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ANANIsuUsENIA

va o

338U VDUANAITNNUNNTITELINR unnInedemalulagasuns (SUT1-102-60-
12-08) d1tinaruneanuatuayuauide (RSA5880002) lasanisiaiutnazdaaiuyd
AUAILNTaflAYNIIngImansiazinalulad (wain.) (012/2557) wagd1ineu
ANENTINNIINTRRUANYINElAlAsINISIMINgdeITeuianivesUsewmelng dmiunis
atuauunuiIde uazveveUAN AERTI158 AT, AT Ineran dmsunisiiaudiy
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unAngan1u lng

mideithiauensuulssnuauiRvestanaeulnan 2LiBH,MgH, fignémidasonisidy
multiwall carbon nanotube (MWCNT) fifia TiO, ULR? (TiO,-impregnated CNT) @2 ¢
Uszansnnlumadudussdfiserves TiO, wazmuansalunisiiniuiounas MWCNT
aunsadglinuantiniseaunadansvesianlalasuaznisarewmanuieuluseninmis
AnUfAsenvanvden/Anifiulelasiauvesdiedsdtu Tnslunisdaasies To,
impregnated CNT 1475 Solution impregnation wazlalasinesuea (Hydrothermal) e v
Ti-isoproproxide tWasuLdu TIO, uagnizatedlddvuiuiifianes MWCNT a1nduwa
TiO,-impregnated CNT fiudanaaulndnves 2LiBH,-MgH, Tuuuna 5-15 wt. % wazily
datvegluuidansanszuonvuimdn (Furugudnans 8 Jadluns waganumun 1.00 -1.22
fiaduns) Han15ANYINUTT 08197 An TIO,-impregnated CNT Tuu3unas 15 wt. % 3
UszanSnmdfian Lifleswdiidnsinisanddeslalasiauiia iangaumgiisuduveanis
Uanudeglelngiau (AT = 25 °C) Bndae uarludrunuglalasiauilasimdnuaging
Ysunsvasdiograianaaulndy 2LiBH--MgH, LuuUsadadiAy TiO,-impregnated CNT
Usinas 15 wt. % Sadfintudu 6.8 wt. % uaz 68 oH,/L AINEIRU (Wnnindegnadiliiy
Uszanaaedain) uenainiinisifinyIanmnes To impregnated CNT Safiunsifiuning

=

vuwiuUTInglLAGIeE1e (Ainds ~1.0 ¢/cm? ilalfiy TiO,-impregnated CNT U3uau 15

= aa v = A

wt. %) TagANUNUILULIENNTUNINETIUTEANEAIMNITUTTINEITONIANRYY & 9danali

e

AnuglalasiaulaeUsunsvesiieguiiuuInTusie lunsalvesaudisuninuaiesigana
lusgninmsiinfisewaniUasulalasiauvesinegns nuinianmedlngnues 2LiBH,MgH, 7
WA TIO,-impregnated CNT U3uau 10 wt. % 3l anusansgusrsduidinlandaninniy
' v I3 2 1 [ aaa [ I
nsUanddesuaziniulalasiau wazudinendsjiserdninulalasiau aunguves
AIREILAINTY (WILNINTS 30%) waganadwalinuantilunisiianuiouvesiieg1ianad
WAAID819 2LiBH,-MgH, f1LHA 3 TiO,-impregnated CNT USunau 15wt % ndeaele
UszdnSnnlunisvanUaeelalasiauideutiend dsoraiissnanauaudinisdiniig

£9uv99 MWCNTSs Aiivadiy



UNANEBNIWIDINE

According to catalytic effects of TiO, on kinetic properties of hydrides and thermal
conductivity of multiwall carbon nanotubes (MWCNTSs) favoring heat transfer during
de/ rehydrogenation, improvement of dehydrogenation kinetics of compacted 2LiBH,-
MgH, by doping with MWCNTs decorated with TiO, (TiO,-impregnated CNT) is proposed.
Via solution impregnation of Ti-isopropoxide on MWCNTs and hydrothermal reaction
to produce TiO,, high surface area and good dispersion of TiO, on MWCNTSs surface are
obtained. Composite of 2LiBHs-MgH, is doped with 5-15 wt. % TiO,-impregnated CNT
and compacted into the pellet shape (diameter and thickness of 8 and 1.00-1.22 mm,
respectively). By doping with 15 wt. % TiO,-impregnated CNT, not only fast
dehydrogenation kinetics is obtained, but also reduction of onset dehydrogenation
temperature (AT = 25 °C). Besides, gravimetric and volumetric hydrogen storage
capacities of compacted 2LiBH;-MgH, increase to 6.8 wt. % and 68 gH,/L, respectively,
by doping with 15 wt. % TiO,-impregnated CNT (~twice as high as undoped sample).
The more the TiO,-impregnated CNT contents, the higher the apparent density (up to
~1.0 g¢/cm? by doping with 15 wt. % TiO,-impregnated CNT). The latter implies good
compaction, resulting in the development of volumetric hydrogen capacity. In the case
of mechanical stability during cycling, compacted 2LiBH,-MgH, doped with at least 10
wt. % TiO,-impregnated CNT maintains the pellet shape after rehydrogenation.
Although increase of porosity (up to 30%), leading to the reduction of thermal
conductivity, is detected after rehydrogenation of compacted 2LiBHg-MgH, doped with
15 wt. % TiO,-impregnated CNT, comparable kinetics during cycling is obtained. This

benefit can be achieved from thermal conductivity of MWCNTs.
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3.1 N9LW3ENFI0E79 (Sample preparation) 11
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3.1.2 nsw3euianAeulndnved 2LiBH-MgH, G TiO,impregnated CNT

wuudaLina 11
3.2 MIATIEiAMENTRYe g (Characterization) 12

3.2.1 MylATIziesrUsEnaunIsAilinemaila Powder X-ray

Diffraction 12

3.2.2 MTATITAlASIEsS1amainlewmaila Fourier transform infrared

spectroscopy (FTIR) 13

3.2.3 MTATIERMEmALlA Scanning electron microscopy (SEM)
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LU (n) uazAIMane (1) vesyaiaiesiioiaUiinauasssavsnmlunsiia
UfseanUaesuazinuininglalasiau (Sievert type apparatus) a4 esUfjuR
nsedl nInendewmaluladasund 4

shethamsesudslelnifignnasaneuussaluds (n) wasfaussqueandilensdmsuin
Aulalasiau (v uaz A) 5
awnmsn PXD w94 pristine TiO, wag TiO,-impregnated CNT 15
AN SEM 989 MWCNTS (A) hag TiO,-impregnated CNT (B) LAUAINLAAS
sﬁ’wLmﬁwmﬁmaaﬁﬂszﬂauﬁL{‘]uiwl,mﬁsm (C) way 2aNTAU (D) UALHANITIATIEN
USuaus19eeRUsenay (E) vesRie8d TiO-impregnated CNT. 16
alnms PXD ¥8379819 2Li-Mg-5% (a), 2Li-Mg-10% (b), wag 2Li-Mg-15% (c)
wasonLin 18

HaN1TAATIZYITIEmAta TG-MS luseninnufiselantasslalasiauveasdiogi
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a

Tnelunsoudiuns (8) A gaumgifiGuAnnsaaefmenuFoues LiBH, Tutas
gaumngil 400-425°C 20
HaNFIATsnuaudRsuIaunamanslunsUanUasslalnsiauvesudaziiogns
(A) uazUsnuaglalasiaulasuSinasvosiaonsitldanni A (8) 22
AMEY (A) wazAIANUILLUUSING (Apparent density) (B) vassiaagnenassndu
dinuazudaninmsiufasentaiulelasiau 24
Nan1TIATIzinEutRiuIaunamanslunsuanuaeslalasimuuuuiuinginsves
9819 2Li-Mg-15% 25
awnms1 PXD ve3iog192Li-Me-15% ndsmsiugazeniniulalasiauluseud 4
wagndsnmaviiuiizevanudeslelasiauluseudl 5 (A) wazawnns FTIR (B) ve9
10819 2Li-Mg (a), A9 2Li-Mg-15% (b), kazfI98192Li-Mg-15% naan15vin
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URMINGFIULN VA9 UTEN Hygen Power Co. Ltd Useimnelng U3¥m Advanced Ceramics
limited (ACL) UseinAgang wazunninende South Carolina Useimnaansgawaisni vilviin
\wadiBoindsiia PEMFCs wuin 3 kw Segnihurlfiiendnnszudlniidmiviudounas
yurulngldufalalasnauuasuiaeendiananusssnadudomas fasated wa. 2550
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wazdalwilh (Membrane Electrode Assemblies (MEAS)) uaziwadidaimasoynsy dmsuly
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Fowdslumstuiadouainuisn Toyota Ussmediu szgmieengmaaludgtu iufiusn
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nageutiiotnuiuianazUszanianlunisiinufisenvantassuaziiuiniiglelasiau
(Sievert type apparatus) (U7 1) lngyaiasasilafanadlasunuativayuain 1nine1dy
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(n)

Temperature

Controller Furnace
v F L 22

I Sample holder

(O

rc

N

V-

V-3 Ve V-

Vacuum pump —‘><}

Al 210 module
convertor

Computer

V-4
Vent — e
Pressure
reservoir V-1, V-5 = Needle Valve
(500 ml) V-2, V-3, V-4, V-6, V-7 = Ball Valve
PG = Pressure gauge
PT-1 = High Pressure Transducer
PT-2 = Low Pressure Transducer

TC-1, TC-2 = Thermo couple type K
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JUN 1wl (n) waznmene (v) vesainsesilonusinauazysednsamlunis
a aaa 1 I v ey . 1% a wva IS
Nnuiselandaesuasiiuininglalasiau (Sievert type apparatus) a4 iosujjUansiadl
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lalaswdudnidentaniianuddyuin Tnenisussgninandndunaziesnadali
voudalglasilunsdidnvaziluiou eiuanuginglalasiaulaeUsuins (volumetric
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§57 gampliuazanududild sawdeialelasian) Tnenslidissufazedimnzan
(titanium (1) oxide, TiO,) sauﬁqmsLﬁm'ﬁﬁﬁmm%’awméfnaemﬁuaaLL%qlalmﬁ‘?igﬂﬂﬂ 3y
Tngordonauauifinisthanufeutesfagansuouuluiind uasdtelwldanaufinsaososig
lwanfediy LuIAMNANNITR3IRLTIUSATEY TIO, asuumisuauuluidudnauiu

asusenaumanlnanlalas 2LiBH,-MeH, nautilunadamsanuauIuinlu

(n) () (m)

Y I
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1.2 TngUseaeAvan1sivy

1. iilovdndsutounazyuuseiuiares multi-walled carbon nanotubes (MWCNT)

nouazn3enIefLIsUisen

2. 1lownToutan MWCNT AignasefiodatsesufjAisen titanium () oxide (TiO,) Tag
A8n5lea-19a (sol-gel method) T4a13#3du titanium isopropoxide waz MWCNT (31A
fo 1) iolvile TiO,-impreganted CNT

3. WieigaunsIuiaunia TiO2 lagneseasuy MWCNT

4. \Weunazidenarsusznaumenlngnlalas 2LiBH-MgH, neladnsidiulua

LiBHg:MgH, 1Ju 2:1 Tnenadla high-energy ball milling

5. wlanay TiO,impreganted CNT fuansusznounaslndnlalas 2LiBH-MeH, dae

Tnssunans lnelduSua TiO,-impreganated CNT 1Ju 5, 10 wag 15 wt. %

6. LWONABRBINENINTD 5 wazarsusenoumulnanlalas 2LiBH-MgH, (iUush@an
TiO,-impreganted CNT) MgANFUALT 5 il (ANUAUGIGANINYALATBIIBNASAMIEY

ANUGUNT iU URN19)

7. wefnwgamginlylunisuanaldeslalasiau (dehydrogenation) vesasusenay

aoulnanlalng 2LiBH,-MeH, finadaudaviafifiuazlaid TiO,-impreganted CNT

A = a a v & ' 2 o o wa
8. LW@ﬂﬂNWUﬁ%ﬁWﬁﬂ?Wﬂ’ﬁﬂﬂLﬂ‘ULLa%‘UaﬂUﬁ@?JI@I@iLT\]uLUU’JQQﬂi LLa%ﬂﬂJﬁNU@l‘l/]'N
Jaunar1ans (cycling efficiency and kinetic properties) vosa1susznounaulndnles

195 2LiBH,-MgH, Tinadaudaienifiuaglaifl TiO,impreganted CNT

J [ [

9. wisAnwinalnnisiAnufAzenfiindusenineanisuantasewaziniiulalasiaues

)=

arsusznaumeulndnlalas 2LiBH-MgH, Nnasauainsnduazlusl TiO,-impreganted

CNT



1.3 Y9ULYAVBINITINY

1. fiadiseufiizen TiO, aauw MWCNT seiSlelaswesueaiiold TiO,impreganted
CNT uananfiuianmaulndnved 2LiBH-MeH, Tuusuna 5, 10 wag 15 wt.% wazuily

sl dudavwaduniiugudnans 8 fadwnsnneliuseiu

2. AnweaAusznaumaiivesiiegraiwsullauagimeaganaaiiunisvinuJisendn
uuazlanUaeelslasiau
3. AnweamglivasanuiuildluujiserdniiuuazUandasslalasiaunasanauta

s a a @ v { [ [
99aUAENS LazUszansnmnisuinuaznisuandaeslalasiauluingins

4. FnwinalnresuisendniivuazvanUaeslalasiou uasnuaudfidnavesiiegis

waaunsiaufisedniusezvanuasslslasiau

1.4 Uslavunlasuainnisiae

a a

1. asdanuidmsumsideludusely emuunasiuinlelasuliivszdnsang
a aaa <Y ' v 1 < d' a

ansafiauiseanisinuinuasUantdeslalasiaulaegesinsy Noamall uazaiy

AuNWINzay dauafesidena waslnnuglalasauidaguimtnuasUsinsia

2. UNANUARNLWILUINTAITTZAUUIUIGR Int. J. Hydrogen Energy (2017) 42, 978-986

(IF 2019 = 4.939)
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tue o)

uananaztheifinauglelasiaulasUiunsudn é’ﬂsziaEJLﬁ'mmamﬁ’ﬁmiﬁwmm%ﬂﬁud
Fandnene [1, 21 ogrslsinu mnvuevesianlslasnsaudfivualngiduly Aagsiliang
mammm%@uiuswdﬂwﬁﬁ%mLLaﬂLﬂﬁlauia‘Imwumaﬁa@LLsJaa LALAINANDDNTINNG
Aaufnzenlaesule uenInil NsAsasweseuATen (Strain) lusewrianszuauns
wanwavulelasiau Ssilugnsidesuuazunnesnveiniaglalaaunasifunsas iBond

fifnnisinanudeusin (0.1 W/m-K) [3) Budlamivesianlalasuvudadenieuiiog 2 35

[y

laun NSLALIEN) 7if mmmmaa‘lumimmwmaumaqlﬂ (191 Expanded natural graphite
%30 ENG) naznistiiuusaildlunisnase %ﬂﬁmiﬂjﬁaﬂlaimﬁwmwﬁm (1 MgH, [4],
LaNis [3], MggoNiso [5] hag Me(NH,),-2LiH [6]) 1wauiu ENG udthlunasaliduununse
sUnssnszuen uasnuhAmsALSeurestaglelnsdfigndniutuniuuinumes ENG

MAnasly endeggu AIN15IANNTEUYRLTER MeH,7AN ENG TuuSunn 10 wt.% uay

a

gnnaganiglalsaiy 100 MPa tinTuauwuIfalges 7.5 W/mK luvaealufianianiy

v @ Y]

wuaknuilalnaidesiuiu MgH, Ngndndnlaelifinasiiu ENG [4] msuiandaaes

Y

MgooNizo MN1THAYN ENG TutSunas 5-25.5 wt % uazgnnadanielansenuiuaneneiy (150-

=

600 MPa) WU fegafiiiuTunaves ENG unnuazldussiugalunisnadnasininunusi

' ' [
a a =

Favauaniauszdnsnmnisussgmeisnadafiiindulaedl ENG viwmihdudiusgauls)

LY

UDAINNUTINUIA mamummimmwmamaqmasm MgggNiyg AN ENG TuuSunm 25.5

U a =

wt.% fTusgraiitodidn @inie 46.7 W/m-K) Tufiememuuulsas dananaledn nsnesa

u

TudenamunuILNUIzdNananuIsAal 2 Usznis town (1) Flmiani1sdndnnusnaues

aunanivualuguay (2) hlvidanstadnwutaveseyniamaieilinianisuiiag



[
o

Soulutamauunsediiavull] egrslstanunisldusaiulunisnadaiiganasnisiiia ENG 11
LludSunann 913vednvianisunsiiuvesiialalasiauluseninauisenla lnaane

281989l URANIWALINUNUNITONLIINADA[L]

a v

wanand il edTeiliisafunisAneInaveusnnda (75600 MPa) fiisie
AantAnIsinNseu Ysednsnmnisuanlaeslalasiau wazdnuaenadugiuineives
Tanaoulnan LiBH,-MgH, [1] %aﬁqLLﬁ'i’]miLﬁmLmﬂmé’m%ﬁﬂﬁamauﬁ’aéfmmiﬁwmm
Souvasnegafiutunagaunsuniglufiegisanas widsmalidiesadauautinig
saumanslunsuantaselslasiauiugad iesannufaanmnsaunsinudn-sentusioedls
o0 lagaziiiulddnannsiivsinalelasiauiignudesesnunluseudl 4 vesiiog1s LiBH,-
MgH,luuksaziden dAUTzau 9 wt.% LwﬂuéhaEi’mﬁgﬂé’mmaié’fmﬁu 600 MPa @113
Useslalasiaueanunlfifies 2 wt.% wazdanuin lusewinnisiujaseuaniuasu
lelasiau fegreazegluan1izauiay (Stress) gauaziinanisvia-venedd vilidsesunn
AnTuuuiafedns Sedmalinsunsiiuvestalalnsaunazaunarmansvessetnaity
[1, 7] wazdaudindegaanfianisunnsnuuin uigunswesiundnuiiy \flesaniinistn
fusgnefupsadtasadefid Mg Wussdusenau (@ MeH, uaz MeBy)

[
=

dwsulunuided Wunsdiaweisnsiullunisuiudsadszavsnmnisanlase/
v & a a ' o aaa =
niivlalasiau uazauadiesdanalusenineseuvasnsuisewanildeulslasiauyes

[y

anAoulnamn 2LiBH,-MgH, ﬁgﬂé’mﬁul,ﬁmﬁwmﬁ@u multi-walled nanotube (MWCNT) i

! £
= 1 Y A (% v

1l TIOAneguuiiy Fedeunthiladnan1sidedudunudrin MWONT Wuanifinaaudflu
° 1% o Ao o & ] o v | PN
nsthanufouna wasnsidfudisunsatunesniniiaulase aunsadisiiuaiuause
lunisunsiudn-senveduialalasaulusenitnssuiunsuaniddesulalasiaulasnaig
[8-10] Ineluanddeisinuun tadnisin MWCNT Wldlunsusulssamand@nmsuanuaey/
AnnulalasiauvesiagUszinvlanzuazaisuszneulales saufvigdaasesvedanslalag
WaInA183aA WU MgH,, LiAlH,, MgH,-NaAlH,, wae Zr(VoesNiogs), susu [11-16] wagly
druvesarsusenevdszianeenlenveslanglniniion (TiO, uag Tiisopropoxide)

Tnileulelas (TiH,) wazialan (TiCL way TiF,) Adaduitenlun1siiunld dudqis

UAsemseansaidin dmsunisusulssanantiniuaaunamansvedlansuazian
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Aoulnwdnvoslanglalasa 19U LiBH, LiAH,, MgH,, Mg(BH,),, LiAlH--MgH,, wag LiAlH,-

LiBH, [17-29] wenaindl faladianwddenendunisindissuisedsennlavensiudduunly

a a

Fufuiu MWCNT iedsuusalssdnsnimnisvandaselalasiaunaznisdundulaves
nszurunswanilasulalasiauvesiaglalas [30-33] wank1uundeaadiiiiean1ssneeu
Na9ATBTMALITUNISTE MWCNT fassuisenfiiluansusznavveslanslmndon wie

15l MWCNT saududassujsenfiduansusznevvedlanglnmiendmiufunauiu

[%
% =

Janlalnsnogluguuuuvamsazidenyiiy dauaideidadunisin MWCNT 913 TiO, fin

98U (TIO impregnated CNT) 1nlglunisusudssanautivesiannoulndn2LiBH,-
o & & & = & v oA A DY,

MgH, wuudatiatduasausn laetdunissigaunanisdanviluilesduiifeitesiy

Uszansnmnisvandass/dniAulalasiaunarainuianesidanaseninesauyeani1sni

Uafsewanideulalasiauvesianilegnussgludsinniu Tnedevinmsiia Tio, inszane

q

[%

aguuuRIves MWCNT liiduiieudes asviinisuanay TiOimpregnated CNT fiu

L)E

[

Fanaoulndnvos 2LiBH,MgH, Tudsuia 5, 10 waz 15 wt.% wazihludalmdudnnield
wssiulagldluaddnfinvuaduninugudnais 8 Tadwns 1nTUuNIsANYINGTDINITIAY
TiO,-impregnated CNT Aiflsiausz@ngninnisussyienisonludauazanuaiosdng

SEUINNTEUIUNNSwaNUAsULalaSaY WananTRgelavinn1sA nw1d989AUIENaUNILAL VD

a

ansegfwseulduaziegwmdwiunsiudisedniiueas Uanuaeslalasiau suds

aJde

= a Y a A ! va 4 LY
ns@nwufeiveunginldlunisvandaeslalasiaulazanaudiniaunaansvosian

CERIAN
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ASandusuivY

3.1 NISLASINA2DE

3.1.1 M1589LAT12H TiO-impregnated CNT f2e35lalasimesuaa

N15/A Titanium (IV) oxide (TiO,) 83UUNT multiwall carbon nanotube (MWCNT)

se3slelasmesuea (Hydrothermal method) [34] Tusuideivinlagld MWCNT Aildann

[y

PeIIEAUNIY WINendeLealug [35] 31WIU 2 NSU wauAva1sazateTitanium (V)

q

]
al

isopropoxide (98 %, Acros Organics) 91U3U 2.00 {adans meIsaaninlellnfigamgiives

q

Wutan 20 w1l 108U LAY DI 91121 10.00 18380 hazlnueanauianunadly

autoclave vessel mumeNIsiALaITaza18nIagansn (H,50,) WWutu 1 a1 91u3u 3.00

a

{98803 wadt autoclave vessel NUTFRAIUHANTIIVUASEUTREUAILUBUNRUNYT 175 °C

Y

a

Junan 24 $2lus ndsaniu drawdadneifilasein D wdauleulviuieiigamgi 50 °C

Y

[

Wuran 24 Falus wanduafils Ae TiO-impregnated CNT &saviidnwagidunsazidend

NN

3.1.2 A9A38UTanAUINENVDY 2LiBH,-MgH, fiviy TiO,impregnated CNT

LUUBALIN

wa3l MgH, (95%, Acros Qrganics) AU LiBH, (~90%, hydrogen storage grade, Acros
Organics) lusnsdiulaglua 2:1 (LiBHg: MgH,) Iﬁaﬂumﬁ’amaLLmuLaaﬁLﬂﬁaui’aaﬁﬂamu
A1stuan1uly (8004 Tungsten carbide vial set, a SPEX SamplePrep, USA) waaurluun
§eup3e3 ball milling (SPEX SamplePrep 8000D DUAL Mixer/Mill®) Tngld8nsausening

t 1 Y

MUNYIANUARBKIAI8819 (Ball: powder ratio) 111U 15: 1 urw 5 Galus tivella

Y

ioe

wandualuianaeulndnves 2LiBH,MgH, Bdluruidetazivuntetavesianneulndni
11 2Li-Mg 21n1U Unedaees 2Li-Mg Mvmssule luuanauiv TiO,-impregnated CNT Tu
UTuna 5, 10 waw 15 wt. % fdelnseunas eiiegrentaainnisnanianeulndnves

2LiBH,;-MgH, P TiO,-impregnated CNT TuuSanausingg %Qm%aﬂ%asjammﬂ%mm TiO,-
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impregnated CNT #tAuasludaoe19 laun 2Li-Mg-5%, 2Li-Mg-10% way 2Li-Mg-15%
ANUAIRU TITUABUVBINITLAS8UAIBE19T axAInnTun1snelaussenianialulns.ay

Tnelt Glove box

Mnnan1sEnaituildnsildannsmegeudemaia enerey dispersive X-ray
spectroscopy (EDS) ?z'mzé’mﬁuﬁ‘ﬁw’%mmﬁmmﬁﬂssﬂauﬁﬁagﬂu TiO,-impregnated CNT
dulsiun anduau (O), lmnidlen (T), wagesndiau (0) (U 2(E) wudn vuRIves MWCNT 3
TiO, Anagussan 42% Fuudieldlunsiieuiteuislatinsmieousieg iy Tnauane
0.0253 %1 MWCNT fu 0.0106 n3u Tio, Tulngsunans 1%ded1081991 MWCNT-M-TIO,
anduthlunanfu 2Li-Mg Tnetfin MWCNT-M-TIO, luuSunas 15 wt. % wazideniede

A9819l31 2Li-Mg-M-15% nTuEefiagvnansdminsels (~50-60 fiadnsw) W

1

sabmdudanfidunugudnans 8 Tadluns wazdianunuegluyie 1.00-1.22 fadwes lay

19u59n0dn 5 fu (976 MPa) Wutial 2 Wil

3.2 MINATIERANFNUAVDIRIEN

3.2.1 MsaAszesalsznaumaiiniemaila Powder X-ray diffraction

Fregharanun 1aua TiO,, TiO,-impregnated CNT, Tanmeulnanvea 2LiBH,-MgH,
WA TiO-impregnated CNT TuUSunausingg ‘ﬁﬂﬁauLLﬁZMﬁQﬂ’ﬁﬁﬂﬂﬁﬁ%mUa@UﬁEJ‘EJLL@%ﬁJﬂ
ulalasiau gniuniiasngiaasimaila powder X-ray diffraction (PXD, a Bruker D2
PHASER) 351dunas x-ray Usesnn Cu Ko radiation ( = 0.15406 nm) 14 26 Tuza9 10-80°
wa scanning step LU 0.02°/3u9 waziletestuiegsanesndiausararudulueinie
fegreiitlunaaeuazgnussgluaialdiegsuiaiiliasoutiietesiueinia uagazies

w3eslu glove box Muussernialulasiau
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3.2.2 N153A518LlASIda519n19Al A28 MAllA Fourier transform infrared

spectroscopy (FTIR)

UANENNIF298719AU anhydrous KBr Tugmsidiu ~1: 10 Tulnssunais udludn
Thduunuifidusiugudnasunn 1.2 wuilues seiniednlelnsan tneldusann 15 du
Juan 1 unit anduiiluiiesizddeiies Fourer transform spectroscopy (FTIR, a
Bruker Tesor 27-Hyperion 2000) %74 wavenumber wazs1uanawnuiildidu 4000-400

cm™ hay 64 AUANU

3.2.3 MIATIZRAEIALA Scanning electron microscopy (SEM) wag Energy

dispersive X-ray spectroscopy (EDS)

N193AT1ENATIAT1INF YNNG AL 519 IAUTENDUVRY MWCNT wag TiO,-
impregnated CNT Qﬂﬁ%ﬁumiﬁ’mmﬂﬁﬂ scanning electron microscopy (SEM, an Auriga,
Zeiss) Way wAtla Energy dispersive X-ray spectroscopy (EDS) (EDAX Inc., USA) lagfn
Fregreasu sample holder faeansazansniadu (siver slue) uazfislildusisly slove
box 1Hutaan 2 $2lus 1910 MWONT Samaut@lunisinludi Fslisududeandou

freenamelane Nl lanaunisiasie

3.2.4 A159A5129NTSIUATULUAIENUANIIAINS aUS A UNISIU AT LU aIUMIn
Ya9A2981908nATlA Thermogravimetric analysis (TGA) ILa& mass spectroscopy

(MS)

HIFI8E19 ~10-15 Tadnsu gnlviaaiusoudn 500 °C (5 °C/min) anglausseinie
919n9U 50 mL/min A28LAT89 Netzsch STA 449F3 Jupiter wasluvasNfiiog19tinnis
aaned esRUsEnauvaiangnUaeseenin (Wu lalasiau (Hy) uavlaueisu (BHe) 9zgn

AATILRAIY mass spectrometry (MS) ( Netzsch QMS 403C mass spectrometer)

3.2.5 nsAs1ginuantAiiuIaunadiansvasn1sUanUdes uaznisiniiu

lalasiau

AaENURAUIRUNaAansYRIIaENe gnAnwilaelilaTes Sievert-type apparatus

[36,37] W8 IMN15UTTUAIBEN (~50-100 Tadnsu) aslunivuzussymegn@uinaniana
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LLmuLaaﬁmmﬂmLiaﬁuQQ (316SS, Swagelok) nmeldussenielulasiauly glove box uan
Yusadfuia3es Sievert - type apparatus 9Nt en Thermocouple (K-type, rang -
250 — 1300 °C, SL heater) apsialvigndntunauzussgiegaiielddmiuingumniives
szuu Tuduvesnmaasuilasmufunislussuuazgnnsiainlag Pressure transducer
(C206, Cole Parmer) aaadfianunsagiumausulugig 0-500 psig Wag 0 — 3000 psig 4
Tddmsverumanusulunmsmageunisvandaselalasiaulazmsvageunisifulalasiau
AuEy Tnedis Thermocouple Wag Pressure transducer Qm%amiaﬁu Data logger (Al
2101, Wisco) iipudasdnyqaugumaiuazanufuudraisloulunanmadinouiinmes 49
dyrueaumgiuazanuduisgnasiviakaviivdeyann 1 3ud dwsunisneaeunis
Uanudeslalasiauvessnedns grynasuniglianiizenmaiinafifl 400 °C wazussernie
uialelasiauiinnmiu 3-4 ung Tneldinsesnmuugumaiveansda PID ludiuvesnis
nagaunsiulalasiau inlaelimusunialalasiau (Purity = 99.999%) wigiae19il 80
u1$ figungfl 400 °C LWuan 12 Falus Geusunwlelasauiivdesesnuiaindaedia

anunsamulndlaainaausunlasuntacty (AP) Tuseuninanisnagay feaunisi (1)

Lay (2)

(AP)V = nRT (1)
ANY H, (wt. %) = [(n X 2.0158) / thwiindegng X 100 ()
AMviua s P = anusulalasiau (atm), T = aaunnd (K)

9 Y

V = Ysumsaeassuu (L), n = 91uulua (mol)

R = AvAsTivedLid (0.0821 L-atm-mol k1)

3.2.6 NMISATUIUAINUAUIUUVDIAIDENS

AUNUILUNYIING (Apparent density) 283618813IgNdALin gNATUIUIIN
umtdnuazUdnnsveadadedns nglalulasiives (error of +0.01 mm) Tun1siatduriu
AudnansuazAugevendindiagie uagldiaiesds 4 drunislunistaiividn Jausas

M99z InAgT 5 ASILALINANRASLND I lUNITAI U
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NANIIVNAADILALINUIIUNANITNARDY

NANITNAADILLALDAUIIINANITNAADY

naUnas1 PXD w84 pristine TiO, wag TiO,-impregnated CNT (gﬂﬁ 1) Wiwdn it
alnmsuves TiO, wag TiO,-impregnated CNT LansiAUDIlATIAS LU anatase 983 TiO,
[38] Buduléin Ti-isopropoxide wWaswdu Tio, U NENYTANIENTEUIUNT ELATINE DR
uAfAunisvesiinfiunnsneiu Tagdieg1e TiO,-impregnated CNT agilgudianing
11NN NS TiO, ﬁagjuuﬁjuﬁmm MWCNT farnsduadugianinniiniuaunisees
Scherrer #l#nd1791 d = 0.9A /B cos6 1 d fe vurnndnade A Ao Aue1induves
waenilnsed xray B Ao Full width at half-maximum (FWHM) ) uaz © Ao 1u Bragg
[38-40] sfetiu ilodn FWHM was Tio, ﬁagjsl,uéhasm TiO,-impregnated CNT UINTY WA

TIVUINBLAIAYET TIO, anal LaviilaawIneyn1Aves Tio, anas NunRivesiufaziiiuuin

[
=

YU

MWCNTs-TiO,

Intensity (a.u.)

l Pristine TiO,

M

10 20 30 40 50 60 70 80
26 (°)

gﬂﬁ 3. awnmsn PXD ¥4 pristine TiO, wag TiO,-impregnated CNT.
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NHANTANYITN UL T YTIWINGI1V8S MWCNT wag TiO-impregnated CNT
LarMINITAEfITes TIO, Uuituinwes MWCNT dewaiin SEM-EDS-elemental mapping
Fauandluguil 2 (A) waz (8) azwiuledn MWCNT fsusraduvie uaziiledn TiO, 1l 2y
diwirdnanezfudunguiouniniy wasilevhnislinsevisinesdusznaurasiiadig
TiO,-impregnated CNT USDAIMUMUIALUT 2(B) LALYIUHUANUAAIR UL IYDI57Y
psAvsznouiiulnniouuazondiau Fuandlugud 2 (O uaz ) azuiulidn Wi
Tdlen (T) waz ondiau (0) Fudussduszneundnves TiO, Inszanevheguuiiives
MWCNT 1a£31nn153tA5189UTH1 45198 9AUTEN0U03f10819 TIO-impregnated CNT (5U
7l 2 () az1iiuléan danfueu (O 990 MWCNT flegunndign uaxil Ti waz O 970 TiO, @9

a A aAa 1

1N TiO, AnsgangmnnnaziNufiH T wileaguuiives MWCNT (Ha931nn15ilaynia

Y

YIALAN) azdnalinIsinufizenistantdesnaznisiniiulalasiauresdiied 9nasen

e

a a a

Hudafifinasifiu TiO,-impregnated CNT dUse@nsanavu uaﬂmﬂumimaﬂwm”iﬂéw

WurdulAssanazanuaiuisalunisyiiausaunfves MWCNT azdud aué’mm‘tumimu
e lAANNITWNTNIUYDILAA LELATLAUBA ST NISONNAINUSDUNATY TUTENININISLAR
AnufAsensvandassuazmsiniulalasiau [8-10]

(A) (B)

Mag. = 40.00 KX EHT = 10.00 KW
(©)

‘Ti-mapping
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(E) 20000 — r r r T T
v
15000
)
5
3 10000 -
2]
=
(7]
§ 5000
£
| ex A
- !
ol WA AT
0 1 2 3 a 5

Energy (keV)

gﬂﬁ 4. nWa1e SEM 499 MWCNT (A) wag TiO,-impregnated CNT (B), WHUATWLERS

ﬁwuwﬁﬁmaaﬁwaaqﬁﬂizﬂauihﬁmﬂvnmLﬁ&&l«3 way 28nTLaU (D), kaNaANISIASITUNUSU

51903AUTENBY (E) 9046179819 TiO,-impregnated CNT.

W&INTINASARI8E1a 2Li-Mg-5% 2Li-Me-10% uaz 2Li-Me-15% idudaieuios
wéa fetnaldgniiluiiesiesidiemaiia PXD G931nsanisitasssinuit yndaogiauand
fadusnemzianizvound o-LiBHg MgH, thag TiO, wansinluinisiinufisendu
syuinslalasaeiu way/mielalasiu TiO,-impregnated CNT Tuszninen1sinsen@l9gig

MeIsNadn (U 3)
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a oLiBH, ®MgH,

T TiO,
1 v 1 v

U sample holder
T I T T

Intensity (a.u.)

26 (°)
glh'?i 5. anns PXD ¥93A99819 2Li-Mg-5% (a), 2Li-Mg-10% (b) wag 2Li-Mg-15% (c) ad

v <
DALUR.

PnRanTiaTenUsinalalasiaungniantdey  eumnginisuandaeslalasiau

9 < a aaa v a o ' v @ =
wagdnsnstunmsfinujisermematn TG wag MS 109679819 UUaMIn B4A1Naun13N1g
UanUdeelalasiauvesTanmeoulngdn 2LiBH,-MgH; (@1n1sh 3) Armiuglalasiaulagumidn

manguuesianmeulndniavianvinnu 11.4 wt. %

2LiBHg () + MgHy) —> 2LiH() + MgBy) + 4Hy) (3)

PaTiU Lﬁ'aﬁﬁmmﬂ"]mwmﬂdmmumquwﬁsuaaéhaEJ"N 2Li-Mg-5% 2Li-Mg-10 % 2Li-Mg-

15% wag 2Li-Mg-M-15% 2¢ldviifiu 108 103 9.7 uaz 9.7 wt.% mudsu 9Inguil 4 (A)
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gupiulaidn 2Li-Mg Nigndadaiivinalalasiaunigalaniaeseanuviniu 7.7 wt.% H, (An

a

Ju 60% WaflsuiuAmnnugaumgud) IneiinnsanUdeslalasiau 2 tuneu figamgl

Y

370 uag 425 °C ?zfqLﬂuqmmﬁmiam8(?1’31‘1%1@1@5@%@@ MgH, 1 LiBH, A Ua16u (Wa
H,-MS LLaqugﬂﬁ 4 ®) luanuefifiegis 2Li-Mg-5% 2Li-Mg-10 % wag 2Li-Mg-15%
aunsavanUaeulalasiaueeninlalulsune 8.3 7.0 wag 7.3 wt.% H, muaisu (Aendu
77 68 way 75% \leiieuiuAimnugamgul] audiu) feamaiainit Tasgamniinng
UanUaoulalasiauves MeH, way LiBH, agjﬁ 345-355 kay 400 °C suansu (AT = und

25 °C) (U7 4 (A) way (B) uazludriuvaaiiega 2Li-Mg-M-15% flsunalelasiauiign

a

UanUdeuaanuniianun 6.6 wt. % (Anlu 68% WalflouiumAugmungui) wazaamal

Y

nsUanUaselalasiauwes MgH, wag LiBH, 7 355 wag 400 °C ANAIHU AINUTIEIN150

asulaan nswiu TiO,-impregnated CNT anunsagieliufisennisuanUdeslalasiauiale

[ '
a v L =

Juegeditudny Funulsanlduanisvantaselalasiauvesiegreiuings 75-77%

ho)

dlaifleuduainugaIunged] ¥asn19@u Tio,impregnated CNT Tuvauzidaag1sdmdn

¥99 2Li-Mg way 2Li-Mg-M-15% Uanuasalalasiaussnunlaifisalssuna 68% (g‘dﬁ 4 (A)

'
a

wazuonanid wwdunalddn dyanalelasaulutisgamngli 400-425 °C (nsauduns Tugy
4 (8)) MdugamaifisuAnnisaatesmeniudeuves LiBH, sadulafifiannuadios &
auduiusnntudioy TiO,-impresnated CNT lnglawizogneds lushegie 2Li-Mg-10 %
way 2Li-Me-15% &1 2Li-Me-5% wa 2Li-Me-M-15% aznunisiUasunlasiitesnindaudiin
Tanmoulndnvos 2LiBH-MgH, Py MWCNT-M-TIO, %30 TiO,-impregnated CNT 93l
gunnfilunisaniasglalasiaulndiAseiu fafudsamnsoasulédn nsifa To,-
impregnated CNT %mmmﬁdaEJLﬁmmauﬁamiﬂamJa'aaia‘lml,ﬁ]uﬁuawhasmlﬁﬁﬂ’jﬂ
lesan TO, ﬁamaguuﬁuﬁwaq MWCNT finsnseanesdifuasiifuiifinfiunnnin TiO,
UARENTU MWCNT (MWCNT-M-TIO,) Tnstanizeg1989/u LiBH, 3aduaiinnuiaios

nepuSougs wavuenanil Advlainsnsianudygraenialaveisu (BH,) 91nvn

fheth (3Ul 4 (B)
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(A) ; , .
9
5
IN
©
£
2
a
(B)

\
400 ¢C oa

Biooobezgéf oo” \D.OOOOOOOC
0

3559C° O
Oooooooooab / ; | =)
e = o : O5o8n0g
' . ]
= X TP, o, e

Mass spectroscopic intensity (a.u.)

300 350 400 450 500
Tempertaure (°C)

—o—2Li-Mg —o— 2Li-Mg-5%

—A—2Li-Mg-10% —v— 2Li-Mg-15% —%— 2Li-Mg-M-15%

UM 6. nanmsinsgvimewmatia TG-MS luseninufiseandaeslalasiauvesiieeng

o
a

Inglunsau (B) fie gauniifisuinn1saanefimnienusauve LiH, luras

gaunnil 400-425 °C.
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NNanIsnaaeuAnantRn1uIaunaranslunisanldeslalasiauioamnil 400 °C

melamnuduuialalasiau 3-4 visuaznisAuadsnaniuglelasuidasdmdniag

=

U31ns (§U7 5) nu Tutuneuusnveamafinujizenisuantdeslslasiaudainginms
aanefvee MeH, A0819 2Li-Mg Lay 2Li-Mg-M-15% a1unsavanlasslalasiausenuilu
U3y 4.0 uay 4.1 wt.%. Hy, mudidiu luvaeiidegnadadnues 2Li-Mg-5 %, 2Li-Mg-10
% wag 2Li-Mg-15% annsavantaselalasiausenuila 5.0, 6.1 way 6.8 wt.% H, aua1au
(U7 5 (A) Tnsaziiiuldin n1svanddeslelnaiauluduneuusnuemniogned Snsndilu
nsiauinserlndifesty uddmsunistanvaeslelasiaulutunouil 2 910 LiBH, wudn
F19819 2Li-Mg-5 % (38 2Li-Me-10 %) way 2Li-Me-15% 3uvanUaeslalasiauiivaat 8
waz 4 Falus, mudu uazddeslalasiuluUSinaiifiatued1isns luvasiished
Sawfiaves 2Li-Me Fadldinania 12 $alusuwaziindunn waslunsdves 2Li-Me-M-15% A3
UanUaolalasiaues MeH, azadnendusetadunsiinding Tnsazisulaeslalnsianly
Falued 7 waznsuanvdeslelasiauues LiBH, luduneuiiaesazisudiusyanadalusd 10
(3U9 5 (A) Feanwan1snnassaztiuliin §1e819 2L-Mg LuudadaillAn TiO,-

impregnated CNT agiionsiilunisuandasslolasiauves LiBH, NAni1vesioe1e 2Li-

Y vy Y '
v A v v =

Mg waz 2Li-Mg-M-15% Fdenadaafiufuna MS (gﬂﬁ 4 (B)) yieilviadu n1sNAI0E1981190

| R o = A A w
ﬂa@ﬂa@UI@I@IﬁLﬁ]u@@ﬂuqlﬂuaﬂﬂqqﬂqm']ﬂwg@a EJ'T‘i]Lu@\‘ill']"iﬂﬂﬂr]icl/]LLﬂavLﬁimiLf\]ua’]llrﬁﬂ

a [ 1

LL‘WiINI’mLflﬂgf’mEJ"N‘VIQﬂEJ(ﬂLLuulﬁﬁQBMWNﬁiﬁﬁﬂﬁ@ﬁﬂi’lHlﬁu31u3§8ﬁQUMﬁﬂﬁLﬁﬂlﬁU
Hogtanlelasidnsinuaziinisiiu ENG [4] udeenslsfiniu Aanunsananléin mafs
TiO,-impregnated CNT @ansatiesfinuszansnimnisunsriurewialalasaulusiad
18 Wuldanusinalelasiaufivanddogeenuiiuiniuniifed1eildl@diy Tio,-

Va v v !

impregnated CNT uana1nil angdidedsldindusmuauglelasaulagininaes
feeamnd (91ngUTl 5 (A) wazanauTAMINeAwvoasindaoEns (hwinuazUiuns)
udalidudanuglelasiaulasuiings (gHy/L) Femuin manuglelasiaulaeuunns
Y09610879 2Li-Mg waz 2Li-Me-M-15% Ay 35.6 waz 40 gHy/L mudrdu Tuvaed
A108198A A0 2Li-Mg-5 %, 2Li-Mg-10 %, uag 2Li-Mg-15% TAnegluyae 47-68 gHy/L
(gﬂﬁ 5 (B)) Fadsiithawula Ao n137idaeee 2LiBH, MeH, 7 TIO,-impregnated CNT §3A

annsavdselalasiaulad Tuvagngndauuy (mMunanmmeassazniseduselusui 6 (8))
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Y o

FudiulgannisiinduegedidedrfyesarmiuglalasiaulaeUsuinsiuinia 91% @1n

o

35.6 \Ju 68 gH,/L dlowdu 15 wt. % TiO,-impregnated CNT)

(A) T T T T T T T 't T
emperature
8- P Jaoo
g <
@ . %
o :-‘;: 6 - :'300 5'
£ 5 %l 3
: E 1 2
~ O o [Y)
T O A * 1200 €
3 8 °
-g .'g 4.0wt. % 3
o < 2- 0
(] p 410
Q= —0— 2Li-Mg —0— 2Li-Mg-5%
—A—2Li-Mg-10% —v— 2Li-Mg-15%]
0 - —r— 2Li-Mg-M-15%
I M 1 M ] ' 1 M L) M 1 ' 1 M I 0
0 2 4 6 8 10 12 14
Time (h)
(B) 715
= { O 2Li-mg
T 704 O 2Li-Mg-5%
C) 1 A 2Li-Mg-10% v
2 659 ¥ 2Li-Mg-15%
[+ 1 .
S g0 w 2Li-Mg-M-15% A
s ]
o 554
=] |
©
S 501
m -
- 45 @
S ,
£ 404 *
@ |
S 35 - L
(o] 4
> 30 ; . . . : .
4 5 6 7

Gravimetric H, storage capacity (wt. %)

UM 7. nansinsevinaautinuaaunaranilunisvandaeslalasiauveusasfitegg

(A) wazUSunauanulalasiaulagUsuinsvewineganlaannmsaiuinm (8).
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Wefnwinaveaansfaia (Tioimpregnated CNT wag MWCNT-M-TIO,) fifise
@desnmdanalusenineseuvesnisinifivwazUanlaselalasiausufeusz@nsainnis
UsTURIEsieEns JeldimsAnudnvarnanenwiazanuvuwiwvesiin faegei
Wil (As-prepared) wagndaannsvhuFazendniiulelasiauseui 1 (1 absorbed)

v 1 4 <

Tagangudt 6(A) aziiulein WasegraiwSouls fiduiugudnatauazanamuivoad

fogaviiiu 8 wag 1.00-1.22 fladuns mud iy FaaingUasiiiuldin vuie sussvende
WAI91NN1INADATIAUAIR @I89UF uanasainnisiuasednnulelasiau Windedis
Fifuves 2Li-Mg waz 2Li-Me-5% lanusansgusramienduld lngasiuininisunnuay
vinvedingions Turaeidiegns 2Li-Mg-10% way 2Li-Mg-15% fapagusegluaninia
AdeRURBUIENAL (JUT 6(A) dhusegs 2Li-Mg-M-15% wuin feeedensiigusraduie
Lwiﬁﬂmmn%aﬁ%umuu%nmﬁaﬁmuumaaﬁaaéwwé’qmﬂmsﬁﬂﬂﬁﬁ%mﬁ’mﬁﬂﬂmmu a1
nsvaLaznskAneenvesdindiagiamnsniAntuldidesanaandu (Stress) fiunndu
LATNITVIE-UARITENINTEUVRINI I ULazUanUaaelalasiaunieldanuduuas
gauviniifige (7] Feinwanismaaosilagifiulddn doafa TIO-impregnated CNT ag1atio
10 wt. % sazinanaadiosnndinavesmegisluszminnisininuwazUantaeslalasiau
LAENATAILINAIANLIMLLLLUSING (Apparent density) tloAnw1UszAvEAMYBINNS
UT3q WU F8e1e 2Li-Mg AAIAIINTUILYY WA 0.89 ¢/cm’ (gﬂﬁ 6(B)) wazd1niu
Freg137ifin19ifuansfaiy (TIosimpreenated CNT way MWCNT-M-TIO,) WU A1
wnulywesiiegsdafistuileusinaasiadundisty (fudu ~1.0 g/cms; @NUTUMDENY
2Li-Mg-15%) nanisnaaesiinansliiiuda UszAn3nmn1susseiiaLAnainnsil Tio,
impregnated CNT %138 MWCNT-M-TIO, ivinninflusiussaiuadiafunisifia ENG [5]
LazuUBNINi nsiished 2Li-Mg way 2Li-Mg-5% tinn19iduanin uaziinisuanueidn
f19819%04 2Li-Mg-M-15% wasn1svitugasendniulalasau Jeilildaunsainaiuay
fuamanuuuiwesiiegdld fidu 1nguil 6B) Teiltiissdesiiogng tnasiuldd

a o LY

ANUIRIUYeRdafIegsin sanased 1 ltud Ay raeiunsiufAsedniulalasiau
A o v o A A 1 = 3

deasuiudegnsieseulalunouwsn 19y anvn 0.99 wde 0.65 g/cm’ ag anain 1.00
WAOLNEY 0.70 ¢/cmd@11SUAI9E19 2Li-Mg-10% Wag 2Li-Mg-15% MMNa1au ANNKNATI96

wanaliiiudn areludadaeds 2Li-Mg-10% waz 2Li-Mg-15% HA11ungu (Porosity) i
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diutuds 30 wag 30% nudidu Falaeluuds erumquidistursduselilslnson
anunsounseuldRTy uiTanfidanungunn auaudinsianufeuvesifufivanasly
¢e usluaddet Wunini MWONT Afiguaudilunisianufeuiidunuly Sannds
Wnagdigreasmnuausatunisaremauiounisludiafed il daudanunguas

IALUARN

(A)

Samples 2Li-Mg-5% | 2Li-Mg-10% | 2Li-Mg-15% | 2Li-Mg-M-15%

As-
prepared

1st
absorbed

(B) —O— MWCNTSs-TiO, (as-prepared)

1.11 —o— MWCNTs-TiO, (1* absorbed)
% MWCNTs-M-TiO,

£ 1.0 —

% ] O/

.'? 0.9' O/
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[

S

v 0.8+

o

©

& 0.7

< N O

D/
0-6 T T T T T T T
0 5 10 15

Content (wt. %)

gﬂﬁ 8. MNEY (A) kagAIANUNUILULUIING (Apparent density) (B) Y83639819%a990

& < [ o aaa [ [
Judle wazndsinnsiuasendniulalasiau.
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99910679819 2Li-Mg-15% TUszanSnmiiafian ialuduresgaumniuazdnsig,
vasnsUanvaesuiialalasiau suudmauandiananfnunlananiuudiiu dieg1eidegn
A = o o v [ ' [ v v [ o
deoniaiuimmegeunsininusazUanyaeslalasiauwuuduigansiludiuig 4 seu
F99ngUN 7 aziiuladn Ysunaialalasiauignianuassesnuilusoud 1 uas2 veq
matsagilenlndifesiuegNussana 6.4-6.8 wt.% lagldiaan 7 4alue wiluseud 3 uay 4
Usinawialalasiauigniuanldesanawneg 5.8 wt.% wagldinan 7 aluaguiu Iz

Y

11 feE1e 2Li-Mg-15% aunsavanvaselalasiaunigsnsnnsinsinausseud 1 wazdans
Snwrensudailinaitlaluseunsl (seull 2-0) MatlonaAinannnavesn st miudaigs
Uafsenniuseansnmeues TIO, Awnaniineguuinves MWCNT wasanaudinistiniy

Souinas MWCNT wrag1slsiaiu fee1e 2Li-Mg-15% AldlunisAnwridenssiineudns

(% '
[ Y A

U4 (~ 1.00 fadiuns) osnnldusunantearsiiissdanioslunisdn dsduiielilndides
n1silulgueswnndu e1vvgdeinnsAnwlaeiiuusunaiandiegeliuiniu Lite
= < @ o 1 N A Y o [ a [ <
wissududndiegafinuinniniy wdihnisegeuinUsunalalasiaunagd nsnsives
UHATe1 anuanuisalunisdunduls sadaaiosnimdanasznineseuvesnisinifivuas

JanUaseLiuiumald

:I'en'lnper.atu;e
400

300

-4 200

(9,) @anjesadwa)

——1%cycle | 100

—C— 2" cycle
—— 3" cycle
—— 4" cycle

Desorbed H, with respect
to hydride content (wt. %)
-9

o 2 4 6 8 10 12 14 16
Time (h)
JUN 9. nan1saszinaauUAiuIaunamanstunisantaeslalasiauwuuduinging

Y99629819 2Li-Mg-15%.
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Tunsfnuinalnnniaujizenvesiiesuasmdneuvesuiinauialslasiauiivaes
98NUNNGFIBEN 2Li-Mg-15% anauileviufAzeuaniudsulelasiaulunategseu Tagi
Fr0814 2Li-Mg-15% Aewnden1svinujazendnifivlelasiauluseudl 4 uazwdanisvin
UfRzedanudeslelaauluseud 5 Tuhmsieneiosdussnoufemaia PXD uay FTIR
393U 8(A) Fre8n9 2Li-Mg-15% aevdsmsviiuizerdniiulelasauluseuil 4wy
fimag LiBH, way MgH, wanaliiiuin inanssuiunsiunaulavesseuunodlndn 2LiBH,-
MgH, LLa36‘1%1/1%%ﬁaashmé’qmiﬁmﬁﬁ%mﬂaﬂﬂdaalaimwuiuiauﬁ 5 Wubavas MgB,
waz LiH ingu wanainnsUanUdesufialalasiauainaisimedidlaeegsauysal daung
99 MgO MAntu 1Hululdinnd1 envunanmsifnuffseneendinduivenniawazauiiu
30 Mg ﬁLMﬁ@@@:Lﬁ@Uﬁﬁ%ﬁ’]ﬁU TiO, (810 TiO,-impregnated CNT) Fsazaanndasfiunisd
laimuilaves Tio, Usngiuluanasu PXD (U7l 8(A) wasiiteidumsiemesissduszney
dandu 3eldimada FTIR Tun1sasaadaaves boron (B) ﬁﬁagﬂumiﬂizﬂau Tmamﬂgﬂ'ﬁ
8(B) (a-b) sziulein fregne 2Li-Mg wag 2Li-Mg-15% Twdeuls agnufinnsduresiusy
B-H wuugnazse (stretching wag bending) vosd15UsznaU LiBH, fiUsnanavaiy 2388
2226 war 1126 e muddu [40,41] waznuiAveeiusy O-H Afunuaavaay 1635
e eo1aunannenniauaz/mioautu [37] ludiuvessaogns 2Li-Mg-15% ndennsvin
UfAsendniiulalasiauluseuit 4 wuindifiansduvesiuse B-H Miduves LiBH, wag O-H
p19ifntuTINe N ALaY/MI oA T Fauanadensiiauiisondnifulelasauldves
megrasanandluzy 8B) (o) wananil Sanuiiaiidunsduvesiusy B-H way B-O Miuves
4150589V LisB,,H,, haz boron oxide dIunustavnay 2486 uay 1429-1387 cm’?
audIdu [42] Fansnuiianisduresiusy B-O vilidudulédn amorphous boron (a-B) 7
Jundndagianuiiseinisaaisinvesasussnou LiBH, luaunsofundulel uaz LiBiHi,
U boron oxide MARTUsENINITOUNTAINLEULAZUaRUdD8vDIa5H 1081 2Li-Mg-15%
dwaligyidsluseufiagiuldlunisiunduresufiten dufunsfiviinalelasaudgn
Uaea1ndiegns 2Li-Mg-15% paeqanas 3dlildiAnannnisunsiiureuialslnsiaudidly
ﬁaa&hqﬁgﬂﬂmﬁm wAdaAna1nnsiesveaa LiB,,Hy, way boron oxide Aidunaulyls

seiuisenaniasulalasiaudnee
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(A) — — T T —
@ o-LiBH, ® MgH,
v MgB, V LiH

U sample holder
@ Mgo

5™ Desorption

Intensity (a.u.)

4™ absorption

I J I N 1 - 1 b I ¥ 1

10 20 30 40 50 60 70 80

B)

Transmittance (%)

2500 2000 1500 1000 500
Wavenumber (cm™)

Uil 10. anms PXD a4 2Li-Mg-15% ndsufizeniniivlelanavlusoudl 4 wagndsns
yhufizeanUdeslelnsiauluseud 5 (A) uazanms FTIR (B) veasegne 2Li-Mg (a),
F0E4 2Li-Mg-15% (b), wariieena2Li-Mg-15% ndsmsvinuazensniiulalasiauluseud

4 (o).
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unagy

nsnedasiegsbiluliatielimnuglalasaulaeUsnnsuaznuantinisinaay
Sowvastanlalasiiutuiiosandunisandesinesznineynia ogelsinunistdusadad

ynaunuly dewalinisunsaiuveswialalasauluiegnagas waziiegnauasslalasiau

ee

lotas wenaniliadesnmidenavesianlalasiignnadnledesegneldan1izgamgiivg

o0 = =

Anusufiaduseninugisenandeulalasinundudnnidadensesdiai eide

=he

Junsusulpsnaantanslusiuraunaaanswaziadesnimlanavesianaoulndn 2LiBH,-

MgH, Tusewinafiseuaniasulslnsiausensiiu 5-15 wt. % MWCNT il TiO, Anet)
uilufin (TIO,-impregnated CNT) Amautifinisiduiiaiiieves Tio, fiddetanlealns
uaganautAnIniinufouiifves MWCNT dawalinsaiamanuiouluseninujasen
UanUaee/Aniulalasiau wazquaudinissaunaansves 2LiBH,MgH, Al Taonudn
qmmﬁL‘%'uéfus[,uﬂﬁﬂéa&Jiaiml,ﬁ]wuanﬁaasm2LiBH4-MgH2 wuudainanas (AT = 25 °C)
JleLfn TiO-impreenated CNT aalu15 wt. % ﬁ’m%uﬂ%mmlaimwuﬁgﬂﬂamﬂéaﬂﬁum
PRIRE 2LiBH4—MgH217iL§3J TiO,-impregnated CNT Wu21 fU3ued 75-77% v84A1AI4Y
mangud luvaeifanlalasuuusadailailfiiu TIOimpregnated CNT Udeglalasiau
panuies 68% NMsUSUUTIAMaNTRnNIRaunamansuaznisanAuaissnsnIuiou
Y99 LiBH, Lﬁ@%uaﬂﬂﬁﬁﬂﬂﬁﬂﬁmuﬁaﬁm TiO,-impregnated CNT asly 15 wt. % uaziilednn

n1sfinandfinisUanddoylalasiauuaznisussana Aranuglalasiaulaediunnsves

F19819 2LiBH,-MgH, Fafinduann 35.6 10U 68 oHy/L (finTuds 91%) iewfiu 15 wt. %

£
a o

TiO,-impregnated CNT 4ona1AUEINUIIN5LAN TiO,-impregnated CNT ag19tiay 10
wt.% zanunsntieiiunueisndinaneliannzanudugaazdesiunisveeiives
0619 2LiBH,-MgH, Tuseninsfseuanasulalasiauls uazdausiinnnumsuyes
f?ha&mamﬁw‘ﬁywﬁqmsﬁwﬂﬁﬁ%mﬁmﬁﬂﬂmwu Fse199zdanalsinnmannsalunisth

Y]

Ausouluding1sanas weuszansnmlunisvanlasslalasiauvediogeildnafe

e

WenAaaudRnIsiiANTeunRves MWCNT
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According to catalytic effects of TiO, on kinetic properties of hydrides and thermal con-
ductivity of multiwall carbon nanotubes (MWCNTSs) favoring heat transfer during de/
rehydrogenation, improvement of dehydrogenation kinetics of compacted 2LiBH,-MgH, by
doping with MWCNTs decorated with TiO, (MWCNTs-TiO,) is proposed. Via solution
impregnation of Ti-isopropoxide on MWCNTs and hydrothermal reaction to produce TiO,,
high surface area and good dispersion of TiO, on MWCNTSs surface are obtained. Composite
of 2LiBH4-MgH, is doped with 5—15 wt. % MWCNTs-TiO, and compacted into the pellet
shape (diameter and thickness of 8 and 1.00—1.22 mm, respectively). By doping with 15 wt.
% MWCNTSs-TiO,, not only fast dehydrogenation kinetics is obtained, but also reduction of
onset dehydrogenation temperature (AT = 25 °C). Besides, gravimetric and volumetric
hydrogen storage capacities of compacted 2LiBH4-MgH, increase to 6.8 wt. % and 68 gH,/L,
respectively, by doping with 15 wt. % MWCNTs-TiO, (~twice as high as undoped sample).
The more the MWCNTSs-TiO, contents, the higher the apparent density (up to ~1.0 g/cm? by
doping with 15 wt. % MWCNTSs-TiO,). The latter implies good compaction, resulting in the
development of volumetric hydrogen capacity. In the case of mechanical stability during
cycling, compacted 2LiBH,-MgH, doped with at least 10 wt. % MWCNTs-TiO, maintains the
pellet shape after rehydrogenation. Although increase of porosity (up to 30%), leading to
the reduction of thermal conductivity, is detected after rehydrogenation of compacted
2LiBH4-MgH, doped with 15 wt. % MWCNTs-TiO,, comparable kinetics during cycling is
obtained. This benefit can be achieved from thermal conductivity of MWCNTs.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

For on-board fuel cell application, loose powder bed of hy-
dride materials cannot fulfill the requirements due to low
volumetric hydrogen storage capacity from void volume

hydrides has been proposed to not only enhance volumetric
capacity, but also improve thermal conductivity [1,2]. How-
ever, heat transport during hydrogen exchange reaction was
hampered in the case of larger bed size of hydride, limiting
the overall reaction rate. In addition, large strain changes
upon de/rehydrogenation cycles lead to the decrepitation

inside the bed. Powder densification via compaction of
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and disaggregation of compacted hydride, resulting in loose
powder bed with poor thermal conductivity (0.1 W/m K) [3].
Two well-known methods of doping thermal conductive
materials (e.g.,, expanded natural graphite, ENG) and
increasing compaction pressure were carried out to solve
these problems of compacted hydrides. Several hydride
materials (e.g., MgH, [4], intermetallic hydrides of LaNis [3]
and MggoNiyo [5], and Mg(NH,),-2LiH [6]) were doped with
ENG and compacted to disk and/or cylindrical shapes.
Thermal conductivity of compacted hydrides increased with
ENG content. For example, thermal conductivity of MgH,-
10 wt. % ENG compacted under 100 MPa enhanced in the
radial direction up to 7.5 W/m K, while that in the axial di-
rection was comparable to compacted MgH, without ENG
[4]. For MggoNijo alloys doped with 5-25.5 wt. % ENG and
compacted under different pressures (150—600 MPa), the
more the compaction pressure and ENG content, the lower
the porosity in the compacted samples. This indicated good
compaction due to the role of ENG as a lubricant [5]. Sig-
nificant enhancement of thermal conductivity (up to 46.7 W/
m K) in the radial direction was observed from MgooNio-
25.5 wt. % ENG. The compaction in the axial direction pro-
vided two benefits in the radial direction, i.e., good align-
ment of large particles and predominant elongation of
single-phase particle, yielding the improvement of thermal
conductivity in radial direction [1]. However, high compac-
tion pressure and ENG content obstructed hydrogen
permeability during de/rehydrogenation, especially in the
same direction as compaction [4].

Furthermore, effects of compaction pressures
(75—600 MPa) on thermal conductivity, dehydrogenation ki-
netics, and morphology of the compacted LiBH,-MgH, com-
posite were investigated [1]. Although improvement of
thermal conductivity and reduction of porosity were obtained
with increase of compaction pressure, dehydrogenation ki-
netics was sluggish due to the reduction of hydrogen perme-
ability. For example, hydrogen content released during the 4th
cycle of loose powder sample of LiBHs-MgH, was ~9 wt. % H,,
while that of the compacted sample under 600 MPa was only
2 wt. % H,. However, cracks detected upon cycling due to high
stress and expansion resulted in the improvement of
hydrogen diffusion and kinetics [1,7]. Despite crack formation,
decrepitation of the pellet was not found due to the stable
framework of Mg-containing compounds (e.g., MgH, and
MgB»).

In the present work, we would like to propose a new
method to improve dehydrogenation kinetics and mechanical
stability during cycling of compacted 2LiBH,-MgH, by doping
with multiwall carbon nanotubes (MWCNTSs) decorated with
titanium (IV) oxide (TiO,). It was reported that the curvatures
and good thermal conductivity of MWCNTs could benefit
hydrogen diffusion and heat transfer during de/rehydroge-
nation [8—10]. MWCNTs have been doped into several hy-
drides and intermetallic compound, such as MgH,, LiAlH,,
MgH,-NaAlH,, and Zr(yo.9sNig0s)> to improve de/rehydroge-
nation kinetics [11-16]. In the case of Ti-based oxides (TiO,
and Ti-isopropoxide), hydride (TiH,), and halides (TiCl; and
TiF;), they are known catalysts or additives for kinetic
improvement of metal and composite hydrides (e.g., LiBHy,
LiAlH,, MgH,, Mg(BH,), LiAlH,-MgH,, and LiAlH,-LiBH,

[17—29]). Furthermore, combination of transition metal based
catalysts and MWCNTs has been proposed to develop dehy-
drogenation and reversibility of hydride materials [30—33].
However, all previous reports of hydride materials doped with
MW(CNTs, Ti-based catalysts, or combined MWCNTSs with Ti-
based catalysts were carried out in the form of loose powder
samples. The present study is for the first time dealing with
compacted sample of 2LiBH4;-MgH, doped with MWCNTs
decorated with TiO, (MWCNTs-TiO,). This work provides the
preliminary results of de/rehydrogenation performance and
mechanical stability during cycling of this material when it is
packed in hydrogen storage tank. Successful decoration and
good dispersion of TiO, on the surface of MWCNTSs are
confirmed. The powder samples of 2LiBH,-MgH, doped with 5,
10, and 15 wt. % MWCNTs-TiO, are compacted under the same
pressure by using a pellet die set (8 mm diameter) to obtain the
pellet samples. The effects of MWCNTSs-TiO, on compaction
performance and mechanical stability during cycling are
determined. The compositions of as-prepared, dehydro-
genated, and rehydrogenated samples as well as dehydroge-
nation temperature and kinetics are investigated.

Experimental details
Sample preparation

Multiwall carbon nanotubes (MWCNTSs) decorated with tita-
nium (IV) oxide (TiO,) were prepared by a hydrothermal
method [34]. MWCNTs from Nano Materials Research Unit,
Chiangmai University, Chiangmai, Thailand [35] of 20 g were
immersed into 2.00 mL of titanium (IV) isopropoxide solution
(98+ %, Acros Organics) and sonicated at ambient temperature
for 20 min. The mixture was hydrolyzed by adding 10.00 mL of
deionized (DI) water and transferred to a Teflon-lined auto-
clave vessel along with 3.00 mL of H,SO4 (1.0 M). The autoclave
vessel was kept at 175 °C for 24 h. The product was washed
thoroughly with DI water and dried at 50 °C for 24 h in a dust-
proof environment to obtain grayish powder of MWCNTs
decorated with TiO,, denoted as MWCNTSs-TiO,.

The powder samples of MgH, (95%, Acros Organics) and
LiBH4 (>90%, hydrogen storage grade, Acros Organics) under
2:1 (LiBH4MgH,) mole ratio were packed into a sealed vial
(8004 Tungsten carbide vial set, a SPEX SamplePrep, USA)
under a nitrogen (N,) atmosphere in a glove box and milled by
using a SPEX SamplePrep 8000D DUAL Mixer/Mill® to obtain
milled 2LiBH4-MgH,, denoted as 2Li-Mg. A ball-to-powder
weight ratio and a milling time were 15:1 and 5 h, respec-
tively. The powder sample of 2Li-Mg was ground with 5, 10,
and 15 wt. % MWCNTSs-TiO, in a mortar under N, atmosphere
in the glove box to obtain 2Li-Mg-5% MWCNTSs-TiO,, 2Li-Mg-
10% MWGCNTSs-TiO,, and 2Li-Mg-15% MWCNTSs-TiO,, respec-
tively, denoted as 2Li-Mg-5%, 2Li-Mg-10%, and 2Li-Mg-15%,
respectively. Regarding the peak area obtained from an energy
dispersive X-ray spectroscopy (EDS) result, corresponding to
the relative content of elements in MWCNTSs-TiO,, i.e., carbon
(C), titanium (Ti), and oxygen (O) (Fig. 2(E)), ~42% MWCNTs
surface was decorated with TiO,. For comparison, 0.0106 and
0.0253 g of TiO, (98.0-100.5% TiO,, Acros Organics) and
MW(CNTs, respectively, were mixed and denoted as MWCNTSs-
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M-TiO,. The powder sample of 2Li-Mg containing 15 wt. %
MWCNTs-M-TiO,, denoted as 2Li-Mg-M-15%, was prepared by
grinding MWCNTs-M-TiO, with 0.2396 g of 2Li-Mg. All pow-
ders samples of ~50—60 mg were compacted under the same
pressure of 5 tons for 2 min by using the pellet die set (8 mm
diameter from Msscientific Chromatographie-Handel GmbH,
Germany) to achieve the pellet samples with the thickness of
1.00—-1.22 mm. Considering the surface area of the pellet
(mr? = 3.14 x (4 x 1073 m)? = 5.02 x 10~° m?), compaction
pressure of 976 MPa was calculated.

Characterizations

Powder X-ray diffraction (PXD) of pristine TiO, and MWCNTs-
TiO, as well as as-prepared, dehydrogenated, and rehydro-
genated pellets were carried out by using a Bruker D2 PHASER
with Cu K, radiation (A = 0.15406 nm). To protect the sample
from oxygen and humidity, it was packed in an airtight sam-
ple holder, covered by a poly(methyl methacrylate) (PMMA)
dome, under N, atmosphere in the glove box. The diffraction
patterns were collected in a 26 range of 10—80° with a scan-
ning step of 0.02 °/s. Fourier transform infrared spectroscopy
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Fig. 2 — SEM images of MWCNTSs (A) and MWCNTSs-TiO, (B) as well as elemental mapping of titanium (C) and oxygen (D), and

EDS results (E) of MWCNTs-TiO,.
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(FTIR) was carried out by using a Bruker Tensor 27-Hyperion
2000. The powder sample was ground with anhydrous KBr in
the mortar under a weight ratio of ~10:1 (KBr:powder sample).
The mixture was pressed under 15 tons for 1 min to obtain KBr
pellet. The KBr pellet containing the sample was assembled in
the sample holder located in the direction of infrared radia-
tion. The FTIR spectra were collected at room temperature in
the wavenumber range of 4000—400 cm™* with 64 scans for
both sample and background.

Morphology and elemental analysis of MWCNTs and
MWCNTs-TiO, were studied by scanning electron microscopy
(SEM) using an Auriga from Zeiss, Germany. The powder
sample was deposited on the sample holder by using silver
glue (in n-butyl acetate) and the evaporation of n-butyl acetate
was done in the glove box at room temperature for 2 h.
Regarding the electrical conductivity of MWCNTSs, coating of
electron conductive elements (e.g., Au, Pd, or Pt) was not
necessary, which the native morphology of the sample was
clearly observed. Energy dispersive X-ray spectroscopy (EDS)
and elemental mapping were managed by an apparatus from
EDAX Inc., USA. Smart SEM and EDS Genesis programs were
used for morphological studies and elemental analyses,
respectively.

Thermogravimetry (TG) during dehydrogenation of com-
pacted samples were carried out by using a Netzsch STA 449F3
Jupiter. The powder sample of ~10—15 mg was heated from
room temperature to 500 °C (5 °C/min) under a N, flow of
50 mL/min. The relative compositions of hydrogen (H,) and
diborane (B,Hg) gases in the exhaust gas during dehydroge-
nation were continuously determined by mass spectrometry
(MS) using a Netzsch QMS 403C mass spectrometer.

Dehydrogenation kinetics and reversibility of compacted
samples were studied by using a laboratory scale setup of a
carefully calibrated Sievert type apparatus [36,37]. The powder
sample of ~50—100 mg was packed in a high pressure stainless
steel sample holder (316SS, Swagelok) under N, atmosphere in
the glove box and transferred to the Sievert-type apparatus.
Two K-type thermocouples (—250 to 1300 °C, SL heater) were
attached to the sample holder and to the furnace for
measuring the temperature changes during de/rehydrogena-
tion. Pressure transducers (C206, Cole Parmer) in the pressure
range of 0—-500 and 0—3000 psig were used to measure the
pressure changes due to hydrogen desorption and absorption,
respectively. Thermocouples and pressure transducers were
connected to an AI210I module convertor data logger (from
Wisco), measuring and transferring (every 1 s) the pressure
and temperature changes to the computer. Dehydrogenation
was done under 3—4 bar H, (purity = 99.999%) by heating the
sample from room temperature to 400 °C via a furnace
controlled by a PID temperature controller. For rehydrogena-
tion, the dehydrogenated sample was pressurized under
80 bar H, (purity = 99.999%) at 400 °C for 12 h. Once the
pressure reading was constant, gravimetric hydrogen storage
capacity (wt. % H,) was calculated from pressure change (Ap)
and Equations (1) and (2). For volumetric hydrogen storage
capacity (gH,/L), it was calculated from full gravimetric
hydrogen storage capacity as well as weight and volume of the
compacted sample.

(Ap)V = nRT (1)

H, desorbed (wt. %) = [(n x 2.0158)/sample weight] x 100 (2)

where p, V, and T are hydrogen pressure (atm), volume of
the system (L), and temperature (K), respectively, n is the
number of hydrogen moles (mol), and R is gas constant
(0.0821 L atm K~ * mol™?).

Apparent density of the compacted samples was calcu-
lated from volume and weight of the pellets. The pellet di-
mensions (diameter and height) were measured by using a
micrometer caliper with an error of +0.01 mm, while the
weight was obtained from a four-digit analytical balance. All
measurements were carried out five times to achieve the
average values of pellet dimensions and weight used for the
calculation of apparent density. To study the mechanical
stability of compacted samples during cycling, physical
appearance of as-prepared and absorbed pellets was taken
into account.

Results and discussion

To confirm the transformation of Ti-isopropoxide to TiO, via
hydrothermal method, pristine TiO, and MWCNTs-TiO, were
characterized by PXD technique. From Fig. 1, diffraction peaks
of pristine TiO, are sharp and in agreement with anatase TiO,
[38], while those of MWCNTSs-TiO,, also in agreement with
anatase TiO,, are significantly broader. The latter suggests
successful transformation of Ti-isopropoxide to TiO, on
MWCNTSs surface. Broad diffraction peaks (increase of full
width at half-maximum (FWHM)) of TiO, found in MWCNTs-
TiO, hint at the increment of amorphous degree and the
reduction of TiO, particle size based on the Scherrer equation
of d = 0.9%/Bcosd, where d is the average crystallite size, A is the
wavelength of the incident X-ray, 8 is FWHM, and ¢ is Bragg
angle [38—40]. Regarding particle size reduction of TiO,, the
enhancement of surface area is achieved.

Furthermore, morphology of MWCNTs and MWCNTSs-TiO,
as well as the distribution of TiO, on the surface of MWCNTs
were characterized by SEM-EDS-elemental mapping tech-
nique. From Fig. 2(A) and (B), both MWCNTs and MWCNTs-TiO,
show the mixture of tubular structure and agglomeration of
nanotubes, implying maintained morphology of MWCNTSs
after TiO, decoration. For elemental mapping and analysis,
MWCNTSs-TiO, as morphology shown in Fig. 2(B) is further
studied. Fig. 2(C) and (D) exhibit good dispersion of titanium (Ti)
and oxygen (O) from TiO, all over MWCNTs surface. The
elemental analysis of MWCNTSs-TiO, represents mainly carbon
(C) from MWCNTs together with Ti and O from TiO, (Fig. 2(E)).
Due to good dispersion and high surface area of TiO, on
MWCNTs, de/rehydrogenation performance of compacted
hydride doped with MWCNTSs-TiO, can be improved. Besides,
curvatures and good thermal conductivity of MWCNTs,
benefiting hydrogen diffusion and heat transfer during de/
rehydrogenation [8—10], promote hydrogen exchange reaction.

Afterward, the compositions of as-prepared samples of
compacted 2Li-Mg-5%, 2Li-Mg-10%, and 2Li-Mg-15% were
investigated by PXD technique. All compacted samples
reveal diffraction patterns of o-LiBH4, MgH,, and TiO,, sug-
gesting no reaction between either hydrides or hydrides
and MWCNTs-TiO, during sample preparation (Fig. 3).
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Fig. 3 — PXD spectra of as-prepared samples of compacted
2Li-Mg-5% (a), 2Li-Mg-10% (b), and 2Li-Mg-15% (c).

Furthermore, hydrogen content released, dehydrogenation
temperature, and kinetics were studied by TG and MS
techniques. According to the dehydrogenation of 2LiBHy4-
MgH, composite (Equation (3)), theoretical hydrogen storage
capacity of 11.4 wt. % is obtained.

2LiBH4(1) + MgHZ(S) - 2LiH(S) + Mng(s) + 4H2(g) (3)

Therefore, theoretical storage capacity of compacted 2Li-
Mg-5%, 2Li-Mg-10%, 2Li-Mg-15%, and 2Li-Mg-M-15% are 10.8,
10.3, 9.7, and 9.7 wt. % H,, respectively. From Fig. 4(A),
compacted 2Li-Mg liberates 7.7 wt. % H, (67.5% of theoretical
capacity) in two steps at onset dehydrogenation tempera-
tures of 370 and 425 °C for MgH, and LiBHy, respectively (H,-
MS result in Fig. 4(B)). In the case of compacted 2Li-Mg-5%,
2Li-Mg-10%, and 2Li-Mg-15%, hydrogen content released of
8.3, 7.0, and 7.3 wt. % H,, respectively (77, 68, and 75% of
theoretical capacity, respectively) are obtained together
with reduction of onset dehydrogenation temperatures for
MgH, and LiBH,4 to 345—355 and 400 °C, respectively (AT = up
to 25 °C) (Fig. 4(A) and (B)). For compacted 2Li-Mg-M-15%,
totally 6.6 wt. % H, (68% of theoretical capacity) desorb
with onset dehydrogenation temperatures of MgH, and
LiBH, at 355 and 400 °C, respectively. Thus, by doping
with MWCNTs-TiO, dehydrogenation kinetics is signifi-
cantly improved. For example, up to 75—77% of theoretical
hydrogen capacity is obtained after doping with MWCNTSs-
TiO,, while those of compacted 2Li-Mg and 2Li-Mg-M-15%
are comparable of ~68% (Fig. 4(A)). Moreover, it should be
noted that hydrogen signal in the temperature range of
400—425 °C (red frame in Fig. 4(B)), corresponding to the
onset decomposition range of thermodynamically stable
phase (LiBH,), gradually enhances with MWCNTs-TiO, con-
tents, especially compacted 2Li-Mg-10% and 2Li-Mg-15%,
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Fig. 4 — Simultaneous TG-MS results of all compacted
samples. Onset decomposition of thermodynamically
stable LiBH, in the temperature range of 400-425 °C is
shown in red frame (B).

while those of compacted 2Li-Mg and 2Li-Mg-M-15% are
less significant. Although 2LiBH,-MgH, composite doped
with either MWCNTs-M-TiO, or MWCNTSs-TiO, results in
comparable (onset) dehydrogenation temperature, good
dispersion and high surface area of TiO, found in MWCNTs-
TiO, favor faster dehydrogenation kinetics, especially for
thermodynamically stable LiBH,. Besides, signal of diborane
gas (B,Hg) is not detected during dehydrogenation of all
compacted samples (Fig. 4(B)).

Furthermore, dehydrogenation kinetics as well as gravi-
metric and volumetric hydrogen storage capacities of all
compacted samples were investigated by titration mea-
surements. During the 1st dehydrogenation at 400 °C under
3—4 bar H,, compacted 2Li-Mg and 2Li-Mg-M-15% liberate 4.0
and 4.1 wt. % H,, respectively, while compacted 2Li-Mg-5%,
2Li-Mg-10%, and 2Li-Mg-15% desorb up to 5.0, 6.1, and 6.8 wt.
% H,, respectively (Fig. 5(A)). All compacted samples show
comparable kinetics in the first dehydrogenation step of
MgH,. For the second decomposition step of LiBH4, com-
pacted 2Li-Mg-5% (or 2Li-Mg-10%) and 2Li-Mg-15% start to
release hydrogen at 8 and 4 h, respectively, and increase
steeply, whereas compacted 2Li-Mg requires up to 12 h and
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Fig. 5 — Dehydrogenation kinetics (A) and calculated
hydrogen storage capacities (B) of all compacted samples.

very sluggish. In the case of compacted 2Li-Mg-M-15%, it
seems that partial dehydrogenation of MgH, delays as shown
as slight increase of hydrogen signal at ~7 h, while the
decomposition of LiBH4 begins at ~10 h (Fig. 5(A)). The su-
perior kinetics especially of LiBH, observed from compacted
samples doped with MWCNTs-TiO, as compared with com-
pacted 2Li-Mg and 2Li-Mg-M-15% is in agreement with MS
results (Fig. 4(B)). The deficient hydrogen content released
with respect to theoretical capacity of all compacted samples
during the 1st dehydrogenation can be due to less effective
diffusion of hydrogen through the compacted samples as
previous reports of compacted hydrides doped with ENG [4].
However, by doping with MWCNTSs-TiO, improvement of
hydrogen diffusion can be obtained, resulting in higher
content of hydrogen desorbed. Moreover, volumetric
hydrogen storage capacity (gH,/L) calculated from full
gravimetric capacity (Fig. 5(A)) and physical properties
(weight and volume) of compacted sample is reported. The
volumetric capacity of 35.6 and 40 gH,/L are achieved from
compacted 2Li-Mg and 2Li-Mg-M-15%, respectively, while
those of 2Li-Mg-5%, 2Li-Mg-10%, and 2Li-Mg-15% are
47—-68 gH,/L (Fig. 5(B)). Interestingly, due to kinetic
improvement and good compaction (results and discussion
in Fig. 6(B)) of compacted 2LiBH4-MgH, doped with MWCNTSs-
TiO,, significant enhancement of volumetric hydrogen stor-
age capacity up to 91% is obtained (from 35.6 to 68 gH,/L after
doping with 15 wt. % MWCNTSs-TiO,).

To study the effects of the additives (MWCNTs-TiO, and
MWCNTs-M-TiO,) on mechanical stability during cycling
and compaction performance, physical appearance and
apparent density of as-prepared and the 1st absorbed pellets
were studied. From Fig. 6(A), all as-prepared pellets (diam-
eter and thickness of 8 and 1.00—1.22 mm, respectively) are
in good shape after compaction. After the 1st absorption,
compacted 2Li-Mg and 2Li-Mg-5% cannot maintain their
shapes shown as broken and swollen pellets, while com-
pacted 2Li-Mg-10% and 2Li-Mg-15% are still in the disk form
as comparable to as-prepared pellets (Fig. 6(A)). In the case of
2Li-Mg-M-15%, its disk shape remains with some cracks on
top of the pellet after the 1st absorption. The swelling and
crack formation of the pellets can be due to high stress and
expansion during cycling under high pressure and temper-
ature condition [7]. It can be seen that by doping with at least
10 wt. % MWCNTs-TiO, mechanical stability during cycling
of the compacted sample can be obtained. In the case of
compaction performance represented by apparent density of
the pellets, compacted 2Li-Mg shows 0.89 g/cm? (Fig. 6(B)).
For compacted samples doped with additives, their apparent
densities enhance with increased additive contents (up to
~1.0 g/em® for 2Li-Mg-15%). The latter suggests good
compaction performance due to the fact that MWCNTs-TiO,
and MWCNTs-M-TiO, act as lubricant similar to ENG [5]. Due
to the deterioration of compacted 2Li-Mg and 2Li-Mg-5% as
well as some cracks found in 2Li-Mg-M-15%, their apparent
densities after the 1st absorption were neglected. From
Fig. 6(B), significant reduction of apparent density as
compared with as-prepared samples is detected after the 1st
absorption, for example, from 0.99 to 0.65 g/cm® and from
1.00 to 0.70 g/cm® for compacted 2Li-Mg-10% and 2Li-Mg-
15%, respectively. The latter suggests 34 and 30% enhance-
ment of porosity for compacted 2Li-Mg-10% and 2Li-Mg-15%,
respectively. Although enhancement of porosity favors
hydrogen diffusion during cycling, thermal conductivity is
reduced concurrently. In our work, good thermal conduc-
tivity of MWCNTs can probably help to maintain heat
transfer during cycling of compacted hydride despite in-
crease of porosity.

Regarding the best performance based on dehydrogenation
temperature and kinetics as well as the mechanical stability
during cycling of compacted 2Li-Mg-15%, four hydrogen
release and uptake cycles were carried out on this sample.
Fig. 7 shows comparable hydrogen contents release during the
1st and 2nd cycles of 6.4—6.8 wt. % within 7 h. For the 3rd and
4th cycles, slight decrease to about 5.8 wt. % H, is obtained
with comparable kinetics. It should be noted that compacted
2Li-Mg-15% liberates considerable amount of hydrogen with
fast kinetics in the 1st cycle and maintains its kinetics in the
further cycles (the 2nd-4th cycles). This can be due to not only
the effective catalytic activity of TiO, with high surface area
on MWCNTs surface, but also good thermal conductivity of
MWCNTs. However, the pellet of compacted 2Li-Mg-15% in
this study is quite thin (~1.00 mm) due to small amount of
material. Thus, to approach the practical application of
hydrogen storage tank, greater content of material is used to
prepare the thicker pellets and the investigations based on
kinetics, reversibility, and mechanical stability during cycling
are in progress.
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To study the reaction mechanisms and explain the defi-
cient hydrogen content released during cycling of compacted
2Li-Mg-15%, rehydrogenated (the 4th cycle) and dehydro-
genated (the 5th cycle) samples were characterized by PXD
and FTIR techniques. From Fig. 8(A), the 4th absorbed sample
reveals diffraction patterns of LiBH, and MgH,, suggesting
successful reversibility of 2LiBH,-MgH, composite. For further
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Fig. 7 — Dehydrogenation kinetics of compacted 2Li-Mg-
15%.

dehydrogenation (the 5th cycle), diffraction peaks of MgB, and
LiH are observed, hinting at complete dehydrogenation of this
hydride composite. The formation of MgO can be due to the
oxidation with air and/or the reaction with TiO, (from
MWCNTSs-TiO,) of Mg-containing phases, which corresponds
to the disappearance of TiO, diffraction peaks (Fig. 8(A)). For
further investigation on boron (B)-containing phases, FTIR
technique was used. From Fig. 8(B) (a-b), as-prepared samples
of compacted 2Li-Mg and 2Li-Mg-15% show vibrational peaks
of B—H stretching and bending of LiBH, at 2388—2226 and
1126 cm ™Y, respectively [40,41], together with that of O—H at
1635 cm ' due to air and/or moisture contamination [37]. For
compacted 2Li-Mg-15% after the 4th absorption, vibrational
peaks of B—H and O—H bonds, corresponding to LiBH, and air
(and/or moisture) contamination, respectively, are found as in
cases of as-prepared sample, hinting at successful rehy-
drogenation (Fig. 8(B) (c)). In addition, the characteristic vi-
brations of B—H and B—O bonds from Li,Bi,H4, and boron
oxide, respectively, are detected at 2486 and 1429—1387 cm ™ *
[42], respectively. The appearance of boron oxide confirms
irreversibility of amorphous boron (a-B), which is one of the
dehydrogenation products of LiBH;. The formations of
Li,B,H;, and boron oxide during cycling of compacted 2Li-
Mg-15% result in loss of boron for reversibility. Thus, the
deficient hydrogen content released from compacted 2Li-Mg-
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Fig. 8 — PXD spectra of the 4th absorbed and the 5th
desorbed samples of compacted 2Li-Mg-15% (A) and FTIR
spectra (B) of compacted 2Li-Mg (a), compacted 2Li-Mg-
15% (b), and the 4th absorbed sample of compacted 2Li-
Mg-15% (c).

15% is due to not only the slow hydrogen diffusion from
compaction, but also the formation of irreversible phases
(Li;B1,H;, and boron oxide) during cycling.

Conclusion

Via compaction, volumetric hydrogen storage capacity and
thermal conductivity of hydride materials could be improved
due to the reduction of void volume. However, the more the
compaction pressure, the lower the hydrogen permeability.
This led to slow dehydrogenation kinetics. In addition, insta-
bility of the compacted hydride upon cycling under high
operating pressure and temperature was another concern.
Improvement of dehydrogenation kinetics and mechanical

stability during cycling of compacted 2LiBH,-MgH, by doping
with 5-15 wt. % multiwall carbon nanotubes (MWCNTS)
decorated with TiO, (MWCNTSs-TiO,) was proposed. According
to catalytic effect of TiO, on kinetics of hydride materials and
good thermal conductivity of MWCNTSs, benefiting heat
transfer during de/rehydrogenation, kinetic improvement of
compacted 2LiBH4-MgH, could be obtained. Onset dehydro-
genation temperature of compacted 2LiBH,-MgH, decreased
(AT = 25 °C) after doping with 15 wt. % MWCNTSs-TiO,. For
hydrogen content released, 75—77% of theoretical hydrogen
capacity were obtained from compacted 2LiBH,-MgH, doped
with MWCNTs-TiO,, while that of undoped hydride was only
68%. Dehydrogenation kinetics, especially of thermodynami-
cally stable LiBH, was significantly improved and maintained
during cycling by doping with 15 wt. % MWCNTSs-TiO,. Due to
kinetic improvement and good compaction, volumetric
hydrogen storage of compacted 2LiBH,-MgH, enhanced from
35.6 to 68 gH,/L (up to 91%) after doping with 15 wt. %
MWCNTs-TiO,. Besides, mechanical stability under high
stress and expansion during cycling of compacted 2LiBH,-
MgH, was achieved by doping with at least 10 wt. % MWCNTs-
TiO,. Although, enhancement of porosity was observed after
rehydrogenation of compacted 2LiBH,-MgH, doped with
15 wt. % MWCNTs-TiO,, leading to reduction of thermal con-
ductivity, dehydrogenation kinetics of this sample was pre-
served during cycling due to probably good thermal
conductivity of MWCNTs.
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