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Production of nanostructured magnesium hydride for
hydrogen storage
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Hydrogen has been considered as the most promising alternative energy to fossil fuels in
future energy systems, and one of the most significant challenges for its practical use has
been to the development of safe and efficient storage materials for hydrogen. Light metal
hydrides, such as magnesium hydride, are promising solid-state hydrogen storage candidates
for application in hydrogen fuel cell cars due to their merits in terms of safety and high gravi-
metric and volumetric hydrogen content in comparison with high pressure gaseous hydrogen
storage. Among various metal hydrides, magnesium hydride has been attracted attentions
for decades owing to its numerous advantages, such as high hydrogen content, non-toxicity
to environment, good reversibility, and easy availability and low cost of magnesium. As a
hydrogen carrier, magnesium hydride has both high gravimetric and volumetric hydrogen
storage capacity. However, the practical use of magnesium hydride has been limited by the
high operation temperature required and slow kinetics for hydrogen absorption/desorption.

Many efforts have been devoted to solve these problems, such as use of catalysis, pro-
ducing alloys, and nanostructuring. One of the most successful strategies for improving the
hydrogen storing properties has been to fabricate magnesium hydride nanostructures with
increased specific surface area and high number of grain boundaries. These changes have
shortened the reaction path and thus accelerated the diffusion rate through the solid phase.

Hydriding Chemical Vapor Depostion (HCVD, a vapor-solid, V-S process) is one of the
methods to produce nanosized magnesium hydride, using the deposition of Mg vapor to form
magnesium hydride directly under pressurized hydrogen atmosphere. In this dissertation, we
prepared various magnesium hydride or magnesium nano/micro structures, and the mecha-
nism underlying the V-S process was elucidated. A new route for recycling waste Mg with
simultaneous production of magnesium nanofibers were proposed by using this V-S method.
The dehydrogenation mechanism of magnesium hydride was investigated by in-situ TEM ob-
servation, and the structural orientation relationship between magnesium hydride and magne-
sium during phase transformation was clarified. Finally, the hydrogen sorption kinetics and
the kinetic model for the magnesium hydride fibers were investigated.

This dissertation includes six chapters in details:

Chapter 1 is the general introduction for this dissertation.

In chapter 2, we described the shape-controlled growth of magnesium hydride or magne-
sium nano/micro structures by the V-S process. A special experimental setup was designed
for collecting samples with controlled growth conditions of temperature and atmospheric
pressure. We easily achieved controlling the shape of the products by deposition temperature
and hydrogen pressure. The results were summarized in the thermodynamic P-T diagram
of magnesium hydride. Different shapes of crystals with different compositions were pre-
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pared at different temperature and pressure areas. The growth mechanism for the V-S method
was discussed both thermodynamically and kinetically. The summarized results in the P-T
diagram will allow us to read the best conditions for synthesizing different shapes of prod-
ucts, which may lay the foundation for the mass production of nano/micro-sized magnesium
hydride in application for hydrogen storage.

In chapter 3, we presented a new route for recycling waste magnesium with simultaneous
production of magnesium hydride nanofibers. Highly pure magnesium hydride nanofibers
were successfully manufactured from waste magnesium via the vapor-solid (V-S) process.
This further proved many advantages for the V-S method over other methods in the synthesis
of magnesium hydride: it can produce magnesium hydride at low cost using waste mag-
nesium as the raw material, requires less energy, offers a high-purity product, and enables
control over the growth of nanosized structures.

The practical application of magnesium hydride as a hydrogen storage material is restricted
by the slow hydrogen desorption kinetics. To understand the H-desorption mechanism, in
chapter 4, a dynamics of the phase transformation from magnesium hydride to magnesium
was observed by in-situ transmission electron microscopy (TEM). The orientation relation-
ship between magnesium hydride and magnesium during the phase transformation was inves-
tigated. The growth mechanism of magnesium hydride fibers, including the growth direction
and growth front plane, was also clarified.

In chapter 5, we evaluated the hydrogen sorption kinetics for the magnesium hydride
nanofibers as prepared by the vapor-solid method. The fibers showed significantly improved
sorption kinetics as compared with bulk magnesium hydride, which were investigated by
a volumetric pressure-composition-temperature method. To choose a meaningful kinetic
model that could represent the physical reality and intrinsic kinetic parameters for the unique
fiber structure, theoretical modeling of the sorption data and metallographic examinations
of the in-situ dehydrogenation process and partially hydrogenated samples were carried out.
The Johnson-Mehl-Avrami (JMA) model, which was based on the theory of nucleation and
growth transformation, was selected for the kinetic mechanism analysis of the hydrogena-
tion/dehydrogenation of the fibers. The theoretical modeling by the JMA model indicated
that the phase transformation of magnesium to magnesium hydride (or magnesium hydride
to magnesium) in the individual fibers proceeded one-dimensionally along the MgH, — Mg
interface in the longitudinal direction of the fibers, as confirmed by the observation of the
in situ dehydrogenation process and partially hydrogenated samples. Interestingly, during
the hydrogen absorption/desorption steps, the fibers were separated into periodic white-black
(MgH, — Mg) zebra stripes, and the phase growth proceeded along the white-black interfaces
in the longitudinal direction of the fibers. The activation energies for hydrogenation and
dehydrogenation were estimated to be 116.55 and 150.78 kJ/mol, respectively, which were
within the range of previously reported values for bulk magnesium hydride.

Chapter 6 is a summary of this dissertation.
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Production of nanostructured magnesium hydride for
hydrogen storage
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IKBRIFIRDOLINF— Y AT LBV TILARBEHC YT 3 R YRR T 2V F—
DCEDTH %, TOERILDIZDDBEED 1 DI, BRI DB KETEME OB
HTHB, KFEMUXTRITLOXS GBREEKZIME. GESHEKEFBICLENRT,
ZREULBVERRTEEN D OKBERDOETHETH D, KEREEER OB
IKEFBBHEMEDSI N TV, BLEEBKEMOEH T, KEILT TR T L
. EOEVIKESER. BRENOREN., RIFEMEYE. AFOLRTI. RUTT X
O LM E Vo B OFEN S, BT EMICDE> THEEDEE > TS, L
LEh5, KEE 2T LG, BRINZEVEEHERE L8V KERR - BB OEE
REDODEALEHIFRBIN TV S,

NS DRBEZRRT ZT-HIC, MIEOFH, RIMICX3F5EE88E. RUT /B8
KIEDBIED BB DEADPEINTV S, ThE TKEFFENPRETIEDICED
BRI U BERE D 1 DIk, LI REEZ & DKBEIL~Y T2 LT/ ik r sl
BTLTHB, FCTRERHBHRERS L. HRE UTEMAMLBGERE OEINICHIILT
W5,

IKEILAL#78EE (HCVD) X, /Y4 XDKFILT TR LERET B HED 1
DTHY., MEKEZEFHATT T Mg BROEBEEZRAVTKEILI XU Y LR EBART
B, AEMBL TR, BABKBILI TRV LR TR I LT /=47 akgik
ZHCVDICKDIEBIL, ZORBAD A LERFAL T3,

AZAERIE. RD 6 DDENSHREND,

B1ER, A2MURNOBETDH S,

B2ETIE, HCVD HBIC X BB TR VT LRI TR LF /(=4 7 ok
AROBRFBEREZFBAL Iz, BELENDFIEINIRERMH T TV ERETES
XTI RBREBERE Uz, RBIRE LKEENDERMOBRICKIFT LERE
BHICEALMNIC L, —EORRZENRE P-T) RENCE Lz, HCVD LB IFEHE
AAZ XLz PR EERE OMEL LR Uz, P-THRRICE L HIERIZ. BT3B
ROEXMEART H1-DDORBEFRLEEESMIC L, F/ /14704 XDKkEILTY
RV LDOREBEEOAESE AR T — 2 FBHL TV S,
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BIBETE, BEMS IR ILRIYA 2V LD bRBICKEILT TR I LT/
T7AN—REET B bDOH UNESEERIR LT, BEYTTRXOILHOEK - B
EHERISZN U TEMEKRIES TR OO LT/ T 7AN—EICHN L TVD, Thid
OAKITIEVFETNE HCVD ZEDOFETH 3, §habb, FEME L LTERY<
TRy LEMNTKELI TRV YLEEIX FTREETE, TXVF—HBREET
¥, BHEOERMELEL L, 7 /91 XOBEAPEETZ BAMERERSMNC LT
DAY

IKERBME L L TOKEILS T X2V LOERLER. BOBUKEEZIC K D HNZZ
FTW3, FOBAEAAZXLEEBIRT S5, E4ETIE, KEILITRIVT LD
b T2 ANDHEROEHEES . in-situ FARETIEMEE (TEM) IC K > THRE L 1z,
MERBRARDKFNEI TRV LER TRV LLEDRREZTEECBEZL., TGN
AT LI, bbb EOREAARBRTEICLICKD, KBTI TLT 7 A5~
DREMEEZHLMI LTV,

%S ETIE, HCVD I & » THER LIKELS TRV Y LF ) T 7 A I3—DIKER
BOEE ZEHE L7z, (EREDRERIS TEE SN HRD) IV I EROKB LT TR T L
WKHNRT, 77 AN RAROKBERBERIIKESWE L, ZOEERFOTDIC,
in-situ BUKFRIL 7O AEBETZ L L i, BRKEILY AN EEE LT, BiREN
37 7 A N—DKBBUKFRILDFERE ZHAT 7201, BRERRUKELEIERIC
£\ 7= Johnson-Mehl-Avrami JMA) &7V EEIR LTz, IMA TFVIC & 2 EARMET
U VT TR, in-siu BKFEL O AR UG KELY > TIVOBRBIC K > THER LT
BRI, BRDIT 7 AN—ICBIBITRI T LS KEILT T Z T LADHEREL.
T 7AN—DEFHAED MgH, — Mg BREICIH > T—XThICRE Uiz, BIRiEHNC &
iZ, IKEREK « BREBCEER O/, 7 7/ \—3. BENEZAE (MgH, - Mg) DERRDOY
TSAMSATEREZZE L, ABRBEREIRR > T7 7ANN—DEFAMICHKEIETL
feo IKBILRUBUKBLOBE LT RV F—I1Z. FTHFN 116.55 R T 150.78kI/mol & #
EEN, TOMIZ/VVY OB TRy LICEUTURICHE S hizE & 13RS T
H-ol,

BOEIT, TORMBIXOBNTH 5,

AR TIIKRIFRD 7= DKFILT TRV LT /BERDOEEICEAL T, HaRE
%2, KIbI%, 7oA TZ20BEEAMOARRNICEDELHTED, SLOERTMRE
BHL T3, :
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