obtained slurry was centrifuged at 7830 rpm for 20 min 

(Centrifuge5430, Eppendorf). The supernatant was obtained by filtering using a PTFE 

cartridge filter with a pore size of 0.45 μm and used for ICP-OES measurements 

performed under aqueous flow conditions. By analyzing the ICP-OES data, we 

established that the concentrations of these elements in the aqueous reaction solution 

were <1 ppm (Fig. S21).  

 

 

Fig. S21. ICP-OES analyses of elements in the aqueous solutions after the 
mechanochemical Ti–water reactions performed using the (a) WC and (b) SUS milling 
media. The red solid circles show the data for standard solutions used to construct the 
calibration curve. The blue squares show the results for the sample solutions.   
 

  



  

S36 
 

Qualitative and quantitative GC measurement data 

Table S1. GC retention times for standard gases in He carrier gas 

Standard gas Retention time (min) 

H2 0.8 

O2 2.2 

N2 2.4 

CH4 7.8 

CO2 24.5 

CO 3.2 

 

Table S2. GC signal intensity (sensitivity) as measured using 100 μL of the sample gas with 

He or Ar as the carrier gas 

Standard gas 

Intensity 

(104 μV) 

He Ar 

H2 1.9 124 

O2 92.2 14 

N2 94.1 10.8 

CH4 30.2 16.7 

CO2 12.7 10.6 
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Note S15. H2 amounts, thermodynamics, and material properties 

H2 amounts produced by the mechanochemical metal–water reactions and 

standard Gibbs energy analyses 

Table S3 lists the H2 amounts produced by the metal–water reactions in the present study. The 

data were obtained from Fig. 1E (milling time: 600 min). To analyze the dependence of the 

reaction efficiency on the reactant metal, we evaluated the standard Gibbs energies of typical 

corrosion reactions. The standard electrode potentials and standard Gibbs energies listed in 

Table S3 do not relate specifically to the mechanochemical reactions but are typical data used 

to generate electrochemical series and for thermodynamic calculations.27−29 The standard 

Gibbs energies are plotted on the horizontal axis of Fig. 2D. 

 

Table S3. Amounts of H2 produced by mechanochemical metal–water reactions and standard 

Gibbs energies of oxidation 

Metals 

 Amount of  

H2 produced 

(mmol)a) 

 Amount of H2 produced 

per  

mole of metal  

(molH2 molmetal
−1)b)  

Standard potential 

E° (V)c)  

Oxidation 

number 

n 

ΔG° 

(kJ mol−1)d) 

Al 3.1 1.5 1.66 3 −481 

Ti 13.8 6.9 1.63 2 −314 

Zn 1.8 0.9 0.76 2 −147 

Fe 2.4 1.2 0.44 2 −84.9 

Mn 2.0 1.0 1.18 2 −228 

Sn 0.3 0.15 0.14 2 −27 

W 2.1 1.1  0.09 6 −52.1 

a)Data obtained from the H2 amount after 600 min of milling, as shown in Fig. 1E (all of the data except the 
W–water data) or Fig. S5 (the W–water data); b)data obtained by dividing the amount by 2 mmol, which 
was the amount of metal used as the reagent for each experiment; c)standard potentials for oxidation half-

reaction, i.e., standard oxidation potentials;  d)G° was obtained from the equation ∆𝐺° ൌ െ𝑛𝐹𝐸°, where F 

is the Faraday constant, 𝐸° is the standard potential for oxidation of the metal to a state with oxidation 

number n. For the case of the oxidation half reaction, 𝐸° is equal to the cell potential with respect to the 

standard hydrogen electrode). The values of 𝐸° were obtained from ref. 27 (all of the data except the W–
water data) or ref. 29 (the W–water data). 
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Standard Gibbs energies and activation energies of H2-producing metal–water 

reactions  

To better understand the amount of H2 produced by the metal–water reactions, we obtained 

the standard Gibbs energies Gr° by considering the thermodynamics of the reactions, using a 

method detailed in a physical chemistry textbook27; the procedure used is outlined as follows 

for the example of the reaction between Ti and water:  

Ti + 2 H2O → TiO2 + 2 H2         (S29) 

Gr° = G°(products) − G°(reactants)        (S30) 

It should be emphasized that the obtained values listed in Table S4 are not the thermodynamic 

parameters of the experimental mechanochemical reactions but were instead obtained by 

considering the thermodynamics of the reactions. 

 

Table S4. Standard Gibbs energies and activation energies for H2-producing metal–water 

reactions 

Metals Chemical equations 
rG°   

(kJ mol−1)a) 

Ea   

(kJ mol−1)b) 
refs. 

Al Al + 3 H2O → Al(OH)3 + 3/2 H2 −594.3 50 30,31 

Ti Ti + 2 H2O → TiO2 + 2 H2 −410.1 36 30 

Zn Zn + H2O → ZnO + H2 −81.1 35 30 

Fe Fe + 4/3 H2O → 1/3 Fe3O4 + 4/3 H2 −22.3 8 30 

Mn Mn + 4/3 H2O → 1/3 Mn3O4 + 4/3 H2 −111.5 22 30 

Sn Sn + H2O → SnO + H2 −14.6 31 30,32 

a)Values obtained for the use of 1 mol of the metal; b)values obtained from ref. 14. 
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Standard Gibbs energies of metal oxide reduction reactions 

To investigate the reduction reactions of the metal oxides, we obtained the standard Gibbs 

energies ΔGr° based on thermodynamic data, via the method detailed in a physical chemistry 

textbook27 similar to that outlined in the preceding section of this note (Standard Gibbs 

energies and activation energies of H2-producing metal–water reactions). Note that the 

obtained values listed in Table S5 are not experimental mechanochemical reaction data but 

were obtained based on thermodynamic considerations.  

The ΔG values for the reduction of ZnO and/or SnO with O2 generation are smaller 

than that for the reduction of TiO2 with O2 generation (Table S5). However, these three 

reactions are not relevant to the present systems because O2 gas generation was not detected 

for any of the reactions investigated in this study. In addition, we concluded that the 

continuous H2 processes occurred via a catalytic cycle not because of the value of ΔG for the 

reduction reaction but after considering the overall energy of the reaction, which is dependent 

on the following three magnitudes: i) ΔG for the oxidation of the metal via metal–water 

reactions to generate H2, ii) ΔG for the reduction of metal oxides via the reaction between the 

metal oxides and milling medium (WC or SUS), and iii) the activation energies of both of the 

above-mentioned reactions. Moreover, an element with multiple valence states having similar 

energies, such as Ti (Fig. 2E), was required for efficient catalyst regeneration over the course 

of multiple redox cycles; however, Zn and Sn do not possess such states. Thus, we concluded 

that the Ti/TiO2 system exhibited selective, continuous catalytic H2 production owing to the 

overall energy balance of the reaction and the electronic structure of Ti. 

 

Table S5. Standard Gibbs energies for metal oxide reduction reactions 

Metal oxide Chemical equation 
rG°   

(kJ mol−1)  

Al(OH)3 Al(OH)3 → Al + 3/2 H2 + 3/2 O2  1305.8 

TiO2 TiO2 → Ti + O2  884.5 

ZnO ZnO → Zn + 1/2 O2  318.3 

Fe3O4 Fe3O4 → 3 Fe + 2 O2 1015.5 

MnO2 Mn3O4 → 3 Mn + 2 O2  1283.3 

SnO SnO → Sn + 1/2 O2  251.8 
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Mechanical properties used to calculate conditions between colliding balls  

 

Table S6. Ti and TiO2 parameters used in calculations 

Parameters Ti TiO2 

Density ρ1 (g cm−3) 4.51a) 3.84a) 

Poisson’s ratio ν1 0.361b) 0.280a) 

Young’s modulus e1 (×1010 dyn cm−2) 120.2b) 283.0a) 

Compliance coefficient θ1 (×10−12 cm2 dyn−1) 2.89b) 1.30a) 

Thermal conductivity λ1 (×105 erg cm−1 K−1 s−1) 21.6b) 8.37c)  

Specific heat capacity c1 (×106 erg g−1 K−1) 5.28b) 6.90d)  

Particle radius R1 (×10−5 cm) 6.0e) 6.0e) 

Dynamic friction coefficient ξ 0.47f) 0.37g) 

a)Ref. 33; b)ref. 34; c)ref. 35; d)ref. 36; e)average radius of Ti in Fig. S13 and S14; f)ref. 37; g)ref. 38. 

 

Table S7. Milling media parameters 

Parameters WC SUS ZrO2 

Density ρ (g cm−3) 14.3  7.80  6.00  

Young’s modulus 

e (×1010 dyn cm−2) 
509 198 210 

Poisson’s ratio 0.21 0.275 0.30 

Weight of a single ball m (g) 0.0307 0.0167 0.0129 

Number of milling balls N 3261 3168 3015 

Collision cross section s (cm2) 0.080 0.080 0.080 

Number density of ball n (cm−3) 42.7 41.5 39.5 
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Standard Gibbs energy of the reaction between TiO2 and the mechano-cocatalyst 

To better understand the H2 produced by the reaction between TiO2 and the milling medium 

(WC or SUS), we evaluated the standard enthalpy (H°), entropy (S°), and Gibbs energy 

(G°) from thermodynamic data using the procedure described as follows, based on a method 

outlined in a physical chemistry textbook,7 for the example of the reaction between TiO2 and 

WC:  

TiO2 + 2/3 WC → Ti + 2/3 WO3 + 2/3 C       (S31) 

rH° = H°(products) − H°(reactants)        (S32) 

Note that the obtained values listed in Table S8 are not mechanochemical reaction data, but 

typical data calculated from thermodynamic quantities.30,39,40 

 

Table S8. Chemical equations and standard Gibbs energies for TiO2 reduction by various 

mechano-cocatalysts  

Mechano-

cocatalyst 
Products Chemical equations 

rH° 

(kJ mol−1)b) 

rS° 

(J mol−1 K)b) 

rG° 

(kJ mol−1)b) 

rG  

(kJ mol−1)b) 
refs. 

700 K 1500 K  

WC Ti 
TiO2 + 2/3 WC  
→ Ti + 2/3 WO3 + 2/3 C 

404.8 13.6 400.9 395.3  384.5  30, 39 

WC TiO 
TiO2 + 1/3 WC  
→ TiO + 1/3 WO3 + 1/3 C 

129.6 1.3 129.4 128.7  127.7  
30, 39, 
40 

WC Ti2O3 
TiO2 + 1/6 WC 
→ 1/6 Ti2O3 + 1/6 WO3 + 1/6 
C 

45.5 −2.3 46.5 47.2  49.0  30, 39 

         

Fea)  Ti 
TiO2 + 3/2 Fe  
→ 1/2 Fe3O4 + Ti 

380.5 13.0 376.8 371.4  361.0  30 

Fea) TiO 
TiO2 + 3/4 Fe  
→ 1/4 Fe3O4 + TiO 

117.4 1.0 117.3 116.7  116.0  30, 40 

Fea)  Ti2O3 
TiO2 + 3/8 Fe  
→ 1/8 Fe3O4 + 1/2 Ti2O3 

39.5 −2.5 40.5 41.2  43.1  30 

         

Cra) Ti 
TiO2 + 4/3 Cr  
→ 1/3 Cr2O3 + Ti 

179.9 3.2 179.1 177.7  175.2  30 

Cra) TiO 
TiO2 + 2/3 Cr  
→ 1/3 Cr2O3 + TiO 

17.1 −3.9 18.5 19.9  23.0  30, 40 

Cra) Ti2O3 
TiO2 + 1/3 Cr  
→ 1/6 Cr2O3 + 1/2 Ti2O3 

−10.7 −4.9 −9.0 −7.3  −3.3  30 

 a)Metals found in stainless steel (SUS303); b)values reported per mole of the reactant metal. 
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Sizes of metal powders before and after milling 

Table S9. Diameters D of metal particles before and after milling 

Metal 

before milling after milling 

D 

(μm) 

D 

(μm) 

Al 138 ± 30.4 0.6 ± 0.3 

Ti 30 ± 11 1.2 ± 0.4 

Zn 3.9 ± 1.6 0.5 ± 0.2 

Fe 76 ± 35 0.6 ± 0.5 

Mn 6 ± 2 0.3 ± 0.1 

Sn 12 ± 8 0.5 ± 0.2 

 

Table S10. TiO, Ti2O3, and TiO2 parameters 

Parameters TiO Ti2O3 TiO2 

Particle radius  

R1 (×10−5 cm) 
1.6a) 2.0a) 0.07a) 

Density 

ρ1 (g cm−3) 
4.88b) 4.54b) 4.15b) 

Poisson’s ratio 

ν1 
0.26b)   0.32b)  0.27b) 

Young’s modulus  

e1 (×1010 dyn cm−2) 
 294b)  232b)  280b) 

Vickers hardness 

(GPa) 
14.2b) 6.3b) 12.1b) 

a)Average of the radii distribution shown in Fig. S18 for each oxide; b)Calculated values obtained from ref. 
41. Since it was not possible to obtain experimental values for TiO and Ti2O3, calculated values are listed. 
Values for TiO2 from the same literature source are also listed to allow comparison with the calculated 
values for the other titanium oxides.  
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