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Light-activated hydrolysis properties of Mg-based
materials

Daifeng Wu, ©* Rui Li, Qing Zhou, Renheng Tang and Fangming Xiao

Hydrolysis of Mg-based materials is a promising technology for the development of portable hydrogen fuel
cells. However, the Mg(OH), layer impedes the diffusion of water molecules into inner particles, resulting in
sluggish hydrolysis performance. The hydrolysis performances of Mg-based materials (Mg, MgH,, MgH,-BM
and MgH,-RBM) with water are effectively improved under light-activation. The hydrolysis performance
could be tailored by the light energy (frequency and intensity). The combination of ball-milling and light-
activation could further enhance the hydrolysis performance of MgH,. In particular, the hydrolysis yield
of MgH,-RBM reached 95.7% of the theoretical yield under 90 W green light-activation. Thus, rasing the
light energy (by using purple light and UV, or higher power lights) and the combination of ball-milling
could lead to better hydrolysis performance of Mg-based materials. The Mg(OH), layer was considered
as a barrier to MgH, hydrolysis of MgH,. Interestingly, under light-activation, the Mg(OH), layer can act
as a catalyst to enhance the decomposition of MgH,, and improve the hydrolysis yield and kinetics of

rsc.li/rsc-advances Mg-based materials.

1. Introduction

Hydrolysis is an efficient and convenient hydrogen generation
method with high purity, great yield and low operation temper-
ature. Generally, studies on hydrolysis have focused on the
materials of metals, metal hydrides, borohydrides and ammonia
borane.' Among them, Mg-based materials have received
immense attention due to their higher hydrogen generation
capacity (1703 mL g~ " for MgH, and 921 mL g~ for Mg), abun-
dance of raw materials, desirable hydrogen generation conditions
and eco-friendly byproduct.** Nevertheless, the insoluble and
dense hydroxide layer deposited on the MgH, surface hinders the
diffusion of water molecules into inner particles, leading to
undesirable and uncontrollable hydrolysis performance.*
Various strategies, such as the acidification of the reaction
environment,>® the use of salt solutions,>” the modification of
the morphology to obtain nanostructured hydrolysable mate-
rials,* and the incorporation of additives with different func-
tions,'>'" have been adopted and verified effective for activating
the reaction of MgH, with water. However, these strategies still
face many challenges, such as complex operation, high-cost or
the pollution of additives. To develop alternative solutions,
light-activated may be a good choice. Sunlight is a “free” and
widely available source of energy. Recently, Sun et al. studied
the light-activated hydrogen storage in Mg, LiH and NaAlH,."
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They found that light-activated hydrogen storage could lead to
an effective approach for hydrogen uptake and release from
hydrides at low temperature.

Sunlight may also be an effective means of driving hydrolysis
reactions. In this work, the influence of light-activated the
hydrolysis properties of Mg-based materials were investigated at
RT (25 °C). Since the potential for damage to the skin and eye
form UV, we limit the experiment scope in visible spectrum.
According to standard electrode potentials of Mg**/Mg
(—2.36 €V) and H'/H (0 eV),”* we assume the band gap energy of
Mg is 2.36 eV. According to the Scherer equation A = 1240/E, (A
was the limiting wavelength, E, was the band gap energy)."* We
found the corresponding wavelength is 525 nm, which is in the
green light spectrum (530 to 520 nm). So we chose green light
and the adjacent light (blue and yellow light) as experiment
light source. An unexpectedly light-activated of the hydrolysis of
Mg-based materials was found. Interestingly, the hydrolysis
performance can be tailored by changing the color and power of
the spotlight. Our findings provide a green, simple and effective
solution in enhance the hydrolysis performance of metal-based
materials, and this solution is expected to be used for other
hydrogen generation materials, such as borohydrides and
ammonia borane.

2. Results and discussion

2.1 Hydrolysis kinetics of Mg and MgH, under light-
activated

Firstly, the hydrolysis kinetics of Mg and MgH, under light-
activated were investigated. Fig. 1 shows the hydrogen evolution
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Fig. 1 Hydrogen evolution curves of (a) Mg and (b) MgH, under different color (yellow, green and blue) light-activated at RT.

curves of (a) Mg and (b) MgH, under different colors (yellow,
green and blue) light-activated at RT. As shown in Fig. 1(a), the
hydrolysis performance of the single Mg without light-activated is
rather sluggish, delivering only 2.3 mL g~ " H, in 60 min. Under
light-activated, the hydrolysis kinetics of Mg was significantly
improved. Under yellow, green and blue light-activated, the
hydrogen yields of Mg increased to 14.3, 16.4 and 20.1 mL g in
60 min, respectively. Furthermore, the hydrolysis yields and
kinetics of Mg increase with the color frequency of light.

Fig. 1(b) shows the hydrogen evolution curves of MgH, under
different color (yellow, green and blue) light-activated. Similar
to Mg, the hydrolysis kinetics of MgH, was significantly
improved by light-activated. The hydrogen yields of MgH,
under yellow, green and blue light-activated are 29.1, 45.1 and
52.9 mL g~ H, in 60 min, while the hydrogen yields of MgH,
without light-activated is only 25.6 mL g~ ' H, in 60 min. The
hydrolysis yields and kinetics of MgH, also increase with the
color frequency of light.

Thus, the hydrolysis performance of Mg and MgH, are
improved by light-activated and can be tuned by the light color
(frequency).

2.2 Hydrolysis kinetics of MgH,-BM and MgH,-RBM with
light-activated

Ball-milling is an effective method to improve the hydrolysis
performance of MgH, since it can reduce the particle size of

MgH,.> MgH,-BM and MgH,-RBM were prepared by planetary
ball mill under argon and hydrogen atmosphere, and their
hydrogen evolution curves under light-activated were tested
(Fig. 2). As shown in Fig. 2(a), MgH,-BM could generate
864.6 mL g ' H, in 120 min without light-activated. While the
hydrogen yields of MgH,-BM under yellow, green and blue light-
activated increased to 972.5, 1066.7 and 1137.7 mL g ' in
120 min, respectively.

The hydrogen evolution curves of MgH,-RBM under light-
activated were shown in Fig. 2(b). MgH,-RBM can release
1039.1 mL g ' H, in 120 min without light-activated. The
hydrogen yields of MgH,-RBM under yellow, green and blue light-
activated were enhanced to 1287.7, 1334.2 and 1385.8 mL g ' in
120 min, respectively. The hydrolysis yield of MgH,-RBM under
blue light-activated is up to 78.3% of the theoretical yield.

Thus, light-activated is also work on the hydrolysis perfor-
mance of MgH,-BM and MgH,-RBM, and the strategy that
combined ball-milling and light-activated is an effective
method to enhance the hydrolysis performance of MgH,.

2.3 Effect of stirring combined with light-activated

To further improve the hydrolysis performance, the effect of
stirring combined with light-activated was investigated. Fig. 3 is
the hydrogen evolution curves of MgH,-BM with (a) stirring and
(b) stirring combined green light-activated at RT. Unexpectedly,
the hydrolysis performance of MgH,-BM with stirring was
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Fig. 2 Hydrogen evolution curves of the (a) MgH,-BM and (b) MgH,-RBM under different color (yellow, green and blue) light-activated at RT.
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Fig. 3 Hydrogen evolution curves of MgH,-BM with and without
stirring under green light-activated at RT.

inferior to that without stirring. Under green light, the hydro-
lysis yield of MgH,-BM with and without stirring were 1019.7
and 1066.7 mL g~ ' in 120 min. Thus, the hydrolysis perfor-
mance of MgH,-BM was hinder by stirring.

2.4 Effect of heating combined with light-activated

To further study the hydrolysis properties of MgH, under light-
activated, the hydrogen evolution curves for MgH, at different
temperatures were investigated. The hydrogen evolution curves
for MgH, under different color ((a) void, (b) yellow, (c) green,
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and (d) blue) light-activated at various temperature (35, 45 and
55 °C) were shown in Fig. 4, and their hydrolysis yield were
shown in Table 1. The hydrogen evolution curves of MgH,
under light-activated is similar to those without light-activated.
The hydrolysis yields of MgH, under different color light-
activated were irregular due to the temperature fluctuation of
the water bath. Additionally, the hydrolysis activation energies
were failed to calculate, since the hydrogen evolution curves are
so straight.

2.5 Effect of higher power (90 W) light-activated

To study the effect of light power, we doubled the power of light-
activated by adding spot another light source. Fig. 5 is the
hydrogen evolution curves of (a) Mg, (b) MgH,, (c) MgH,-BM
and (d) MgH,-RBM under different power (0, 45 and 90 W) green
light-activated at RT, and their hydrolysis yields of Mg-based
materials (Mg, MgH,, MgH,-BM and MgH,-RBM) are
summary in Table 2. As the Fig. 5 shows, the light power can
significantly enhance the hydrolysis performance of Mg-based
materials. Compared with that at 45 W, the hydrolysis yield of
Mg and MgH, are raised 60.4% and 166.3% under 90 W light-
activated. Meantime, the hydrolysis yield of MgH,-BM and
MgH,-RBM are raised 15.3% and 22.2% at double power light-
activated. Thus, the hydrolysis performance of Mg-based
materials can be tuned by the light power.

Furthermore, the hydrolysis yield of MgH,-BM and
MgH,-RBM under 90 W green light-activated is up to 72.2% and
95.7% of the theoretical yield, respectively. Table 3 Hydrolysis
properties at ambient temperature of MgH, reported in the
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Fig. 4 Hydrogen evolution curves of MgH, under different color ((a) void, (b) yellow, (c) green, and (d) blue) light-activated at various

temperature (35, 45 and 55 °C).
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Table 2 Hydrolysis yields of Mg-based materials at different power (0,
45 and 90 W) green light-activated

Hydrolysis yield Hydrolysis yield Hydrolysis yield Increasing rate
Light-activated at 35 °C at 45 °C at 55 °C Mg-based materials ow 45 W 90 W (90/45 W)
Void 61.5 91.8 194.0 Mg 2.3 16.4 26.3 60.4%
Yellow 61.9 105.5 201.1 MgH, 25.6 45.1 106.8 136.8%
Green 67.9 105.1 195.6 MgH,-BM 864.6 1066.7 1230 15.3%
Blue 69.8 97.2 205.8 MgH,-RBM 1039.1 1334.2 1630.6 22.2%

literature. As Table 3 shows, the hydrolysis properties of
MgH,-BM and MgH,-RBM under 90 W green light-activated are
superior to that without additive. The hydrolysis properties of
MgH,-RBM under 90 W green light-activated is comparable to
that with NH,Cl and CaH, additive. Mentionable, the method of
light-activated has more advantage: (1) the hydrolysis kinetics
are controlled during the hydrolysis process since the power of
light-activated can be tuned; (2) there is not impurity in the
byproduct after hydrolysis process.

2.6 Hydrolysis mechanism of MgH, under light-activated

To study the catalytic mechanism of MgH, under light-
activated, the hydrolysis product after freeze-drying was char-
acterized by XRD. Fig. 6 shows the XRD patterns of MgH,
hydrolysis product with and without green light-activated. As
Fig. 6 shows, the MgH, hydrolysis product under light-activated
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is the same as that without light-activated, both of them are
merely composed of Mg(OH),.

Considering that Mg(OH), is the only hydrolysis product
after the hydrolysis reaction of MgH,, the photocatalytic activity
of Mg(OH), may effect on the hydrolysis mechanism. In fact,
Mg(OH), has been widely applied in photovoltaic devices and
solid-state electronics owing to its rapid electron transport, low
exciton recombination rate and efficient photon-harvesting
capacity.**>

In Section 3.1, 3.2 and 3.5, we found that the hydrolysis yield
and kinetics of MgH, can be tuned by the energy of light-
activated (frequency and power). However, in Section 3.3 and
3.4, we found that other driving force (stirring and heating)
could not improve the hydrolysis performance. Therefore, the
light energy and the photocatalytic activity of Mg(OH), play the
key role on the hydrolysis mechanism of MgH,. Usually,
Mg(OH), layer is deposited on the MgH, surface impedes the
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Fig.5 Hydrogen evolution curves for (a) Mg, (b) MgH>, (c) MgH,-BM and (d) MgH,-RBM at different power (0, 45 and 90 W) green light-activated

at RT.
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Table 3 Hydrolysis properties at ambient temperature of selected Mg-based materials reported in the literature

Hydrolysis yield Hydrolysis time
Material (mLg™h (min) Ref.
MgH, milled 20 h in Ar (Spex 8000) 1370 1200 15
MgH, milled 1 h in Ar (P6) 470 50 16
MgH, milled 10 h in Ar (Spex 8000) 300 20 17
MgH,-BM under 90 W green light-activated 912/1230 60/120 This work
MgH, milled 3 h in H, (Retsch PM100) 580 23 18
MgH,-RBM under 90 W green light-activated 1331/1630.6 60/120 This work
MgH,/3 M MgCl, milled for 30 min 946 60 19
MgH,/5% MgCl, milled for 5 h 1094 60 7
MgH,/10% NH,CI] milled for 5 h 1331 60 7
MgH,/10 mole% CaH, milled for 1 h 1389 60 20
’ during the reaction progress, reducing the lighting energy reach
(a) +Mg(OH), the interface of MgH,/Mg(OH),, so the hydrolysis yield of MgH,
comes to a platform.
g 3. Experimental
§ 3.1 Preparation
g (b) The starting materials, Mg (99.8%, 300 mesh, Tangshan Weihao
= Magnesium Powder) and MgH, (99.5%, 400 mesh, MG Power)
were used as raw materials without other treatment.
MgH,-BM and MgH,-RBM were prepared by ball mill under
\ - ) . - : - argon and 2 MPa hydrogen atmosphere, respectively. Around
10 20 30 40 50 60 70 80 90 2 g sample and 80 g steel ball was loaded in the pressure ball-

20/Degree

Fig. 6 XRD patterns of MgH, hydrolysis product (a) with and (b)
without green light-activated.

diffusion of water, resulting in the sluggish hydrolysis kinetics
of MgH,. However, Mg(OH), layer may provide the rapid
transport for H™ under light-activated, improving the hydrolysis
performance of MgH,.

Consequently, the hydrolysis mechanism of MgH, in the
presence of light-activated may be as shown in Fig. 7. Under
light-activated, the Mg(OH), layer on the surface of MgH, is
excited and functions as a catalyst, accelerating the decompo-
sition of MgH,, similar to the photocatalytic water splitting. And
then, Mg”" combine with OH™ to form new Mg(OH), layer,
while H™ transfer through the Mg(OH), layer and react with
H,O to generate H,. Finally, the Mg(OH), layer becomes thicker

Fig. 7 Hydrolysis mechanism of MgH, with light-activated.

© 2022 The Author(s). Published by the Royal Society of Chemistry

milled jar, and milled for 4 h at 400 rpm at room temperature
by planetary ball mill (P5, FRITSCH), as Fig. 8 shown.

The 45 W spot lights with different color (blue: 470-465 nm;
green: 530-520 nm; yellow: 595-585 nm) were purchased from
Jiangsu Xincai Illumination.

3.2 Characterization

The phase structure of samples was characterized by X-ray
diffraction (Bruker, D8 advance X-ray Diffraction) with Cu-Ko
radiation, performed with a step size of 0.02° in the range of
10-90°.

Hydrogen-generation measurements of samples were per-
formed using in house-developed equipment, as Fig. 9 shown.
The test steps are as follow:

I Measurement Unit I

Reaction Unit

Fig. 8 Pressure ball-milled jar and P5 planetary ball mill.

RSC Adv, 2022, 12, 6533-6539 | 6537
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Fig. 9 House-developed hydrogen-generation measurements equipment.

(1) 0.1 g sample was loaded in a 100 mL flask

(2) The spot lights (yellow, green and blue) was turned on

(3) 20 mL deionized water was injected into the flask. The
hydrogen was generated, pushing the water from the Monteggia
washing bottle into a beaker placed on an electronic scale,
which was recorded by the computer

(4) After converter, the hydrogen evolution curves (hydrogen
volume against time) were drawn, and the hydrogen generation
rate and yield were determined.

4. Conclusions

The hydrolysis reaction of Mg-based materials (Mg, MgH,,
MgH,-BM and MgH,-RBM) with water has been effectively
improved by light-activated. In addition, the hydrolysis perfor-
mance of Mg-based materials could be tuned by the light energy
(frequency and intensity). The combination of ball-milling and
light-activated could further enhance the hydrolysis perfor-
mance of MgH,. The degree of conversion of MgH,-RBM with
90 W green light-activated is up to 95.7%. Thus, rasing the light
energy (by using purple light and UV, or higher power lights)
and combination of ball-milling could lead to better hydrolysis
performance of Mg-based materials.

Due to the photocatalytic activity of Mg(OH),, Mg(OH), layer
under light-activated can act as a catalyst and enhances
decomposition of MgH,, improving the hydrolysis yield and
kinetics of Mg-based materials.

This work provide a green, simple and effective solution in
enhance the hydrolysis performance of metal-based materials,
and this solution is hopefully to work on other hydrogen gener-
ation materials, such as borohydrides and ammonia borane.
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