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ABSTRACT

Magnesium hydride (MgHy) is a promising candidate as a hydrogen storage material.
However, its hydrogenation kinetics and thermodynamic stability still have room for
improvement. Alloying Mg with Al has been shown to reduce the heat of hydrogenation
and improve air resistance, whereas graphite helps accelerating hydrogenation kinetics in
pure Mg. In this study, the effects of simultaneous Al alloying and graphite addition on the
kinetics and air-exposure resistance were investigated on the MggoAlgo system. The alloys
were pulverized through high-energy ball milling (hereinafter HEBM). We tested different
conditions of milling energy, added graphite contents, and air exposure times. Structural
characterization was conducted via X-ray diffraction (XRD) and Scanning Electron
Microscopy (SEM). H, absorption and desorption properties were obtained through
volumetry in a Sieverts-type apparatus and Differential Scanning Calorimetry (DSC). The
desorption activation energies were calculated using DSC curves through Kissinger analysis.
MgsoAlgp With 10 wt.% graphite addition showed fast activation kinetics, even after 2 years
of air exposure. Graphite addition provided a catalytic effect on ball-milled Mg-Al alloys
by improving both absorption and desorption kinetics and lowering the activation energy
for desorption from 189 KJ/mol to 134 KJ/mol. The fast kinetics, reduced heat of reaction,
and improved air resistance of these materials make them interesting candidates for

potential application in hydride-based hydrogen storage tanks.
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gﬂﬁ 2.2 Materials Engineering Department of the Federal University of Sao Carlos, Sao

Carlos, Sao Paulo



2.2 ¥an gunsal uaziAdesile

1. Tenznanuunii@ouegiifonfifuuniiendussduszneu Jovay 60 lnsdurusznou
(MggoAlao) QﬂLG]%EJiJ‘-U’]ﬂIa‘VwLLNﬂﬁL%EJiJLLaﬂaﬂzE}QﬁLﬁﬂﬂﬁﬁﬂ?’]ﬂ‘lﬁﬁ%éﬂ’]ﬂﬂ’jﬂ 99.9% WA
Tangihiaosnaniudulansnaudaonsyuauns arc melting Aeldussenmaensnauuasnisly
Inndeslunisgadusendiauseninmanan uagyinsvaondivatsasaiteliiieunaudn
iU mﬂfuﬁwmmﬂﬁﬁﬁammmLﬁﬂaqLﬁ@lﬁmmmumﬂumgiﬁdwaﬁul

»
/s N

msvulifivuadeudnas

5UN 2.3 nsiwSeulavena MgsoAls

2. IATBIUANGINIUGINTN1 T8N 1UNA1NI1 (Lower energy transfer rate HEBM
conditions) lakA RETSCH PM400 planetary ball mill Fsi1n1sualagldgnuananiiaunsin
3 I3 <, 1Y) = v a
NVANALAULEE AIUANAIILTIIUNISVIYY 150 rpm Wukian 100 U3l wazdn1sndudie
NINTUYUYNY 15 Wil AMvuadadiuvesanuasedan (ball-to-powder) iy 13:1 lag
Wniin esesileag a1ty Leibniz institute of Solid State and Materials Research Dresden

(IFW Dresden)



sUl 2.5 RETSCH PM400 planetary ball mill (§1e) nifoun (Vials) (¥21ut) wag gnuea (¥17a19)
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3. IARIMIUANNTUANEIN Ui enasuTigendn (higher energy transfer rate
HEBM conditions) lauA FRITSCH P6 planetary ball mill o wosufuinislalasiaululans
(Hydrogen in Metal Laboratory , LH,M) Materials Engineering Department of the Federal
University of Sao Carlos Lilad 141 A1saed wasy w1 wWila Uismﬂawﬁuﬁa’lﬁ’lim%ﬁm’]%

nsuanaunieliussenimeisnew Nensusalunisngu 600 rom wuan 20 43lus wag &
nsuyudaunauyng 20 i wagiidndruvenintingnueaseiaginiu 40:1 uansisguil 2.6

5Ufl 2.6 FRITSCH P6 planetary ball mill way gnuawagsieunmanndliai

2 '
2.3 YuRdUMSATIUNIIIYY YAl 1 n1suaunsIvA

nMsUfUROLAde Tuide “lassnidedesmsfaunlansnauuuniiousgansfu
dwmdunisiniivinalelasauiiodundanumadon” Ussneusenisniouian uagnis
nagauAansatunsIaivlalasiuvesian sudnisieseiiagnouwagndnismagey
mnuasnsalumsiniivlelasiauvesian mAduudsmawientaguanumsei 2.1

feehsusznaudng 4 dawldud Ensimsdemmdsnuvonaiosun wiady L uas H)

- (Sanabidmdudusnseudann) - (Szegnainsdudaenia) - UTuiansilidngy
AT AN )
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M15197 2.1 AN UARINISPTEUAIBENNI M AlL, x = 60 Naung1lg un133dy yail 1

Fodaegs | Snsnsaiewmdeny syeglalung NSLANNIING
YDUATOIUANS dudanueinia
ynsiaee 19N dudATUaIN A
L-0-2y Lower 2 years -
L-10G-2y Lower 2 years 10 wt.%
(navfandlounnaSudiu
noulzdulanInA)
L-0-2y-5G Lower 2 years 5 wt.%
(NMILAURRINIUN TN
DINALED)
yaddegeiinSeuln
H-0 Higher - -
H-5G Higher - 5 wt.%

swauBunveansuftinsidy futeluil
2.3.1 Mawn3enTanasdu

nadsufandeiutsenaudienisvilavgnan nsuaRiens wazn1suauns L
muleulvvesnsinienianlunad 2.1

nswnienfaniiian1side Usenoudienisualansranuuniifou-agfifloudadud
drungn Mg Al x = 60 lnsdndiudiuiusznau N18lAUTIEINIATBINRYNISNOUAILRIDUA
wazgnuavihdemanndliaty Tnedadiussviaiwiinvesgnuauaslansiignuad 40:1 Tng
nn wagldgnuaiitvuiaduiigudnans 10 lwuAtimessiuiu 10 gn wae 8 wuffivies
$1uau 15 gn fwidn 72.37 ndu nsdeiaruarerandeun vildlaemsuanaudionsnosd
fin wazwoanesed unan 15 unfl wagiendnads a1ntu uanaudedatiee Wunan 20
W UardANEEInMILLEaANe TR

nsusslanenausssuaduniouadasdiiiunislu Glove box ilemuaumsipouns
melaned doondiaunazindosnin 1 ppm leeldinslnadouvesieonsnoudiioan
TonansUzturesnuduuasieeandiaunisluntiovadsasinaliinu §Aseadilaife
Uszaadld witouaiiussqlavenandideinisunudiazkiunisdafingorine usimanendaiiels
fuldlumnuazamasiumeluniioun endoundmiiaunazgnindafinfesunnasemius
49 1Agau1IEeNTBUNITULUAIUANUMINEAN TININITNEANNTENINNTEU WaLNANIINT
yyulludrenthaduiumanauludimdald Vadduegiunndnunzvssaidosnis
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FANIR waENINLTRn lUN1TYANNETDINGNUA Lay MilBUAdIMSU LASEY FRITSCH P6
planetary ball mill

nsiasafingersnaudigriiouniussdan 1Ases FRITSCH P6 planetary ball mill wagiss
AIUAY

JUN 2.7 mawleuianus o viesdfuanislelasaululave Ussiwmausn@a



B L = Y 1 = < = a L4 LY [
ﬂ’]i"ﬂﬂLﬁ]iEJQJWJ’e)‘EJ']\WIUﬂLﬁi"ﬂL‘W’EJVLiJ'JLﬂi’]%MLLGSﬂ'ﬁ"U@Lﬂ‘UI‘u Glovebox

Ul 2.8

[

Y

ueN1579UlL Glove box WiBLMSUFIBEINAINITUAEIUSUNITIASIEN

13
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s
a

nsuauns e Tuiodaiideainadunliddsfininuuignige a9n SGL Carbon
Werk-Ringsdorff (grade: RW-A) LLasﬂ’wmi’aaﬁmumsm%mLLé”Jmmwamﬁ’UﬂSﬂWﬁﬁqﬁ

A, yafiegna L-10-2y MwTense inTesuandssugeiifinnsaommdsauiifiinit (Lower
energy transfer rate HEBM conditions) tawn RETSCH PMA00 planetary ball mill &
Leibniz institute of Solid State and Materials Research Dresden (IFW Dresden)
Mmsuarauniduzna 10 wt% vhnsuadaesasnds 200 rpm Wunan 54alus
nananuanauns tduaunduliluvssemauniduna 2 ¥

v, yafegsinIeudie FRITSCH P6 planetary ball mill o wesUfvAn1slelasiauly
lang (Hydrogen in Metal Laboratory , LH,M)
ilaguanauiuns g n1eldusseaniaensneu Usunu 5 wt.%yiinisunnigsnsisa
400 rpm i 2 lus Fedndugnuasiensagiavun 13:1 Tnexvmiin: uagsin

NIUYUNTUNNY 20 U7

2.3.2 Msnagaun1sgaduuaznmsuandaesinglalasiau

n1sinsmageuaNansatunsIaiukazUanlaseinglalasiau dudunisiagld
\p3esilafiFunin Sievert apparatus muvdnMsinnsasullasesinassaduaiosdings
lgusEm SETARAM an30inUSunnsvesnaonussqneian laeeg1egnded a1unsafnnugumal
anelunaznigueniades ldnasanismaassuazidunisauaunisiananaziiaszinasgne
Slud@ vl ianavesufiseniideddarazemuufienuasanuazgniosnniu

NINTINATIENUTENDUME NMTINaAIERS (Kinetic curves for activation) Usenausie
fﬂiLﬁ(ﬂﬂﬁﬁ%%’ﬂﬂ’]i@ﬂ%mﬁlﬂ%lﬁiﬂil,ﬁ]ui‘liﬂ%ﬁﬂLLiﬂ (first hydrogenation) Wa¥AI1NUDINY
lolnsiou TnelHieS0s SETARAM E&E apparatus Tagviilgamgll 623 K Tngnismiuauadusy
vosfinalalasiauilidviufAzendl 45 bar. AewiuFAzentulslasiou weiegiaazgnliaiiy
o1 12 hours at 623 K luszuunigluagayinie
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TUsunsuAmuANNsYIUTBsTEUUMIMAdaUNIRnTuazNsUanUdesitlalasiay

;nlﬁ 2.9 1384 Sievert apparatus U8IU3EY SETARAM

2.3.3 NFIATIZANANITNAADY

NMTIATIZANANITNAABIUTENDUME o To%aN LA N1395I9TINANUENINLATIAF
HANVBITAANI8IT X-Ray diffraction (XRD) n13m53a¥RanwMeNIanIgnInvesianluseau
f\gamﬂLLaxmimmﬁﬁ'@aﬂﬁﬂizﬂaumﬂmﬁ scanning electron microcopy (SEM) Wag energy-
dispersive spectroscopy (EDS)

1. N30 TRanyunIlasIaiwdnvesdanmieds X-Ray diffraction (XRD) lngld
Rigaku Geigerflex diffractometer with Cu-Ke, radiation (40 KV and 40 mA), 20 ranging from
20 to 80° and a step size of 0.032°
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5UN 2.10 N1swseuiiegaiiensiAsIeislgTs X-Ray diffraction (XRD)

n153As1ginsrvesialdeudu-gead (Wiliam Hall plot) Tnaldlusunsy X Pert
HighScore Plus software LiloA UILMIALLATEALANTIY UALIUIATBIHAN LiBNTIMANS
psrfadvilfanunsonmuisauunnssedassaimdnvesanudazeiin Sednunsoesungls
fedvEnaifsenuansolunisussylalasaulddnmanis

2. MINTIVINANWULNWNYNINYBLTAN LUTEAUIANIALATNITATIVINBIAUTENDUNTY
LAl edlansnauni1uis scanning electron microcopy (SEM) W@ energy-dispersive
spectroscopy (EDS) Tae 'l FEI Inspect S50 microscope fifinshia (??ﬂ Apollo EDAX
#oeUfURnng SEM fimsysifsineTannsondes ifieannissuniuvesnauidssiienaiinasionis
AN le

*

A9Y19NINOUNN SEM

ANNITLASEUFIDENNDNITIATIZI

U %

Uil 2.11 menseitiandneds X-Ray diffraction (XRD)

3 n1saAsigvinislanddeslalasiauvesiagdiunisaign1sinsiuiuues
Simultaneous differential scanning calorimetry (DSC) wag thermogravimetry (TGA) ‘Uaﬁa@
fihunsgadnfelelnsiaunds Tasldia3es NETZSCH STA 449C instrument Tagnnslsiaany
Sounngmmgiivesauds 600 ssmalwaidoa Fednsnsa 5, 10 wag 20 K/min dedinisfiads a
NETZSCH quadrupole mass spectrometer (QMS) 403C vinliaunsansiaasunisvanilasy
Malalasiaulaluraeiediu  anran1saaesdsausatimguugiggavesnisantaey
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fnglalasiauvesianiinmednsuimaiumnasnansiu Kissingers tioATIEHMIAIUDINATY
nsgguiiion1sUandaeslalasiauvesiagudaveiln iTliarunsansivieanuaiusoludeas
AARNSURITER

gilﬁ 2.12 AiASes NETZSCH STA 449C instrument nsandasnagaitenaass

2.4 funaunsiniiunsiss ¥adl 2 nisuaunsilu

1. vihmsinseunaveslaenauuinti@eueaiiien Mg, Alipx at x = 60 at.% (purity >
99.9 wt.%) MunsruIunslide 2.3.1 uagyinsuanslundiounuszania3osniuaunisun
Wé’qqmgqﬁﬁﬂﬁmamwé’mu‘ﬁ'qmdw (higher energy transfer rate HEBM conditions) latA
FRITSCH P6 planetary ball mill s esUfusinislalasiaululane (Hydrogen in Metal
Laboratory , LH,M) Materials Engineering Department of the Federal University of Sao
Carlos Lilad 191 A1aed wasy @1 1Wila UsenAaniusansnsassusda innisuanaunigla
UssBIMAenneu Mnsualunisvay 600 rpm Wulan 20 Falus way Insvpudoundunng
20 unit uariidadruvesiningnueadetanvindiu 40:1 waginismuaunInAIsusnElH
UsI8INAe15nauly Glove box

2. uanansmAuns Wy lagly FRITSCH P6 planetary ball mill innnsuanaunigle
UsIINIARISNeU dnsISTlunITngu 600 rpm wasddadiuvesimingnueadeanviniu
40:1 laedinsUasuniasdnsnn1swannsiuy taziialun1suara Aalanslunisnen 2.2



M50 2.2 MITIUARINITNTENAIDENNI M AL x = 60 Nauns 1y Tun3de yaq 2

Sample ID (-BTaphene Mixing time
addition (wt.%)

M60 - -
M60- 5Gphe-1h 5 1h.
M60-10Gphe -15min 10 15 min.
M60-10Gphe -1h 10 1h.
M60-10Gphe -5h 10 5h.
M60-15Gphe -1h 15 1h.

18

3. 1130579 InEN¥UEN1ILATIATIINEN Ve TaRAI8T35 X-Ray diffraction (XRD) lagle

Rigaku Geigerflex diffractometer with Cu-Ke, radiation (40 KV and 40 mA), 20 ranging from

20 to 80° and a step size of 0.019°

4. MsnedeuNIRnduwazn1sUantaesinglalasiau me Sievert apparatus U94AT01

SETARAM E&E apparatus Wiadasied n1sTmeamians (Kinetic curves for activation)

Usznaudieg msinujisenniseaduinvlalasiauluasausn (first hydrogenation) wagAI1ug

vaafinwlalasiau lagld lneviaamgll 623 K lngnisaruauauauvesinglalasiauinagvi

UfATeN 20 bar. Aewihufisendulalasiau weiregsavgnivinnuiouw 12 hours at 623 K lu

szuuneluayinie



UNY 3 HAN15YAZNI5aNUSIENE

nsUfTRNLATe luiade “lassmsidedesmainulavenauuunidoudeasiiy
dmfumsinifiuielelasauiedundanumaden” Ussnoufeninaionian uagnis
nageuANa1nsalun1simivlalasiauresian saudinsinseiiannounasnaanis
nagsumNansalunsinivlslasiauvesian madeuiadu yei 1 msfnudvdnave
91l wag gfl 2 mFnvdviwaresnsiitu fseasndeadelull

3.1 Nan153eYAN 1 N1sAnwIBNSWavanslua

N3ANBNENAYDINTILHALUNITHANTU MgsoAlay bUNITHN3ENTARMININAITIN 3.1

M19197 3.1 A1 IUAAINITEISHUFIDENIHT MgsoAlse NaunT1lulg Tun153ds 4ai 1

Fodegne | Sasimsmemndsny | sseznailunis NSANNITING
YDIUATOIUANY dudanuennia
yaddegeidinIsauiaivaIniA
L-0-2y Lower 2 years -
L-10G-2y Lower 2 years 10 wt.%
(nsdudlounnasudu
faulzdUNaDINA)
L-0-2y-5G Lower 2 years 5 wt.%
(NSLAURAINIUNTEUN
DINALED)
gf@ﬁ’aa&iwﬁm?yy?mi
H-0 Higher - -
H-5G Higher - 5 wt.%

e feg19UsEnaume 4 @ulaun (BRsINTsaemnaNIuresaIaIun) — (Unansd
IndmAnausnIaudannd) - (szegnainsdulaninie) - (Usuunsiiianduvasduda

91NF)

anuaurverTAnNINHIUNTFUREDINA 2 Aaeeelaun FIg1a L-0-2y warsiiagis
L-10-2y lauanslugud 3.1 wanddiiiuaiiuwanansvesianuevaslansnauwuniidey
A a Ao a I a Iz A a ) ' Y o =
agmuawmmimmLLaziﬂ,Jmeiﬁ”LWmiumﬁmmL‘waLmsmmaEmLmemamUlﬂuamaz
a a| a 6 1 [ v al 1 1 [y} I~4 2
anaUnduan 2 U mseunsiindeinesnwan wliredanusiulunienudunau
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i‘lJ‘VI 3.1 aﬂwmumaqaammmmmumsauwammmﬂunm 29
mamwlﬂmwaumﬂﬂm ($10),Fr0g9TinaunsTIWg 10wt.% (317)

3.1.1 nsinseilasiadandnvasiiduunedaoniasinsizdnnaeiuueeded
1@ (X-ray diffractometer; XRD)

n53nszflaseasendnvediduunieriediinszinsiasauuee Sadiend

(XRD) wosTanuafisunsiedensensldvsiouasefoulusieg aumsisil 3.1 uansdagy

fi 32 fianmsideivuresfiiidnduansdnunsvoaaiiusng Tasdmsufogiamsuesian

fldunsuanauiniZeusesuda (as-prepared samples) Iﬂaél’aasmi’a@mﬁ”’wmﬁé’ﬂwmz

vosfinnsdevuiimiloutuiomn Suandnvazvonnalavznanves Y—MgAl, &
LﬁuLWaﬁﬂimg’LuamaLaﬁas%ﬂamwamzwLLamﬁL%smaqﬁLﬁau (Mg-Al system) 713
dndrunauveunienusvann Sevay 60 vassuIuezael (at% Me) Fadenndasiuna
A1SAN®WIUBY  Scudino kagane [ Scudino S,(2009)] ﬁﬁwmﬁﬁﬂmmwmwam%aﬂa
(mechanical ball milling) nslanzuauuuniifonegiidounagnuiaiuaiosvos
Y—Mgi7AlL, Tannsausngluinamsasvesdunauszvinunfidounavegiidoniining
u Tnganunsonuina Y—Mg AL, Iéfldunanvesuuniifoy Sevaz 50-70 va3s1uIu
pznouuuNLTow mﬂ’mmﬂaﬂmumamaﬂammamaﬂamwauLLuﬂuLezjsmaamuawwau
fenszurumsundluannzaunalaginld s1eay LEJEJWUENWFm’]’iLaEJ’JL‘UiWNM:JWUEN‘V]ﬂ
Funuiuansnsn XRD luguil 3.2 lduandlasasiBelumanuan n
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v yMgi7Ali3
e Graphite
°
3
E v v
‘2-. e
@
C
QL
=
S
/\ H-5G
W
| | 1 Il 1
20 30 40 50 60 70 80

2 Theta (degrees)

JUN 3.2 navinsdeauusiddndvedlansnanuunii@euegiileniiiiunisuanasly
Reulud1eg mun19199 3.1 (as-prepared MggoAlao)

INHANITIATIENNTALBUUYDITIANG (XRD) Tuguil 3.2 Seanunsouansianis
‘221’ v a c 4 & v Q’i’ Ly 1
AeuuTadnduaanslidaie Ingazusinglunsivvesnsideauures  f79819 L-10-2y
= A Y v H Y] | I3 Iy = = v
Fatimsuaunslwdludadiuiveas 10 Ineuntdn egrelsinulutusmudue) Fssznaume
drunauvosns dludadiunisnas loun @19819 L-0-2-5G wazg@i10819 H-5G Lanuise

a dy 1% 3 dy I Y 3 1% o a
asranuiAnsidsavuvenTinely isderalululainnslnduszneumednvaznsises
uptaznaN LUK LIS EIdauiY LarnseuIuNMIUARaNAIenlouanasugwilingg
Sewndutugniateuarandnsinisiiesiegnaussilevludnuuzueinsilvdas duidy
SNUULEANUIINNTTANIVY Haung wazmmy [Huang ZG,(2007)] Avinnsuananstludlu
nliaualuussemae1sneuwiInumMsagydelassairandnvasn sl

uanninislasunvaseeslassadenslndiflosannnssviunisuananngla
USIEINAUDINILBISNBULIANITASIINUUNULAY  Francke wazmne [Francke M,(2005)]
1A8N1SATINIATIZLATIAS19909n5 1 INARI8NADIETLAIBLANATOULUU Transmission
electron microscope (TEM) @ansranuinlassasrawdnuuunstlng elasunisuasiende
ualUssegnilasiinsivsusdaslugdnuuelassaiidudnunsves “stacking packages”
FafodnuauznaNsznINMTesvedlas@imanves nalwandutus Seaiuegdungu
Fangunisiseedaillanedanszargegvinunanenisisesiilunuvedugiuddiludiulng
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[
a

o N ¢ ' a g . y &
anwagn1ssesdndutug vasnsbiiidungus 1 Seein “stacking package” agnalsfiny
devihnsuaseiileslusseganfuiuiiniu dnvarvesnisisesiludusgegradussideu
Jungus w38 “stacking packages” il azidvanmuasiuasuluganvuzvesedugiuiamnug
Tufan
1 A A ] A o v P Y Y]

YanaInl NSEUIUNSUARALUN TG enlundaun eyl rnsdiauinannalussau
ganauazluszauuly dnasranvansuseneviunil@eueanlas (MgO) [Zhu Y,(2010)
,Huang ZG,(2007),Kadri A( 2015),Lototskyy M,(2013)] eenalsinu a1nsaegansvedlany

N A a a Au At o Ay o o o W
nauuun@enegiieulunsiTeigaiinaves MgirAl, Aldnuluanisdudaiueinieun
Junanaesd laud dega L-0-2y uaz L-10G-2y Meglidinisnsranuasusenauwuniige

L3 a o g.JI -dy A U 2 a A a a a
ganlyd (MgO) Wadnn1sIdeasellanusagudulaitlansnauuuniigeuegiiivniaiiy
FIUNTUVBINITLANDBNTLATY A1UAbAT1891uTUANSIT8UDIANdreasen hasAMY |
Andreasen A,(2005)]

) ' o g av & Y] o w & U e a

MeagranmuanAnulun1sidel uansnvuzdAguenisideluusdendlugun
3.2 ludnwarvesfianisidenuusidiondnigiunii aduusnngnsaiivansitFaauedign
psrvaszidundnifivuimdnluszduunlulnes 919197 3.2 uanavuinvesndnvesian
HILAEAULATUAYBILENTITUDIIDE 19 TaAHITHIUNSNTENAINITUATINAT LagHIUNS
AuuAINa AliMg7 inedsves Iideudu-saad (Williamson-Hall method) asdeyaly
nsmflugu? 3.2 anmsiuiunaadiiiuimeianiniunseuiunisuanaunslundeund
AMAsEnavaNNInegsilted Ay IneA1vesanunsnvesLaniivin1siudsunlasniu
USELNNTBINITUA LAgFIMSUNISUANLDRSINITANUMNAIUAA LN LALAAAINULASAYDS
wanfgdinuluaie deuansludiodns L-0-2y, L-0-2y-5G, way L-10G-2y (194977
nsruIUMsUARALYI IiAnMsidesUNteaund

ae3lsfnnu Bvdnaveaniswdsuwlasruinveandnvesiagualiainsaeduiadu
wildule NsENA IR TUASUARENTIELESUNSLAULAVDINAN I UTUADUYBINTLUIUNTS
vanauluniaun F9Ra151RINVUIAVBINANTIALTY f9mplUl YUIAUDINANVRIFIBEN
HINUANFNAILDATINTANBINAINUAINIT LAUA L-0-2y Way L-10G-2y Huuananusenia
54 nm LAENUIVUINVIHANYDINIFIDY1TILASUUAILNITUANENADHTINITOIULNEIUN
g b H-0 waz H-56 Tvunaiiadudy 161 nm wendantl nan1s3denudn lunisue
HeuNeIan luvsauaiin1siiuns g ndnvesneianninNuAseninTugeRsiinTensInIg
InvasuuInnanveHIganulume

A15199 3.1 VUIPNANVDINILAZ AIULASUALANATUD NI UNITHTIUAENITUA LUNTDUR
AUAUININE AljoMgy,ene3s Jaldendu-gead

MgsoAlag L-0-2y L-10G2y  L-0-2-5G H-0 H-5G
Crystallite size (nm) 106 160 63 80 241
Lattice strain (%) -0.2 -0.1 -0.2 1.0 0.8

e Awulaglddagasinnsin XRD Tugud 3.2
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Uiisenmsgaduuaznisaefinglalasiauveara MgrAl, aduufisewuudu
nauleniinsiunduegsauysainuuizematetuneuy [Rud AD,(2008),Bouaricha
$,(2000)] Ujfsennsiunduresufiiseinisgaduuaznismeinglalasaudinsuasuudas

wla Y—Me17AL, nauluunlaniunissnea1uwes Andreasen [Andreasen A.,(2008)] f9a1nT3

Mg,,Al;, + 9H, = 9MgH, + 4Mg,Al; aunnsg (3.1)

U7l 3.3 uanansnsidenuuiedidng vesfetn H-56 n8IINRIUNSLATENNS
(as-prepared) H1un13Raduinglalasiau (hydrogenated) wag Hiun1sanefinglalasiau
(dehydrogenated) @ansndsnaanansfsnisidsuutanslavesiegianalfAsendu
lelnsiaunes fegna H-56 Tumsgadufnalalasiou e Me-Al, Tnmsivasuuvasiuay
auns (3.1) uay aunns (3.2) sumainisiAsuuvaadusla MeH, uas agﬂﬁam‘%qm‘é T
nszvaumsmefnalalasiou U§ATe1szning MeH, way egiidenuiqns viluldma
Mg17Al, NAULN nsasundainavesiiegng MgéoALao?ﬁ'uq Dululudnueasimoiiuniy
U381 hydrogenation/dehydrogenation Munduls agdlsfinu dmiusaon  H-56
n¥auuisermsaeielalanau fimsamany fensidenvuveaa wuniideudniies
wandliifiuuiizemefglelasauiiistusafnnsdiunduiiliauysel

ACAR R EITTATRINE AF= R A AR RS AR L-10G-2y Iugﬂ‘ﬁ 3.4 yanNanUAsuwUas
wanuUfA3en hydrogenation/dehydrogenation fiffunduldludnvazifsaiu agislsh
pa Wuiihadlafifienisideaiuuresnsiiwdfesanlunswninideiuuresisdidndves
et Mg;7AlL, vdaumsuawEufiegn ndumeluidlesesn L-106-2y  shuufisennis
andufnelalnaiau Tudesiumainisdsnvwesiinveansinderafisnuiduanasiund,
AN TIalaseild N9l XRD wansieufATen hydrogenation/dehydrogenation 7
funduldogaanysaivoaia Mg7Al, uay finmsdeauuveanslwdnduinusingdnaslu
Fre8n L-10G-2y Trimunsmefinglslasiau

9nnslugudl 3.4 fiansdsnvudaduiigiuniadeesian (-106-2y 1w
Ufji3e1  hydrogenation/dehydrogenation n31% XRD LLamé’ﬂwmwaqﬂﬂﬁﬁgmﬁLmum
aziATAIdNgs NTIMELEUEUANLAAIIN YUY YDINITVY I VUIAYBINANVDINIFIBENY
L-106-2y Tasldfinsuansnisddsunlasmesanuniwesginfianinduureama
MgiAl, f53U7 3.5 FamaAsunlasesgiufinuansiamsidulavesvuinvounsunaznis
ANAIYBIANULASIALANTIT %QLﬁumamwmﬂﬂﬁUﬁﬁ%m hydrogenation /dehydrogenation
Fadenpdestiun1sdnuives Huang wazay [Huang ZG,(2007)].
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° MgH; v YMgi7Ali2  + Al
#Mg

Dehydrogenated
v

v vevY v YY#[\YY v vvyVy

Intensity (a.u.)

<

E
<
+*

<
T+

£
<

<

Hydrogenated

°© o %o e X

As-prepared

v
vv Vy v v

1 1 1

50 60 70 80

2 Theta (degrees)

UM 3.3 N30 XRD 98918819 H-5G M9 INNIUNTHIEURNG (as-prepared) WIUNNSATY

Y
(24

fnalalasiau (hydrogenated) way arun1saeinelalasiau (dehydrogenated)

4 e Graphite opMgH2 ¢ Al v yMg17Al12

Dehydrogenated L-10G-2y
v

Vyvvyevy VYV AVV v v

Hydrogenated L-10G-2y

o *

o oo o)

Intensity (a.u.)

As-%repared L-10G-2y

VV AVY v v

i/\./\/\ As-prepared L-0-2y
r f - TrAA—M\——-———Ah

20 30 40 50 60 70 80

. 2 Theta (degrees)
5U7 3.4 N5 XRD U89619819 L-10G-2y NERINRIUNIILATEURS (as-prepared) WIUATT

andufinwlalasiau (hydrogenated) wag Wun1sAefinglalasiau (dehydrogenated)
waeue N5 XRD Veesa8819 L-0-2y uanuitoiludeyad1ads

<
%.o
<
<
<
<
<
)
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—— L-10G-2y dehydro
—— L-10G-2y as-prepared

Intensity (a.u.)

T T T T T T T T T T T
35 36 37

2 Theta (degrees)

5UT 3.5 N30 XRD 104 L-10G-2y W&a91npUNISIATEUES (as-prepared) wag H1UN1SATY

2

23

fnalalasiau (dehydrogenated) TaglanzasiAnIsidealuuwed Bragg Useuna 20=36°

mn%’auﬂamﬂfmwmslﬁymLuu%%lﬁﬂ%maaé’aam H-5G way L-10G-2y éw”umm‘iugﬂﬁ 33
war 3.4 eldlunmsdnumaaueSsauwanfisvenra AlMer; Judumandnvesssuy
A2875ATUIUVDY Jaldsudu-g9aa (Williamson-Hall method) [Mote VD (2012)] Tng
NATULLIAA XRD o una AliMgyy mamﬂmﬁf-ﬁ’wmulmmiugﬂﬁ 3.6 p813l5ARU NS
fuanvwIAveIranaInItvedadsndu-sead 1 luunsdenaiinunainedeuld Mote
V,(2012)] ﬂsWWTu'gUﬁ 3.6 WARIAIAINNLASLALANTY UDINIAIDE1S H-5G LAy AI88IS L-
10G-2y finunswe3en (as-prepared) warHUUHATEINSANEAY H, (dehydrogenated )

mﬂgﬂﬁ 3.6 wansliifiud AueSeauaniiv dwsu fregrefilunisniey (as-
prepared) ﬁmﬁgmdwﬁaaéwﬁquﬂ@ﬁ%mmsﬂmﬁ"w H, (dehydrogenated ) lawi
Swandensal @ mSusieg1s H-56 manueIenuaniie anasein 0.8% luiedneiniy
A15tA3 1 (as-prepared) 1Ug 0.1% ludegraiiiuuiAsernisaiefielelasiau
(dehydrogenated) LWuLABINU d195UF0818 L-10G-2y ANAIULATIALAYITY @AAIAIN -
0.1% Tusegeiiiiun1snIey (as-prepared) 1Ud -0.08% TusedeiinuuiAzennisane
falalasiau ashaliﬁmquaﬂii:umnﬂﬁauwmﬁummﬁummﬁﬂ’[,umslué’ﬂwmzﬁ ANUNTONY
lalufanmediunmseSoumneiualuniouafifingssugs waznisasuldasmuinvedns
THanasasnuldiflenunszuiunis hydrogenation /dehydrogenation #a187350uU AuIA
veandnazgeluegrsnnlulfisennisgadufiglelnsiauluaisusn (Paik B,2010)]
mASERveaniiv azAosmelilondniivuiaiilaiu wazianmseanenuesoaiios
MI18NTEUIUNTT recovery hay recrystallization naeAanNsSeUIUNTT
hydrogenation/dehydrogenation lulsiaza930u
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Struct. B * Cos(Th) = 0.4(4) + 2(1) * Sin(Th) Struct. B * Cos(Th) = 0.2(1) + 0.2(3) * Sin(Th)
Chi square: 0.5743067 - Chi square: 1.0985270
i BV : T
T 1.6—: . ) 1.4
- 2]
£ 1.4] =ERE
[ g w
3. ] 3
x 1.2 T 0.8
(a1 ] m 06
T 1] a So04]
= ] = =
»n 1 » 024
0.8 ; ]
] 0
rirrTr7TriTerrreT e I e I o P o B I L
02 04 0.5 ; - 02 0.3 0.4 0.5 0.6
Size [A]: 241(120) . - Size [A]: 497(224) :
Y Sin(Theta) ; Sin(Theta)
Strain [%]: 0.8(3) Strain [%]: 0.1(1)
€)) (b)
Struct. B * Cos(Th) = 0.6(1) +-0.2(2) * Sin(Th) Struct. B * Cos(Th) = 0.22(4) +-0.18(9) * Sin(Th)
Chisquare: 0.3506175 — Chisquare: 0.1057112 —
0.7] - -
© 1 T 0.3
3 0.6] T 1] O
H= : = i
E ] = 025
& 0.5 8 ]
& ] O 02 B
EJ 0.4 [a1] ]
- : = 0.15] , : : 0y
8 0.3] z ] B E ;
& ] % 0.1 , L :
% ond : o . T
] 0.05 g L
LERL ! o S P T T

LB o e e
03 04 05 06 07

: 04 R ] nn
ize [A] o e Nra B Size (AT 409(69) .
S!zeA.16028| ; A "N
S"a"E [‘]%1? -0(~1(1)) N Strain [%]:-0.08(4)| ety

©) (d)

Ul 3.6 nsmlvediafendu-sead duruandeya XRD fslugudl 3.3 uas JU 3.4
d1115U d79819 H-5G (@) H1un1smIeu (as-prepared) 4a¥ (b) HIUN1IANEANY H,
(dehydrogenated) ey 19819 L-10G-2y (c) W1uN1Ti@Teu (as-prepared) ta (d) W1u
N15A18A% H, (dehydrogenated ) lagA1AaASEALaNATLAZIUIAYRINANYNATUIULAY
NANTUNERNA XRD Vouna AljoMey;

wenani 'gﬂﬁ 3.6 A15UF0E19 L-106-2y Fanwansdenisanasiitesndn veq
aupSeandn Nt saeiglelasiau (dehydrogenated) lewfiaufusegns H-56
Tutszamiondu dwiunsianiithnsuruielvgdlemisuriunssuiunsuasemiioun
srflvuevannsuanasfignnindeniunszuiuns hydrogenation wqaﬂisw&wﬁmﬁuﬁlé’
finsseaulag Paik wazanz [Paik B,(2010)] #eldin15s189 U4 awInvennsuiidnndd
NRIVINLATIUNIUATZUIUNITUA LURI O UA mm'jwzﬁmmm%mLLﬁmﬁ%ﬁgmdw 224IN1T
Aulnveansuiiinimdsunssuaunsgadnfinglelasiau
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3.1.2 M53ATERAIENADIANIIAUBLENATAULUUERNY (Scanning Electron
Microscope, SEM)

AMENBIINGDS SEM uanafaguil 3.7 uaz U7 3.8 Bauansiednuasdng uuedng
fanfrhunszuaunaeienlrsmsualundeusisssuamdnmnistemndsnusuagdng
Mseemwdsaugs mudwiu dmdumsuanandilifinsidunsludaznudnunzvesnis
imezAuvesnsTangusslitiueuiitlinaunnsneiu duansiefedis L-0-2y uaz H-0 lu
U7l 3.7 uay JUT 3.8 amddu Fadudnuaziinuldlasiludmiunadiinunmssioude
Msualuvsioun FeaenAdosiunsseuues Peng uazaaz [Zhu Y,(2010)] JUATW SEM
Fanfsuandlunianuan 1

Tumandudy Wesimsidnnslndlunisuslunieun sglinudnvaznisiniziuves
natan warkeitduguiuuuiindunagasanuauduuiy fuanadediegng L-106-2y
wag H-5 1u§°d<i7i 3.7 way gﬂﬁ 3.8 AUEAU

Rietsch wagAe [Rietsch JC,(2010)] Watkedn n1sualundeualuussennia
o13nouilefinglwdsiuse axvilinsuanangnaruuisnsualuLUUN eV (shock
milling mode) fafun1sidunstiidlusalunisuadregrdlundeun uenarnazidunis
Favnsmsiiansinefuresslunszuiunsuaud Sedaasumsunludnvaenssiusty 39
riinalinisunlanadnsidunsuinianas
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Sample L-10-2y

Pt

Ul 3.7 g SEM vesnafiumsieSensne msuaidsasinsanemmwaanusm
AU feene L-0-2y lhfunsilild  amdrsdng feene L-106-2y edin nslld
fauaz 10 Tnethuin uazivluonnia ol aamarsun: §aegne L-0-2y-56 vy
o dosd) udrsadlodunsilils Zevas 5 Tnethmin
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5UT 3.8 7neny SEM Y89niii1uN19n3eumen1suAnionIIn1saemnasaues
ANUL: A29819 H-0 haiiunsnlud aanana: freene H-5G Wunsikna Seeay 5 taeunnin
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3.1.3 msAaednsnsiiaufisengaduuaznisaiefinelalasiau
(Hydrogenation/dehydrogenation kinetics)
samansvoslizengadufnalelasiou vosegmnduanidisguil 3.9 fegiei
annsaginalalasiauldgeanliun daeg1e H-56 amsngligeiis 4.2 wt.% H, luvazd
Tumanquiuds Armnuquesinelelngiauves MgAl, Wla ogfl 4.4 wt% H, [Andreasen
A,(2008)].

Nnuafuansluguil 3.9 Weiinsidunsalid wia Al Mg, Miumsiaeaiens
uslunifoun 4.05 wt.% FeilelndlAgeruAanuaiisisaulag Peng uazaniy deldsoam
Aanuafnglalnsiaufishunsualundoun [Peng W,(2016)] wonainil Arauiifaléad
AlndLIAsafUAINRBs MgiAl, Aillnsnauunfsniiodudissufisen (WuH,
(2018)1.

ae4lsfinu 91nnsRasuINaIeIUiA3e1 hydrogenation dlonansiuly 15 4
Tus lannsauanshulifuvesnsiasuudassmuglelasiauannsieioans fanieesly
FBeneq lumside 416 Foldhmuanisinnsananuglelasnuidenarvesufasesly 5
Falus uagldfinsduiudndiuvesnug a e 5 4l Weudu aug w nan 15 9l
waglfuansnanisiviouiioulunsad 3.3 Faansnnuunndnavesgman oA fine
lelasiaulasfinnsanandeyavesnsmiiuanlusud 3.9

M13190 3.3 Arpnuginglalasiauvedansnan MegpAl, g, Wailnmsinnaailuns
ARUATEN hydrogenation 71 5 wag 15 Hlua

Hydrogen storage capacity (wt.%H,)  L-0-2y  L-10G-2y  L-0-2y-5G H-0 H-5G

Hydrogenation for 15 h 4.22 3.67 3.45 4.05 4.13
Hydrogenation for 5 h 2.02 3.65 3.26 3.93 4.13
Fraction of capacity at 5 h (%) 47.9% 99.5% 94.4% 97.0% 100%

“Meime Yeyalannsinlugui 3.9

INNANITIATIZI LanglsAL AU A79819K9380 MgsoAlao frumsdudaonnim iy
a1 @89l Taarnanin1siinufisen hydrogenation fisnas agnelsfinny nsdiunsalile
Fausiiuiunisinioutanns danalfieg1ans Meghle foamaninininujizen
hydrogenation MiEaTuainnsladunsn s Iﬂaﬂ%mmﬂsﬂWﬁﬁLaﬂuﬂmm%'ami’a@m@i”’qLLGi
AullasfednI1N15AnUfATe1 hydrogenation sUsuuns1lndungnsinisiinuasen
hydrogenation aggenulusie é’aﬂiﬂWﬁLLaqugﬂﬁ 3.9 Fauansliiiuin lufaeeeid
nswiunslidfesay 10 Tngtmidn (Feee L-106-2y) usfazHunisdudasniadunan
GRRG %aﬂm'jmwzﬁﬂamam%maqmiLﬁmﬂgjﬁ%m hydrogenation 7isi1 n&ud&ns1nI3
ReuFAzenfuinalalasiauiigeninfodns H-56 Mwdeulasnsuananiunsildiesay 5
Taetmedn wilsinnunsdudaennie
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fatfu man1sideuandffiuduiivsedndihmaiunalidamisaiauiaaans
Y83n156AAUJATE1 hydrogenation agelsfinin nsidunsildvinliiaguadinaugfie
lelnsiauilanaadntiosluagiuanaufeonisuaifidnsnmsmemndenuiisiniy use
mnugflalasiaudmiuianusiinaiunalilddmaviiutanmuedlddunslidmindnng
UARALFIENTUATITERTINsTeNd s uigandt n1sUsuUTRamanifanduiniu
iesannnisuanassilfiAnanaudemesuiusnnluseiag 1wy amnuunnsesasuan fis
n1siandnIuIAEN niansianIswanaely nssesiivesesnanegrnlusedeugn
sunuyliiinanuunnseadudens wazamnunuILLLYeIeLnaLanaa Barensunsues
fralalnsiauingnieluresnetaniniunsualdiedu (wu H, (2018)).

Jar1ansnisnseiulyiinUisenianuduiuslanensaiudug uvenedan
nszvIunsgaduinglalasauduludnvasveinsiiedaedeawaznsinvesiunded way
odunisunsveslalasaudud iy Fansunsitadoniuauiiesnininiaujizen aa
mansiifuwanifenisiindnedeainaiudonnanmsfinnumiuiureaninuunnses
melu 1y veuninTy wazrunnvennsuitindudeliliveunnsuiinidunisativayy
msunslyifiszeziiduas [Tanniru M,(2009), Tanniru M,(2010),Tanniru M,(2011)].

4.5
4.0
A
A
- 35 e
I
=) A A
ST 3.0 | £
E A fod
"d:'; 25 = 7N .! _E|_|__0_2y
< 1A - —a—-0-2y-5G
8 2.0 ;“l —e—-10G-2y
T 77 r—H-0
1.5 [ 4 3 A H-5G
£u
/
1.0 Apm
0.5 AA(.
[,
0.0 xso L . s s s . . . s s
0 5 10 15

Time (h)

UM 3.9 dnsnsiinuisennisaeduinelalasiaulunsawsn (activation) vesiiegned
WTHUAINRITIN 3.1
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3.1.4 n5anszinisUanldeslalasiauvasiaganiunisiienisindog

Simultaneous differential scanning calorimetry (DSC) wag thermogravimetry

(TGA)

gﬂﬁ 3.10 (a) uanansl DSC luuFAzennsaefslalasiauiinnuunnsisvesdng

nslimnudeu wag UM 3.10 (b) uansdn N3 QMS msuastdesinelelasiauiisnsins
Taudeu 5 K/min nswilugudl 3.10 uansiaodna H-56 iWIunIsgaduiilalasiay
15yUToeuaa (hydrogenated) %ﬂﬂﬂiiﬁﬂmm%fauL'%'mﬁumﬂqmmﬁﬁaﬂﬂwﬁq 700K ns
DSC wansmsiinfAzennisgaanuieusneiia 2 fin dedouriufudufinnisganiuieuis

Fnunining wansdaufAternisenefinelelasiauves PMeH, 2 UfAsen anuitedutedie
auns (3.1) wazauns (3.2) MNMIATITlATieignlanUdeseenainufiien wuiiles
falelnsiou wazanunsauaninsUandaesinelelnsiaunasnnislirinufoussuandlugui
3.10(b) lai‘dswﬂgé’zgaunusumlafm'%amsmﬁ'&JuLWﬁSuﬂ ANNTNTIVIATIZIY DSC

wqﬁﬂssué’ﬁgﬂﬁ 3.10 (a) way gﬂ‘ﬁ 3.10(b) 1udnvaziinulalusegiame MgesoAlao
fmsousetoulununsisi 3.1 Taeufisoimsgarnufeunazmsuanddesielelasiou
wingAnssuludnuaziferiuuiunnsisfigumailunisanudesfinelelnsiauligean dald
fnsuandlumsnsi 3.4

dmfulalalasdvesdiotng H-56 n31vl DSC uanin1sgaauTouLanaiia o

gyl 636 K Baildlndidsstu 633 K dadugumgivesiiaves MgrAl, Afinnsuan
uFe [Fuster V, (2009)] 9newiddenuin guvgiivesiiadsnaniinisiadeulgenmgiin
mniniletaniinisinnald Tnsuanwnensindeuvesiinain 661 K dmsuiiogns H-0
1Ug 636 K dmiudiedns H-56 Tafimsidunsalid  wandiifiuiinisiiunsildan
gunndvasnisuanydesielalasiau shilsielalnsiaugnianudeslddetu Saginssu
roensdauisevesnsindludnuns daenedostunuideddnmaiunsinflutaouas
BMgH, AfinsthuninfielslnsiaulHuang 26,2007)] Fadleiunstlwsvinldgamniives
nsUanUaseinglalasiauanas 9es 35 K. Tunisnduiu Lototskyy wagatdg [Lototskyy
M,(2013)]. nesumstiniuvesgamgiinsUanudesfinglelasauasiiafigatumn fanuad
MssUEanueINA
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<—Exo

Heat Flow (a.u.)

(b)

—DSC

5 K/min

400

500 600

700
Temperature (K)

S (d) 20 K/min
wl _ psc
\l/ — H2
3
&
2
9
LL
©
QO |«
T

T T % T
400 500 600 700

Temperature (K)

JUN 3.10 n319 DSC lumsvandaseinglalasiauvesiiedns H-56 Mlnsgaduilelasiau
(a) N3 DSC NonTINTIRAILTIURISY ey N3 DSC wag QMS wansnsuantassfing

lalasiau a dnsnshiausau (b) 5K/min (€) 10K/min (d) 20 K/min

Tusy (a) uana Kissinger plot fidannnriu

<
waLluNINLAN

(‘n"e) aseajas seb uaboipAH

(‘'n"e) aseajal seb uaboipAH
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<« Exo
<—Exo

Heat Flow (a.u.)

Heat Flow (a.u.)
'n"e) asez|au sed usBoipAH

DSC at 20 K/min. — DSCat5 K/rﬁin.
—— DSC at 10 K/min. —— Hzat 5K/min.
—— DSC at 5 K/min.
<«
] R

400 500 600 700 800 400 500 600 700 800
Temperature (K) Temperature (K)
(a) (b)

o]

[e] X

=4 . w

'—I DSC at 20 K/min. \L — DSC at 10 K/min.

— H2at 20 K/min. =z
: / I —— Hy at 10 K/min. =
s S
3 &
£ g

4 —
= m 3 ?
2 % = e
— = (]
ol H o
@ 2 ©
Z o o 1
o o = o
— @ © —
o] — v < w
@ W T c
+ £ \-} )

=] —
400 500 600 700 800 400 500 600 700 800
Temperature (K} Temperature (K)
(@ (d)

Ui 3.11 n31 DSC TumsUanudeselalasiauvesinesna L-0-2y Mnsgedufelalasiau
(a) N3 DSC NonTINTIRAIILTIUAISY) ey N3 DSC wag QMS wansnsuaniassfing
lalasiau o dnsnistviaudou (b) 5K/min () 10K/min (d) 20 K/min

NyiATgvELTRdQuIamansvaiiigaianns tiuAulaglrnuTaufiune

Y

masmﬁ'shuﬂ'ﬁ@ﬂ%uﬁ”wszﬂaimmu (hydrogenation) auilan1giduansusyneulalasauan
A9msnsiiAuSouaIeiy 3 8nsL58 910 5 — 20 K/min wazladn1smiuiuningsenu
N3eAUYBINITAAUAATYN hydrogenation A38N153LATIENAEITUR ATLABT (Kissinger
method) wanswe Kissinger plot w8 H-5G iueessanandusuidnluzuil 3.10 (a) n3

ATIENAMUTUVDINTIN Kissinger plot UnlUdn1sAIuIuNG s IUnsEe Y (apparent

activation energy : £,) M8AITANUIUAINENATT 3.3 [ Varin RA, (2009)]
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B
dln( 5 ) E
# = — ?A auns (3.3)
d(Tmax)

198 A1 Thee (K) AORMANGIgANEn1sgandsa daanssigiinlunsml DSC Tugun 3.10
(@)

S &/min) e dns1n1sbinusouniaenndaiugungll Tre waze R AeAasivesing i
AWYINAY 8.314 J.mol 'K

ANEIUNTEAY (apparent activation energy ; £4) AMUIUIINAIANNTULDINTIN

1 ﬁ
TN ln( — ) uaz
max max .
2.10 (@) WarAIAINNITAIUIL dusumiegnalun1TIvelunns1en 3.4

138031 N3 Kissinger plot fauansluguianlugui

-9.5
y = -24.766x + 25.416
R?=0.9803
-10 L-0-2y o ® | 5 v=16.065+13953
e -5 R?=0.9998
_—_ los
3 'Y
Q NE ‘ e ‘-._'
: .
i~ -11 .
= y=-23.228x +22.645 .
R*=0.9937 . "o
L-0-2y-5G "9 |\ ¢® ® H-0
1.5 y =-22.764x + 23.072
L 062 R?=0.9998
-1UG-2y
y =-15.601x + 11.803
1 R2=1
1.4 1.45 15 1.55

1000/ TmaX (K_l)

5UN 3.12 n91 Kissinger plot ¥@3fag19ravin




36

M13199 3.4 Agumnilaanveinisgandany (meielalasiaw) ndnsnisliauiou

q

#1199 havAINSIUNTEAU (Ex) NdonndIiY

Peak dehydrogenation temperatures (K)

Sample ID
5 K/min 10 K/min 20 K/min.  E4 (kd/mol.)
L-0-2y 674 683 698 205.9
L-10G-2y 672 691 711 129.7
L-0-2y-5G 681 696 708 190.6
H-0 661 673 687 189.3
H-5G 636 653 670 134.5

dmduiogreitlaifinnannslild Awdsnunsedu (£,) Aduulddmiufedis
L-0-2y §iA1 205.9 kl/mol waz@eg1s H-0 A1 189.3 kl/mol FsiiAlnaiAsaiuen 196.3
kJ/mol.u8a MeAly, Tweudieniswiniin n1seusew udrduinsualidunslundoun
Fes1e9ulng Peng Wag AMg [Peng W, (2016)] 91nn15ANEI1U8Y Lototskyy Wagae
[Lototskyy M,(2013)], Tanwausening winil@uunazasuaulen waeunsedu (£, 95-
140 kJ/mol usidlefinsduifatuoimeadunamaieduni Amdsnunseduidfiandu 180-220
kJ/mol

MnMITei miLﬁmﬂmlﬂ/\Iﬁiuﬂwsumﬁaqﬁy’aLLﬁiLLiﬂéﬁ’qﬁaasm L-0-2y-5G @13130
anndsnunszduadld Tnediasindu 190.6 ki/mol. wansliifunaiduusglovilunsiaun
16 sovarmansvaanisaafinglalasiau navesnsiiunsindduanddiiiueg1adaau
fumsiannsbalunswIsunsTandiegns H-56 aglaudinmsdudaduainia wudl wasau
nszdu (Ex) A1 134.5 ki/mol FeilAdnimdanunsefuveauaniiBouuiav’ A 167.9
kJ/mol. [Wang Y,(2017)] LLazé'aG?Wﬂdwi’aamau MgH,+0.25AlH; ﬁﬁﬁwwé’mumzéjuwﬁﬁu
144.6 kJ/mol. [Imamura H,(2014)].

sanMsIdeuandliiiuin SanneiiinafunslndduBunnedenfanueasdien
wiunszduiirfianas faudfazdudatuomeadunaiassd Semsiinsfunsilwdsiuiy
MawReuneTan Woandamnsineendindu sgslsinsidunslwdvisanndsnunsedu
(En) Tumenduiunisidunsile sibideauanansalunisyinglalasiauas

Tngnnsan samsidouandliiiuin Amdsnunseduresiogisdiifianas Jauans
11 amanivesnisgadufiglelasaufimnsaniitu Fuandugud 3.9) nsdunslig
fanstelunmsananuadosliiulalasavenia MgyAl, waziantamansvosiaUfazen
hydrogenation wag dehydrogenation faeg13fitaIeudienisualundouniiandasu
nszduiianas 899NN ANNTALANYIANALATEALAYANLUNNTBINNITUANANAS
Fadaadunisunsvedlalasiau wagdrursufitenisae Aelalasiau n1sanasvesd
WEUNTEALYBIIINITIUNTUASETSoUATISR T NI EEIMNEILgzanas
wnn illesinmisasanvesaeondiganin uenaint Tansnay Mg-Al fifinsiiuns,
danusasnnamdsnunszulinadulandsinunsduiaduoinmaunduna 2 ¥
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3.2 Wan15338 Yadl 2 NsAnEBENATEINMTANNTIL

mMsideyed 2 WumsAnudvinavesmaidunsiufitinadennuannsalunisiniiv
lelasunagaarmansvainaiinufizenisgedulalasiau lneinsuussanndogndlunis
omuuSuna noflufinaslunslansnay MegoAly, LazlaTlunsuaNENRIsIAy ns1Tiu &
P3N 3.5

M1319% 3.5 1T IUARINITATEUFIDEEE MgsoAlao Nauns iy Tun1s3de g 2
Graphene

Sample ID addition (wt.%) Mixing time
M60 - -
M60- 5Gphe-1h 5 1h.
M60-10Gphe -15min 10 15 min.
M60-10Gphe -1h 10 1h.
M60-10Gphe -5h 10 5h.
M60-15Gphe -1h 15 1h.

3.2.1 N5IATICHLATIAS 1IN ANVDINANUIIAIELATDIIATITIHNITHREAUUVDI5IHLBND
(X-ray diffractometer; XRD)
N519N15L AL UUSIFLSNTVDIAIDENINUATIUS U UNSHANRINTIHUNUS U URN9 U

LARIRIFUN 3.13 landnseilavesiegnavisiunuanaiieananas Y—MgirAl,, dadunai
a P a v A a a PN = v Y]
afgsngumngiivies velanenauuunilideusgiiloun 60 at.% Mg Lagdiaonndany

HANTIAE YTl 1
319 XRD vaswensukaznslild neunvsnauiundlanglawanssiulugun 3.13 (b)

) Y @ 1 a a v [y ~ & I = 1 ) [
Fauandlmiuin nafulianvazvesedugiuluvasnnslwdiinnudundn wuindmsunisun
HAUNI MggoAlgy AungMUluUTI 15 wt.% uazvinisuaduian 1 Falusasusingiinsiilu
Wasuanmdunslild dvswaveanisuanauvinliiinnisasamanwarnisiaulaveandn saf
aounelumsideyndl 1

asanAnUfAzeves  MgirAl, dulalasiauiigamgil 350 °C finusiu 20 bar aziiin
nswWaguudataniuaunis (3.2) wag auns (3.3) lngluduneuusn MgyAl, viufisendu
lalasiau ey MgH, wag MgAls wag Jusann MgAl vinujisendulslasiau iWuaves
MgH,, Uag Al ndsujiseuanslugui 3.14
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(A)
v vy Mgi7Al13
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9 —MJ\'VM..
£ M60 — 10 Gphe — 1h
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. : ; M60
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2 Theta

v v Mgi7Al13
(B) e Graphite
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YIIAYY Y YY | M60-15 Gphe — 1h
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/ oS | M60-5 Gphe - 1h

Intensity (a.u.)

M60
W Graphene
S S O S E S Graphite
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35U 3.13 N5 XRD vadlangnaung Mg Alyp Minsuauiunsity lae (A) naunsiy
10 wt.% waglaartunisuamiany (B) nauusunauns iusnanueazlgiantunisun 1 97lua
P8 NN XRD 9990577 kaz ns1ke lakanasiumeian1so1994
- 9
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M60

M60 — 10 Gphe — 15 min

Intensity (a.u.)

M60 — 10 Gphe — 1h

M60 — 10 Gphe — 5h
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2 Theta

M60

M60 — 5 Gphe — 1h

Intensity (a.u.)

| M60 — 10 Gphe — 1h
M60 — 15 Gphe — 1h

Graphite
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2 Theta
SUM 3.14 A9l XRD veslanewau Mes Al Ailiniswaniunsiilu wariugadufing
lalasiau Ine (A) nauns iy 10 wt.% waglinattunisuasianu (B) nauusununsiilusiaiu
wazldnalunisua 1 2lu

og13l3Amu 9nHanTIATIEYise XRD Tugufl 3.14 mendwiudiisertulelasiau 7
Usingunadug uonnileain MgH,, uay Al Asidesdidinseiiiuidudmiunndiogng
M60 Tuns1 XRD Tugudl 3.14 uansfianisiisauuresiinduiiueniviionning MeH, wag Al
dullugiuin msvihgasenduinglalasaudsliauysel wansUARsE AR U nIeeeBue
fiuns ity fdumaiunsiiuteliufisenfaliity wasiegsiiiniafunaity feid
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mMsasuuUasszezalunsuanauns iy wazlasuuasiinaueansilu delinasioima
vduAaufisertuielealasiauiiuansneiu dunaldainanuuandiseslaiusngnevdens
ihufnsenfuinglalasiou

gﬂﬁ 3.15 wansns 1yl XRD nsiUAsuwlaaiaves M60 — 15 Gphe - 1h Wisuiisuniou
wagndUfisertuielelasion fasunnswdsumiavesinedns M60 — 15 Gphe - 1h &4
mmﬂgnsmnumﬂa‘lmwu L‘V\Iamﬁﬂgmmmu Mei7AL. wansinufisenduinelalasiaudly
dugn wennlldanudnia XRD suaqmwl%lwﬂi’]ﬂgﬂaumimﬂgﬂimlummiamamml@

[y

auuwgﬁmmmit,ﬂasJuLWasumﬂiﬂi/\lmumwwmiamLﬂmﬂgﬂimml@lmwu

Y v Y Mgi7Al13 e Graphite

; v YY AVy y Yy
o === As-milled
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v S 2
9 After hydrogenation
=
Graphite
20 30 40 50 60 70 80

2 Theta

sUfl 3.15 57l XRD we3dneens M60 - 15 Gphe — 1h eunazndamsianufizeniufing
lalasiau 71 gaungil 350 °C ANAY 20 bar (N5 XRD ¥0InT1LHA LanIsINNen1581989)

3.2.2 msasendnsnsiaufisegaduaznisaefinelalasiau
(Hydrogenation/dehydrogenation kinetics)

msLLamaamam%maqmiﬁmﬁﬁ%mﬁ’uﬁ”wlaimLﬁ]uLLamﬁquﬁ' 3.16 ANUUTINUAY
lelasiauiiinndign s gauvndl 350 °C waz 20 bar v 2.4 wt.% H,

TuvauefUTinamLen Mg uiues MgAl;, Ao 4.4 wt% H, [Andreasen, 2008] oesls
fannileannanuuansiisvesgumniiuazauiy mnnan1sitenuguesinglelnsiaues
Fo819 M60 lULAUNTY 2.0 wt.% Hy tilerawiuly 15 Falus wnliinadunsfiu§senld
naunuan dedinsiunsiulutiinadigdu U§RseRetuldesemniuandigainig
finafl fauandluzuil 3.16 (A) ogslsin doyavesfisorvesiodsiiinngfunsilad 10
to 15wt% Swansuuiliiuvenniviuvesnuguesinglelnnauuansin U§Asededslsl
Augnanysal eglsfinushnmaieufiteiinnduansineamusminafiulumadusage
UfAseuarmIsfnuluseastdentianuastdenvaInIsuIuns
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dmFumsAnudvinavesnsulumainufizeduinelelasou fuandusud 3.15
(B) lonsuanay 15 undl dsaliiiusninainufzefsnasminninisuanaunsiiu
Foan 5 alue Fedunisuanauiiviwduluiinaldnsfudeaninnisdudiseujasen
uenaNil NisuaNaN N9 15 wit dwmaliuiinunnuqueslalnaugaiunit fegiedugi
upuuniludiunsiuiivindy dulvgiuldinsiudanuaiunselunsssfizen lee
mndnunitszezinalunmsuananiiduasiloniafivsnudnenmaesnsfuiiinaulau ndedy
mMeieidunumditunsinudely
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4.1 #3UNan15Y

nszuIuMsUanalaenauuunilBunogiiflen (MgeAlsp alloy) SIufunsnaunst b
wazmslinanisduiaiuenialdnseyhiuiomeuduiusserinanifdamenimuasds
wilvosianuazauautinisdutandninundenulalasiau

nssuAsnanseutagueveslansaanlnensuanaNsesnIINTIe N saLTgevinlA
Anrsedonavaulunatan detagueillfiunssuiumagaduuaznisamefimlelnsaulusou
LInvesNsleTan azaTanuNIanaetALLARIRTiayafana120E 191N

nsidunsdsalunsuanadlnAnduiagnailugnisaaisauieienfiavanl il
TngrunszUIuASRaNaN Lz SAULeUINAN (recrystallization and grain growth)

Usgloguanmsiiunsiivdluniswienanuvedannaununiifeusgiiilouiludgnis
LsevaransveIntsaaduiiglalasiaukaznisanaamgiilunisiinnisaefitglalasiau
(desorption temperature) kagannasunsEAuYRINITAnU)izen1saefiivlalasiauves
wunili@eulalase (activation energy of MgH, decompositon)

uennil Madunlifesnamaniveniansyiuredansnauuuniifosogiidon
(MggoAlyo alloy) TunsiAnuiasendulelasauliiity Tnsravesnsiunsindlusuiiag
danareTanueilfirunisdudatuernmduszosnanaesd sgdlsimuTanuafiiunisifuan
aoslidauguasmstiniiulelasauianas

nsHALRTRITanENAN MgeAly funs1fiu lutimauiifintutediuaamanivesnisgn
Fufnalelasiaundausn (first hydrogenation) iesrezialunisuanaundansfunsfluiing
Tunenduiu minlfnalumsuasauuuduasinaliamanidinananas svoziailunisun
15 undl dewalisnsnsifnufisertuinelalasiougs malimsAdedudulaenisanszezian
Tunsnaunsuiuadanzasilomanudnaninlunassfiseveansituiigauld

Mnuamslesgladenisdsnuuiiiidnduesihosafikunmanieudenmsuanay
Wy fansdsiuuvenstlid uasfinfinanliannsansanuldsndesedieinufitens
andufnglalasian asanuiiioanaves MgH, Loz Al uansfenisiudsuiandaninnisi
Uiserfulelasiaulagauysal msidsunvasUSununitutazszeznatlunisundinase
anuansatunsiniulelasiau egnelsiny vninslieseindsnunisnsgauresUise
nmsmefiglalasiau aganunsaleuiisudvsnavesnsilnduaznsilu sensininulalasiau
V09 MggoAlag b9
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langnauuuniideusgfionlunsiniulalasiou waznsliddedaaiuninudiuniunis
\Nneanfaduvesianuuilvnmnmyasuausatunsiiauiisewdldudaiueiniea
detannveslangnauuuniifenegiifondanuduniunisiinesndindusmivd
wiunszduresnisiinufizendulelasauiidinivesuuniileuuians ilitanusiinien
punszurunmsveanifedfenudululdlunni lulddutagsnifundsoulslnsaudmiu
gunsallunsiiundsnulslasiausiely

4.2 Yarauauu

1. ﬂismumiLU%uLLUaaLWamaQﬂiWIWm’Iu%mzﬁi’a@wﬂamwamLLuﬂﬁL%aanﬁLﬁamﬁmiu
seninensugnsennndunarateinglalasiou Tauuiaula mnaIunsansIaingIeinig
WasuuUasvaldluszninemsfinUAsenden1snsiaiiasewidoedes In situ-XRD azvinli
drlafauinsvesavesnailiduaganuisatedunsiinuludnvuyvesnaduiiise
UFRTeN I nszuaunsedidls saudamadsumiavesnsfudunsilndsenininisuananans

a = a a -1
NﬂqiﬂﬂUqLWMmeﬂLUUigL@uu

2. AIsinsAnwlagaridenianseuiun1saseiussisnIen nvTeLduaiiveansi e
uazngity sefagualanerauuuniiFouegiidon Mdwaliiagueanuisafuniunsinesn
Biaduld annidelulasinisidet Wnuanuannsolunsgaglifansuniudeni s.in
sanTatu usnszuaunIslumsihnulaeeandentaisnistunstnrmnsinesndwduiu
Tuguuuiladudsiivhauladnuseld

4.3 NaNAn
4.3.1 MIHBUNWINAIU UszyuIvIn1s WHEC 2018

Usegudvnis 22" World Hydrogen Energy Conference (WHEC 2018)

oty a1 1dles 310 1o s Ussimaniusanssndgusda sewineduil 17-22 Squieu we.
2561 FafunsUssgussdununmananisiasoiiosnunnnd 40 afs uagldfuarualann
gREMNTINTUNEInuaNYsilan

N13:1370UsgRIvIN1slaeNsUaLeNaIIUITEA89191 (Oral presentation) u
#1U® Ball-Milled Mg-Al Alloys for Hydrogen Storage - Effects of Graphite Addition and Air
Exposure suaLdunssunisnisiauenauidelunisdnaudssguivinis 22" world
Hydrogen Energy Conference LLamﬁqgﬂ‘ﬁl 4.1 - gﬂﬁ 4.3
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HIGHLIGHTS

e 2-year air-exposed with added-graphite sample was as active as fresh one.

e Air-exposure resistance of Mg—Al Alloys added with graphite is remarkable.
e The catalytic effect of graphite was present also in the Mg—Al system.
¢ Adding graphite improved activation kinetics, and eliminated incubation time.

e Graphite addition prevented the formation of agglomerates.
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ABSTRACT

Magnesium hydride (MgH,) is a promising candidate as a hydrogen storage material.
However, its hydrogenation kinetics and thermodynamic stability still have room for
improvement. Alloying Mg with Al has been shown to reduce the heat of hydrogenation
and improve air resistance, whereas graphite helps accelerating hydrogenation kinetics in
pure Mg. In this study, the effects of simultaneous Al alloying and graphite addition on the
kinetics and air-exposure resistance were investigated on the MggoAlyo system. The alloys
were pulverized through high-energy ball milling (hereinafter HEBM). We tested different
conditions of milling energy, added graphite contents, and air exposure times. Structural
characterization was conducted via X-ray diffraction (XRD) and Scanning Electron Micro-
scopy (SEM). H, absorption and desorption properties were obtained through volumetry in
a Sieverts-type apparatus and Differential Scanning Calorimetry (DSC). The desorption
activation energies were calculated using DSC curves through Kissinger analysis. MggpAlsgo
with 10 wt% graphite addition showed fast activation kinetics, even after 2 years of air
exposure. Graphite addition provided a catalytic effect on ball-milled Mg—Al alloys by
improving both absorption and desorption kinetics and lowering the activation energy for
desorption from 189 kJ/mol to 134 kJ/mol. The fast kinetics, reduced heat of reaction, and

E-mail address: saisamor@go.buu.ac.th (S. Niyomsoan).
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improved air resistance of these materials make them interesting candidates for potential
application in hydride-based hydrogen storage tanks.
© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Hydrogen has been regarded as a promising energy carrier for
the up-coming clean energy society. However, efficient stor-
age of hydrogen is still a technological challenge [1]. Different
hydrogen storage systems have been studied as potential
storage media in hydrogen tanks [2,3]. In particular, magne-
sium hydride presents high capacity (7.6 wt%H,), low density,
low cost of raw materials, and is environmentally friendly [4].
In contrast, commercial magnesium has slow hydrogen
sorption kinetics, and MgH, has high thermodynamic stability
and is sensitive to oxygen and moisture, in addition to having
high processing costs [5]. A large number of activities has been
focused on developing Mg-based compounds for hydrogen
storage performances [6,7].

Alloying Mg with Al results in intermetallic compounds
that have lower enthalpy of hydrogenation than the pure
metals alone resulting in destabilization of the magnesium
hydride [8]. The activation energy of hydride of Mg—Al alloys
are lower (136 kJ/mol for MggoAl,o) as compared with pure
Mg (160 kJ/mol) [9]. However, the hydrogen storage capacity
is reduced because aluminum becomes disproportional and
participates in hydride formation [10]. Alloying Mg with Al
helps reducing the heat of reaction and increasing the
nucleation rate [11-13] and decreasing the dehydriding
temperature [14|. Furthermore, Mg—Al intermetallic com-
pounds have been proved to be more resistant to short-term
air exposure than the pure Mg metal as reported by
Andreasen et al. [10]. For the g-Mg;,Al;, phase after shorter-
term air exposure, its EA (around 160 kJ/mol) is the same as
that of the pure Mg with no air exposure, but much lower
than that of the pure elemental Mg exposed to air
(250—300 kJ/mol) [10]. The reversible hydrogenation reaction
of the multi-step reactions for Mg,;,Al;, is also improved by
ball milling [15].

Mechanical milling has been widely used to prepare
nanoparticle powder with large surface area and micro/
nanostructural defects, which facilitate internal hydrogen
diffusion within the particles. Ball milling can alter the ki-
netics of hydrogen uptake and release and [7,16]. Different
amount of lattice strains generated by ball milling alters rate
of grain growth after hydrogenation cycle [17]. The effect of
ball-milled Mg materials with/without additives under
different gas atmosphere reveals that the milling environ-
ment in Ar gas shows superior absorption with carbonaceous
additives [18].

Addition of carbonaceous materials during mechanical
milling usually prevents agglomeration and welding between
magnesium particles. They are regarded as lubricant in the
ball milling process due to an accumulation on the surface of
the milled particles [19—21]. Furthermore, they act as carriers

of activated hydrogen in a “spill-over mechanism”, which
promotes kinetics during absorption and can provide more
active catalytic sites and hydrogen diffusion channels to
improve the dehydrogenation kinetics of MgH, [6,22]. The
desorption temperature of pMgH, mixed with graphite is
reduced by 25 K compared with the pure Mg [20]. Graphite
addition helps diminishing particle growth and promoting a
dissociation of hydrogen molecules into hydrogen atoms on
surface resultingin an acceleration of the kinetics of hydrogen
absorption and desorption in MgH, [20,22]. The catalytic effect
of graphite are widely reported for pure Mg hydride in the
literature [23—27].

Addition of both Al and graphite to Mg could be a route to
obtain a hydrogen storage material with reduced heat of re-
action, fast kinetics, and improved air resistance, while
maintaining most of the high capacity of MgH,.

In this study, we investigated the catalytic effect on
hydrogen sorption kinetics and the impact on oxidation
resistance of graphite addition to ball-milled Mg—Al inter-
metallic compounds. The MggoAly, alloy was prepared by ball
milling under different energy transfer conditions, air-
exposure times, and graphite additions. The microstructure
and morphology of the obtained powders were characterized
and correlated to their hydrogen storage properties.

Materials and methods
Preparation of the powder samples

Lower energy transfer rate HEBM conditions

MgeoAlyo ingots were prepared from pure elemental Mg and Al
powder mixtures (purity >99.9%) by arc melting in a titanium-
gettered argon atmosphere and re-melted several times till
homogeneity was achieved. The ingots were made into pow-
der using a RETSCH PM400 planetary ball mill and hardened
steel balls and vials. The powder was milled at 150 rpm in-
tensity for 100 h, with rotation reversal every 15 min, and a
ball-to-powder mass ratio of 13:1. The procedure is described
in detail in Scudino et al. (2009) [28].

Part of the as-milled powder was mixed with 10 wt%
graphite by milling at 200 rpm for 5 h using the same appa-
ratus and parameters. The graphite was ultrahigh purity as
obtained from SGL Carbon Werk-Ringsdorff (grade: RW-A).
Both groups of samples after ball milling, with and without
graphite, were then kept for 2 years in ambient conditions.

After being kept in air for 2 years, part of the sample
without graphite was mixed with 5 wt% graphite through ball
milling using a FRITSCH P6 planetary ball mill under argon
atmosphere, at 400 rpm intensity for 120 min with a 13:1 mass
ratio, and rotation reversal every 20 min.
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Higher energy transfer rate HEBM conditions

MggoAlyo ingots were prepared from pure elemental Mg and Al
powder mixtures (purity >99.9%) by induction casting under
argon atmosphere. The ingots were milled in a stainless-steel
vial using a FRITSCH P6 planetary ball mill under argon at-
mosphere at 600 rpm intensity for 20 h, with rotation reversal
every 20 min and a ball-to-powder mass ratio of 40:1.

Part of the sample was subsequently mixed with 5 wt%
graphite, which was the same ultrahigh purity graphite
powder from SGL Carbon Werk-Ringsdorff (grade: RW-A). Ball
milling was performed using a FRITSCH P6 planetary ball mill
under argon atmosphere at 400 rpm intensity for 120 min,
with a 13:1 mass ratio and rotation reversal every 20 min.

Identification and summary of the samples

Sample identification follows the sequence: (Energy transfer
rate condition) — (Initial graphite addition) — (Air exposure
time) — (Graphite addition). Table 1 summarizes the samples
used in this study.

Thermal analysis

Kinetic curves for activation, i.e., first hydrogenation, were
obtained in a SETARAM E&E apparatus at 623 K with initial
hydrogen pressure of 45 bar. The samples were heated under
vacuum at 623 K for 12 h prior to first hydrogen absorption.

Simultaneous differential scanning calorimetry (DSC) and
thermogravimetry (TGA) were carried out in a Netzsch STA
449C apparatus. The measurements were performed under
constant argon flow from room temperature up to 873 K, with
heating rates of 5, 10, and 20 K/min. A Netzsch 403C Quadru-
pole Mass Spectrometer (QMS) was coupled to the DSC/TGA
analyzer to detect H, release during desorption.

Activation energy for desorption was calculated through
the Kissinger method, which considers the temperatures of
the peak energy release at the corresponding heat rates, ac-
cording to Eq. (1) [29].

din (Tzﬁ >

max E
AL (1
()

where: Tyax (K) is the temperature of the peak energy release, 8
(K/min) is the corresponding heating rate, and R is the uni-
versal gas constant (8.314 ] mol~’K™%). The apparent activctiojn

energy (Ea) was obtained from the slope of the plot of In| =~
as a function of 1.

Microstructural characterization

Presence of phases and the crystallite sizes were obtained
through X-ray diffraction (XRD) using a Rigaku Geigerflex
diffractometer with Cu K, radiation (40 KV and 40 mA), 20
ranging from 20 to 80°, and a step size of 0.032°. Williamson-
Hall plots were obtained using the X’Pert HighScore Plus
software to calculate the lattice strain and crystallite size in
the samples.

Powder morphologies were examined by scanning electron
microcopy (SEM) using in an FEI Inspect S50 microscope
equipped with an EDAX Apollo detector.

Results and discussion
XRD and SEM analyses

Fig. 1 shows the XRD patterns of the MggoAly, alloy prepared
under different ball milling conditions. It can be observed that
all as-prepared samples obtained one intermetallic phase,
y—Mgi,Aly,, which is an equilibrium phase of the Mg—Al
system around 60 at% Mg, corresponding with the findings
by Scudino et al. [28]. The mechanical milling process can
expand a composition range of the y—Mg;7Al;, phase in this
material system to be 50—70 at% Mg. The list of peaks of the
reference patterns used to index the diffractograms in Fig. 1
are given in the supplementary material section.

It should also be noted that we could only detect graphite
in the L-10-2y sample, mixed with 10 wt% graphite. Lower

v YMgi7Ali3
o Graphite

Intensity (a.u.)

20 30 40 50 60 70 80
2 Theta (degrees)

Fig. 1 — XRD patterns of the as-prepared MggoAlso samples.

Table 1 — Summary of the samples prepared for this study.

Air exposure time

Graphite addition

Sample ID Energy transfer rate condition
Air exposed samples

L-0-2y Lower

L-10G-2y Lower

L-0-2y-5G Lower

Fresh samples

H-0 Higher

H-5G Higher

2 years =
2 years 10 wt% (addition before exposure to air)
2 years 5 wt% (addition after exposure to air)

— 5 wt%
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contents of graphite in the samples (L-0-2y-5G and H-5G) could
not be detected by XRD. Presumably, graphite layered struc-
ture was damaged and degree of graphitization decreased
after ball milling in Ar atmosphere as reported by Haung at al
[20]. Modification of graphite structure due to ball milling
under Ar atmosphere was observed by Francke et al. using
TEM [30]. The crystalline graphite structure turns to “stacking
packages”, an amorphous matrix embedded with graphite
structure. The package finally changes to fully amorphous
structure after long-term milling.

MgO has often been found in the synthesizing processes of
Mg nanoparticle by ball milling [19—-22]. However, no oxide
phase was detected by XRD for ball-milled samples containing
the Mg;;Al;, phase with 2-year air-exposure. These results
emphasized the oxidation resistance of the Mg—Al alloys as
reported by Andreasen el al [10].

All samples presented peak broadening, which indicated
reduction to nanometric crystallite sizes. Table 2 presents the
crystallite size and lattice strain for the as-prepared samples
calculated by the Williamson-Hall method. It was confirmed
that a significant lattice strain developed in the milled pow-
der. The lattice strain was smaller for the samples prepared
with lower energy transfer rate (L-0-2y, L-0-2y-5G, and L-10G-
2y) because milling caused smaller deformation. A clear trend
regarding crystallite size was not observed. However, it seems
that addition of graphite promotes grain growth during me-
chanical milling. Crystallite size was increased around 54 nm
and 161 nm in the samples milled with lower (L-0-2y, L-10G-2y)
and higher energy transfer rates (H-0, H-5G), respectively. The
grain with higher strain grew faster in the mechanical milling
with graphite.

The hydrogen absorption and desorption processes of the
Mg,,Al;, phase are completely reversible through multiple-
step reaction [31,32]. The phase transformation of hydroge-
nation/dehydrogenation of the y—Mg;;Al;, phase is reported
by Andreasen [12];

M917A112 + 9H2 = 9M9H2 + 4M92AI3 (2)

Mg,Al; + 2H, = 2MgH, + 3Al 3)

Fig. 2 shows the XRD patterns for phase transformations of
the sample after hydrogen absorption and subsequent
desorption of H-5G. Upon hydrogenation, the Mg;;Al;, phase
decomposed completely through Egs. (2)-(3)into MgH, and
pure elemental Al. After dehydrogenation, the Mg;;Al;, phase
was restored from the reaction between MgH, and Al. Phase
transformation of other MggoAlsg samples followed the similar
reversible hydrogenation/dehydrogenation reactions. In the
H-5G sample, after dehydrogenation, low intensity XRD peaks

Table 2 — Estimated crystallite size and lattice strain (in
the Mg,,Al;, phase) of the as-prepared samples

calculated by the Williamson-Hall method. The XRD
patterns in Fig. 1 were used in these calculations.

MgeoAlso L-0-2y L-10G-2y L-0-2y-5G H-0 H-5G
Crystallite size (nm) 106 160 63 80 241
Lattice strain (%) -0.2 -0.1 -0.2 1.0 038

° MgH: v yMgi7Aliz  « Al

#Mg

Dehydrogenated

Intensity (a.u.)

As-prepared

VY AvVy ¢ Ve

60 70 80
2 Theta (degrees)

Fig. 2 — XRD patterns for the as-prepared, hydrogenated
and dehydrogenated H-5G samples.

of a small amount of Mg was detected, proving that hydro-
genation reactions were mostly reversible.

The XRD patterns in Fig. 3 show similar phase trans-
formations of L-10G-2y in the hydrogenation/dehydrogena-
tion process. The graphite peaks detected among the Mg;;Al;,
phase in the as-prepared sample were interestingly reduced
below detection limit after hydrogenation. The XRD patterns
showed the completely reversible hydrogenation reactions of
the L-10G-2y sample, and restored the graphite peaks after
desorption.

After hydrogenation/dehydrogenation, the peak broad-
ening reduced significantly in all samples and the XRD peaks
were much sharper and more intense, as it can be clearly
observed in Fig. 4 for the L-10G-2y sample. This result could be
attributed to grain growth and lattice strain elimination dur-
ing dehydrogenation, as reported by Huang et al. [20].

According to the XRD data of the as-prepared and dehy-
drogenated H-5G and L-10G-2y samples (Figs. 2 and 3), the

M ® Graphite opBMgH2 ¢ Al v YMgi7Al12

Dehydrogenated L-10G-2y
v

[ ]
v v | VgVl Vyvvyevy YV |VV ¥ v

sy Yo T AN L0 (50 B | |5 U
o
- ° e
3
s 6 Hydrogenated L-10G-2y
2 o ¢
o o o % oo o *
2
£

As—%repared L-10G-2y

v v vy ¢ o vV AVY ¢ v
\ As-prepared L-0-2y
20 30 40 50 60 70 80

2 Theta (degrees)

Fig. 3 — XRD patterns of the as-prepared, hydrogenated and
dehydrogenated L-10G-2y samples. The pattern for as-
prepared L-0-2y is included as a reference.
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——L-10G-2y dehydro
——L-10G-2y as-prepared

Intensity (a.u.)

T T T T T T T T T T T
35 36 37

2 Theta (degrees)

Fig. 4 — Magnification of the Bragg peak around 26 = 36° for
both as-prepared and dehydrogenated L-10G-2y samples
showing a decreased peak broadening in the Mg,,Al;,
phase after dehydrogenation.

Williamson-Hall method was applied to determine the lattice
strain in the Al;,Mg;; phase, which is the main phase in these
samples. The results are shown in Fig. 5. Although the abso-
lute values of crystallite size calculated by this method are

Struct. B * Cos(Th) = 0.4(4) + 2(1) * Sin(Th)

Chi square: 0.5743067
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sometimes underestimated [33], they may reveal trends in the
crystallite size and lattice strain for samples with similar
compositions, but synthesized under different conditions.

Fig. 5 shows that the lattice strain was larger in the as-
prepared samples compared with those of their dehydro-
genated equivalents. The strain was reduced from 0.8% (as-
prepared) to 0.1% (dehydrogenated) for the H-5G sample.
Likewise, for the L-10G-2y samples after dehydrogenation,
reduction from —0.1% to —0.08% was observed. This behavior
was expected for the ball-milled powder, whereas particle
refinement occurs upon the hydrogenation cycle, crystallite
size is increased prominently within the first dehydrogena-
tion [17]. The lattice strains were partially eliminated with
grain growth and strain relaxation due to recovery and
recrystallization during the hydrogenation/dehydrogenation
cycle.

In addition, Fig. 5 also shows that strain reduction after
dehydrogenation in the L-10G-2y samples was smaller than
that in the H-5G sample. The larger the grain developed in the
ball-milled powder, the slower the reduction during the hy-
drogenation cycle. This behavior was also observed by Paik
et al. [17], who reported that the smaller the grain after ball
milling, presumably the larger the lattice strain, and the faster
the increase of the grain after the hydrogenation cycle.

SEM micrographs in Fig. 6 and Fig. 7 show the morphology
of the particles ball milled with lower and higher energy
transfer rates, respectively. Agglomeration among different

Struct. B * Cos(Th) = 0.2(1) + 0.2(3) * Sin(Th)
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Fig. 5 — Williamson-Hall plot obtained using the XRD data in Figs. 2 and 3 for (a) as-prepared H-5G, (b) dehydrogenated H-5G,
(c) as-prepared L-10G-2y, and (d) dehydrogenated L-10G-2y. The lattice strain and crystallite size were calculated considering

only the peaks of the Al;,Mg;; phase.
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Sample L-0-2y

s

Fig. 6 — SEM images of the as-prepared samples with lower energy transfer rate. Top: without graphite addition (L-0-2y).
Bottom left: 10% graphite addition after 2 years of air exposure (L-10G-2y). Bottom right: 5% graphite addition after 2 years of
air exposure (L-0-2y-5G).

Sample H-0

Fig. 7 — SEM images of the as-prepared samples with higher energy transfer rate. Top: without graphite addition (H-0).
Bottom: 5% graphite addition (H-5G).
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sizes of particles with irregular shape was in common with
the morphology of sample ball milled without graphite re-
ported by Peng et al. [19]. In contrast, after ball milled with
graphite, the particles were significantly less agglomerated
with flatter surfaces and more thin plates. Rietsch et al.
revealed that milling in argon atmosphere with graphite, the
shock milling mode is predominated [34]. Consequently, the
graphite addition not only hindered the formation of ag-
glomerates during mechanical milling, but also promoted
attrition in a shock milling mode.

Hydrogenation/dehydrogenation kinetics

Hydrogenation kinetics of all samples are presented in Fig. 8.
The maximum hydrogen capacity was 4.2 wt% H, for the H-5G
sample, whereas the theoretical hydrogen capacity of
Mgy7Aly; is 4.4 wt% H, [12]. The capacity of the ball-milled
Al;,Mg;; alloy without graphite was 4.05 wt%, which is equal
to the value of the ball-milled samples reported by Peng et al.
[15]. This capacity is also close to that of the Mg;,Al;,
composited with V as catalyst [35]. There was no clear trend
for the hydrogen capacity regarding the sample preparation
conditions after 15 h of absorption. Fraction for capacity at5h
of hydrogenation was introduced to show the difference in the
kinetics of the storage capacity. The hydrogen storage ca-
pacities for all samples obtained from data in Fig. 8 are listed
in Table 3.

It was observed that the MggoAlso samples after two years
of air-exposure showed slower hydrogenation kinetics; how-
ever, it was improved by the mechanical milling with
graphite. The higher the amount of graphite addition, the
faster the hydrogenation kinetics. Moreover, with higher
amount of graphite addition (L-10G-2y), kinetics which was
expected to be slower due to air-exposure overcame that of
freshly prepared samples (H-5G).

Therefore, the graphite addition improved the hydroge-
nation kinetics, but a slight loss of hydrogen capacity was
found in lower energy transfer rate sample while this capacity
was maintained for the higher energy transfer rate ones.

H content (wt.%H,)

Time (h)

Fig. 8 — First hydrogen absorption (activation) kinetics for
all samples. Solid and hollow symbols indicate,
respectively, samples with and without graphite.

Table 3 — Hydrogen storage capacities of the MggoAlso
alloy at various hydrogenation times.

Hydrogen storage capacity L-O- L-10G- L-0-2y- H-O H-

(Wt.%H,) 2y 2y 5G 5G
Hydrogenation for 15 h 422 367 345 405 4.13
Hydrogenation for 5 h 2.02 3.65 326 3.93 4.13

Fraction of capacity at 5h (%) 47.9% 99.5% 94.4% 97.0% 100%

"Data obtained from Fig. 8.

Improvement in kinetics was due to the large number of de-
fects, such as lattice and nanocrystalline defects or micro-
cracks. The arrangement of the lattice atoms located in the
defect regions was disordered and less dense. Thus it was
easier for hydrogen to diffuse through these regions [35].

Activation kinetics has a direct relation with morpholog-
ical features. Hydrogen absorption is a nucleation and growth
process and the hydrogen diffusion is the rate controlling
factor. Faster kinetics is an indicative of improved nucleation
resulting from higher density of defects such as grain
boundaries and small crystallite size. The reduction of the
diffusion pathways is due to smaller particle sizes [13,36,37].

Fig. 9(a) shows the DSC desorption curves at different
heating rates and Fig. 9(b) shows the QMS hydrogen release
signal at the heating rate of 5 K/min. The plots are from data
from the H-5G sample, which shows the same behavior as
those of the other samples. During heating from room tem-
perature to 700 K, two endothermic peaks overlapped into one
broad endothermic peak, indicating two dehydrogenation re-
actions of BMgH, (Egs. (2) and (3)). The “kink” in the latter part
of the peaks could be associated with a separation of the two-
step reactions. Furthermore, only H, gas was detected as a
decomposition product of the endothermic decomposition
reactions. No signal of water vapor release or other phase
transformations was detected by DSC.

The peak desorption temperatures of all samples for the
different heating rates are listed in Table 4. For the hydride
phase of the H-5G sample, the peak is located at 636 K, which
is closed to that of the Mg;,Al;,—V composite (633 K) [24]. It
was found that the peak shifted toward a lower temperature
with graphite addition. The peak shifted from 661K to 636 K in
the H-0 and H-5G samples. The same catalytic effect of
graphite has also been found in the rehydrogenated compos-
ites of BMgH, [20] with a reduction of 35 K. In contrast, the
hydrogen desorption temperature increased because of the
effect of air-exposure as reported by Lototskyy et al. [22].

The thermokinetic properties of the alloy hydride was
further investigated by heating the hydrides at various rates,
ranging from 5 to 20 K/min; subsequently, the apparent acti-
vation energy associated with hydrogenation was determined
by the Kissinger method. The Kissinger plot of the H-5G
sample is shown in the inset of Fig. 9(a); the slopes of the
fitting lines yield the activation energy values, E,, as listed in
Table 4, for all samples.

For the samples without graphite addition, the activation
energies were 205.9 kJ/mol for L-0-2y and 189.3 kJ/mol for H-0,
which were close to the value of 196.3 kJ/mol reported by Peng
et al. [15] for Mg;,Al;, prepared by sintering, annealing, and
then ball milling. As reported by Lototskyy et al. [22], the Mg—C
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Fig. 9 — DSC desorption of the hydrogenated H-5G sample: (a) at increasing heating rates; (b) at 5 K/min with the
corresponding QMS H, release signal. The inset in (a) shows the corresponding Kissinger plot.

hybrid materials is increased from 95 - 140 kJ/mol to
180—220 kJ/mol due to a several seconds in air exposure.
Adding graphite to the air-exposed sample (L-0-2y-5G) reduced
the activation energy to 190.6 kJ/mol, indicating the beneficial
effect of graphite addition to desorption kinetics.

The effect of graphite was even more intense in the freshly
prepared sample (H-5G), in which the apparent activation
energy was 134.5 kJ/mol compared with 167.9 kJ/mol for pure
elemental Mg [38] and 144.6 kJ/mol for MgH,+0.25AIH; [39]. In
the sample exposed to air, the activation energy was signifi-
cantly reduced if addition of graphite was performed imme-
diately after mechanical milling. However, the reduction of E5
was expensed by the reversible hydrogen storage capacity.

Overall, the samples with lower activation energy of
desorption also showed faster kinetics during absorption
(Fig. 8). Graphite addition further decreased the stability of the
Mg7Al;; hydride and improved kinetics for both hydrogena-
tion and dehydrogenation. The sample preparation by ball
milling also influenced the reduction of E, as a result of strain
accumulated on the particles which enhanced hydrogen
diffusion and facilitated hydrogen desorption. The reduction
of Ex was larger in the sample milled with higher energy
transfer rate, as a result of the higher strain developed in the
particles. More surprisingly, the Mg—Al with graphite addition
maintained its activated state even after 2 years of air expo-
sure. Table 4.

Table 4 — Peak desorption temperatures at different

heating rates and the corresponding activation energy
values from the Kissinger plots.

Sample ID Peak dehydrogenation Ea (kJ/mol.)
temperatures (K)
5K/min 10 K/min 20 K/min.
L-0-2y 674 683 698 205.9
L-10G-2y 672 691 711 129.7
L-0-2y-5G 681 696 708 190.6
H-0 661 673 687 189.3
H-5G 636 653 670 134.5

Conclusions

Ball milling of the MggoAlyo alloy with different graphite ad-
ditions and air-exposure times was performed to uncover the
relation between the physiochemical properties of the mate-
rials and hydrogen storage performance. Larger amount of
strain was induced in the material prepared by ball milling
with higher energy transfer rate. As a result, after being
through first absorption/desorption cycle, the material expe-
rienced more strain reduction.

Graphite addition in ball milling obviously caused the
strain relaxation in the material due to recrystallization and
grain growth. Beneficial effects from adding graphite included
accelerating absorption kinetics and lowering the desorption
temperature and the activation energy of MgH, decom-
positon. In addition, graphite addition maintained the fast
activation kinetics of the MggoAly alloy even after the material
was exposed to air for two years, at the expense of the
hydrogen storage capacity.

Consequently, graphite has been proven as a good catalyst
for this system, while simultaneously promoting the resis-
tance to oxidation. The improved air resistance and kinetics,
combined with the lower activation energy of the hydride of
Mg—Al intermetallic compounds when compared with that of
pure elemental Mg, are of great interest in the eventual
application of these materials as storage media in materials-
based hydrogen storage devices.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
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ANANUIN N GuagawmmLWammqmmiﬂwma XRD 984013238 YAN 1
Peak list for the phases observed in this work (Cu KOl radiation )

Al12Mg17 (cubic, space group I-43m, a=b=c=10,5438 A)

No. h |k [U |dIA] 2Theta[deg] | [%]

30 2] 1] 1 4.30449 20.618 3

al 2| 2|0 3.7278 23.851 1.1

503 1]0 3.33424 26.715 0.4

61 2| 2| 2 3.04373 29.319 0.3

71 3| 2] 1 2.81795 31.728 1.4

8| 4l ol o 2.63595 33.983 73

9o a| 1] 1 2.4852 36.113 100
10| 4| 2] 0 2.35767 38.14 1.2
11| 3| 3| 2 2.24795 40.079 28.6
12| 4| 2| 2 2.15224 41.943 10.2
13 5| 1] 0 2.06781 43.742 12.9
1| 5] 2] 1 1.92503 47.175 1.8
150 4| a| o 1.8639 48.821 0.4
16| 4| 3| 3 1.80825 50.427 0.9
17| 4| a| 2 1.7573 51.996 1
18 6| 1] 1 1.71043 53.533 1.8
191 6| 2] 0 1.66712 55.039 0.2
20| 5] 4] 1 1.62694 56.519 1.2
21| 6] 2] 2 1.58954 57.973 1.3
22| 6] 3] 1 1.5546 59.405 0.2
23| 4] 4l 4 1.52187 60.816 43
20| 5| 5|0 1.49112 62.208 5.8
25| 6| 4l 0 1.46216 63.582 0.1
26| 7| 2| 1 1.43483 64.94 19.9
21| 6] 4 2 1.40897 66.283 3.3
28| 7| 3|0 1.38447 67.612 2.2
29| 6| 5| 1 1.33906 70.235 3
30| 8| 0| 0 131798 71.529 0.1
31| 8] 1] 1 1.29785 72.814 1
320 8| 2|0 1.27862 74.091 1
33 6| 5| 3 1.26023 75.358 0.9
3| 6| 6|0 1.2426 76.619 5
350 7| 4| 3 1.22569 77.874 1.5
36| 6| 6| 2 1.20946 79.121 0.2




No. h |k [U |dIA] 2Theta[deg] | [%]
37| 7| 5] 2 1.19385 80.365 0.6
C (hexagonal, space group P63mc, a=b= 2,4560 A, c =13,3920 A)
No. h |k [U |dIA] 2Theta[deg] | [%]
1 O 0| 4 3.348 26.603 100
2 11 0] O 2.127 42.465 1
3 11 0 1 2.101 43.016 5
a 11 0 2 2.027 44.67 12
5 11 0 3 1.92 47.306 3
6 11 0] 4 1.795 50.826 1
71 0 0| 8 1.674 54.794 6
8 11 0| 5 1.666 55.08 2
9 11 0| 6 1.54 60.026 3
10 11 0 7 1.422 65.599 1
11 1111 0 1.228 77.699 4
Mg (hexagonal, space group P63/mmc, a=b= 3,2022 A, c =5,1991 A)
No. h |k [ L |dIA] 2Thetaldeg] | [%]
1 11 0] 0 2.77 32.292 30
21 0] 0| 2 2.6 34.467 25
3 11 0 1 2.45 36.65 100
4 11 0 2 1.9 47.835 20
5 1111 0 1.6 57.559 20
6 11 0| 3 1.47 63.204 20
71 21 0] 0 1.38 67.861 18
8| 2] 0 1 1.34 70.178 13
91 0| 0] 4 1.3 72.675 3
10 21 0| 2 1.23 77.549
MgH; (tetragonal, space group P42/mnm, a=b= 4,5168 A, c=3,0205 A)
No. h |k [ L |dIA] 2Thetaldeg] | [%]
1 1111 0 3.19386 27913 100
2 11 0 1 2.51082 35732 84.7
31 21 0] 0 2.2584 39.886 275
a 11 11 2.19454 41.098 0.4
51 2] 1] 0 2.01997 44.834 0.1
61 2| 1] 1 1.6791 54.614 437
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No. h |k [U |dIA] 2Theta[deg] | [%]
21 2|1 0 1.59693 57.68 9.3
8| 0] 0| 2 1.51025 61.334 3.8
31110 1.42834 65.272 10.2
10 1 11 2 1.3653 68.693 8.6
11 31 01 1.34748 69.732 8.7
121 3| 1 1 1.29124 73.248 0.1
131 21 0| 2 1.25541 75.698 5.4
141 31 2] 0 1.25273 75.889 2.8
15 21 1| 2 1.20956 79.114 0.1
Al (cubic, space group Fm-3m, a=b=c=4,0494 A)
No. h |k [ U |dIA] 2Thetaldeg] | [%]
1 1 1 1 2.33792 38.475 100
21 21 0| 0 2.0247 44,723 455
31 21 2| 0 1.43168 65.101 233
a1 3] 1 1 1.22094 78.234 22.8
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2. AINa18 SEM ¥4 L-10G-2y
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AANUIN A N3 Hydrogenation ¥89n13338 YA 1

Y 1 d' dy 1 a o PN aa v = a 3
Gl’l’e)EJ’NVlLLﬁ@QIUﬂ’WﬂNU’Jﬂu 1 JUN18 AN 1 NUATUUNNNAIAIIEA
Hydrogenation/dehydrogenation kinetics fisluunii 3 48 3.3

M54 1 #29e11960at. %6Mg-40at. %Al musaeesluni73seynil 1 iuansluuni 3

Sample ID Graphite Graphite

Sample Tuunil 3 Ball milling Addition 2-year air Addition

No. condition after milling exposure after 2 years

No.3 L-0-2y Set 1 - v -

No.4 L-10-2y Set 1 10 wt.% v -

No.5 L-0-2y-5G Set 1 - v 5 wt.%

No.6 H-0 Set 2 - - -

No.7 H-5 Set 2 5 wt.% - -

1. 3 Hydrogenation/Dehydrogenation kinetics U84 Sample No.3 38 L-0-2y laz
Sample No. 6 %38 H-0 71 45 bar 623 K using SETARAM apparatus.

35
<< Sample 6-2" ABS
20T << Sample 3-15t ABS
s | << Sample 6-1% DES >
T 2
£
§ 20 |
o
S st
S 15 U <<Sample 6-1% ABS « Sample 6-1° ABS
- Sample 6-2" ABS
L0 Sample 6-1% DES
Sample 3-1° ABS
0.5
< Sample 3-1% DES
<<Sample 3-1t DES
00 1 1 L 1 L 1 L 1
0 5 10 15 20 25 30 35 40 45
time (h)

Fig.1 Hydrogenation/Dehydrogenation kinetics of the samples with graphite, both
kept for two years (Sample 3) and freshly prepared (Sample 6), at 45 bar and 623 K
using SETARAM apparatus.

NU8Le Sample 3 g fave1e L-0-2y Tuunfi 3 wae Sample 6 fio Fe89 H-0
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2. 9 Hydrogenation/Dehydrogenation kinetics 484 Sample No.5 %38 L-0-2y-5G
wag Sample No. 7 %39 H-5 91 45 bar 623 K using SETARAM apparatus.

35

Sample 5-2" ABS
3.0

Sample 5-1° ABS

- 25
;é_ Sample 7-2" ABS
E- 2.0
£ Sample 7-1° ABS
8
§ 15 * Sample 5-1% ABS
T _9nd
10 * Sample 5-2"% ABS
Sample 7-1%t ABS
0.5
A Sample 7-2"¢ ABS
00 1 Il 1 1
0 2 4 6 8 10 12

time (h)

Fig.2 Hydrogenation/Dehydrogenation kinetics of the samples with graphite, both
kept for two years (Sample 5) and freshly prepared (Sample 7), at 45 bar and 623 K
using SETARAM apparatus.

nuee Sample No.5 %38 L-0-2y-5G Wag Sample No. 7 %138 H-5
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3. A3 Hydrogenation/Dehydrogenation kinetics 484 Sample No.5 #38 L-0-2y-5G
waz Sample No. 3 %39 L-0-2y 91 45 bar 623 K using SETARAM apparatus.

3.5
Sample 5-1%t DES Sample 3-1 ABS
3.0 Sample 5-2°¢ ABS
|7 Sample 5-1t ABS
~ 25
; 35
IE. 2.0 30 L
prg FJ
5 25 |+
2
5 15 .
T e Sample 5-1° ABS
15
1.0 » Sample 5-2"¢ ABS
1.0
Sample 5-1%t DES
05 | o Sample 3-1t ABS
0.0
0 05 1 15 2
0.0 L L 1 1 I I | |
0 5 10 15 20 25 30 35 40 45

time (h)
Fig.3 Hydrogenation/Dehydrogenation kinetics of the old samples without and with
graphite at 45 bar and 623 K in SETARAM apparatus. Sample 3 (L-0-2y) was the old
sample kept for 2 years with no graphite. Sample 5 (L-0-2y-5G) was the same
sample mixed with 5 wt.% graphite before hydrogenation.
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4. n3 Hydrogenation/Dehydrogenation kinetics 489 Sample No.6 %39 H-0 uag
Sample No. 7 %39 H-5 %1 45 bar 623 K using SETARAM apparatus.

35
Sample 6-2"9ABS
20 t
- Sample 6-1t ABS
;:F‘:. 25 1 Sample 6-15t DES
= 20
@
=]
c
S
2 st
1.0 e Sample 6-2"¢ ABS
@ Sample 6-1% DES
0.5 ® Sample 6-15 ABS
0.0 :
0 5 10 15 20 25
time (h)
3.0
25
nd
R 279 ABS 70 DES
c | 3 ABS ’—-
;:5_ 2.0
=
2
-
=
g 15 |
5
: = Sample 7-1%t ABS
1.0 * Sample 7-2"ABS
Sample 7-3"9ABS
0.5 ® Sample 7-15' DES
© Sample 7-2"9DES
0.0 | 1 1 1
0 1 2 3 4 5 6
time (h)

Fig.4 Hydrogenation/dehydrogenation kinetics at 623 K and 45 bar of the new
prepared sample without graphite (top, Sample 6, H-0) and with 5wt.% graphite
(bottom, Sample 7, H-5), using SETARAM apparatus.
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Sample 6-2"¢ ABS

Sample 6-1%t DES

Sample 7-2"¢ ABS
Sample 7-1%t DES

<</Sample 7 -1t ABS

Sample 6-1t ABS

—Sample 6-1° ABS
—Sample 6-15t DES
—Sample 6-2"9ABS

® Sample 7-1% ABS
Sample 7-1°t DES
* Sample 7-2"9ABS

time (h)

20

25

Fig.5 Hydrogenation/dehydrogenation kinetics of the freshly prepared samples with 5
wt.% graphite (Sample 7, H-5) and without graphite (Sample 6, H-0), at 623 K and 45
bar using SETARAM apparatus.



	Title
	Acknowledgement
	Abstract
	Content
	Chapter1-5
	Reference
	Appendix



