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Compaction of LiNH,-LiH-MWCNT for reversible hydrogen storage and upscaling
hydrogen storage capacity from laboratory to storage tank for PEMFCs
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unAngan1u lng

ideannlusevinssiAeufiseanuaeslalasiouvesiannonlndn LiNH,-LiH azilufa
NH; iAintu auananazshliuimnalelnsiufiazgnidesoonunanawuda whaddadufiv
Giaéf'sl,i'wﬁﬁ%mﬁﬁmagmumuLUiumaqmaéLsﬁyaLwﬁaﬁﬂﬁw Fedununaudadiazuszny
FantihaesTanneulndn LINH,-LIH uuusadindaeduues LiH (10-30 wt. %) iileviufiizen
U NH, fivdesoonin ThAnfiosuia H, Suintu G99nwanisine wuin lunistandaos
lelasiauluseuusn feehe LINH,-LH wuudadaiiusznudieduves LiH Tufiduaiaves
uia NH; gnuassesnun wazlianuqlalnsiaueyil 3.5-4.0 wt. % usainns¥iufasen
uaniagulalasiaunuuiduining (seufl 2-6) wuin fegra LINH,-LH wuudaidiaiiuseny
Frefures LiH fiUSunasinia (10 wt. %) Snnsudes NH, senundslusssrinsnsvanddos
lelasiau Tuvaedidiessiifinisusenudiedures Lin luulina 30 wt. Ssasudeseanin
aweuia H, Wngldfufa NH; uagauqlalasiourasisasiiedvanasuay i 2.3-2.6
wt. % FaamueamsanasvesUimnalglasinuiivdeseonini fideswnannisdesduves
wladiliianansafaUfisendunduld W L0, LiTi,Oq, way LisTiN; uagdmiudaogna LNL-
30 %LiH WU uenNazdUTINMves LiH AiftesnelunsviiufAzentu NH; wén fhegnail
FailmalmlfiAindy 1dun LiH,F, uas LioNHy.,F, ﬁﬁwaﬁ&ia@mamﬁ’ﬁmwauwamam‘ﬁum

UfAseanvassuaziniiulalasiausaznisdunadulivesidgmoulndnves LiNH,-LiH uaz
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Wesanusunalslasiaunldandiog1aiagmeulngn LINH,-LH wuudadaiiussnusietu

1%
v v v v v &

LiH fiUSunaiifeudneos daudsiniiunussyiagialaseiin MgH, nlssuunyuisuainy

% 1

Founelu (neussyandiegne~46 niu Tudeiniuadusuns 96 mL) Fsgnuunldlunis
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vegauiugadeI NGl Fugadwendanaedudsiniulalasiuiussyiantalasyia MeH,
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UNANEBAIWIDINE

During decomposition of LiNH,-LiH composite, NH; emission not only leads to deficient
hydrogen content release but also poisons fuel cell catalysts. The idea of sandwiching
LiNH,-LiH pellet with LiH layers (10-30 wt. %) for reacting with NH; to produce H, is of
interest. The LiH-sandwiched LiNH,-LiH pellets show no sign of NH; release with
hydrogen capacitates 3.5-4.0 wt. % H, during the first cycle. Upon cycling (the 2M-6™"
cycles), decomposition of the LiH-sandwiched LiNH,-LiH pellet with low amount of LiH
layer (10 wt. %) reveals NH; release, while that with 30 wt. % LiH layers still liberates
hydrogen without NH; with the reduced capacities of 2.3-2.6 wt. % H,. Deficient
hydrogen content release is described by the formations of irreversible phases of Li,O,
LiTi,Oq4, and LisTiNs. Effective dehydrogenation of 30 wt. % LiH-sandwiched LiNH,-LiH
pellet is due to not only sufficient LiH content to react with NH; but also the formation
of new active phases of LiH;,F, and Li,NH,F, likely benefiting de/rehydrogenation
kinetics and reversibility of LiNH,-LiH composite. Since reversible hydrogen storage
capacity of LiH-sandwiched LiNH,-LiH pellets is rather low, MgH,-based hydrogen
storage tank (~46 g in 96 mL packing volume) with heat exchanger is selected to
combine with fuel cells. Fuel cell stack connected with MgH,-based tank reveals total

electrical power of 17 Wh with constant current of 0.6 A for 2 h 30 min.
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1.1 anudAyuasnunvaslyniniside

NURUNITNE1910U5TD 2560 7 SavinTnesdn1sndsuseniauseina
(International Energy Agency, IEA) 15518971471 WIAUABINIsNaSUTeslanionsinig
duladninfiinuanfese wifdeeaduwiliuiiavuenesildiedesas 30 lutaseningd 2559-
2583 (dnsnaiiulauszanaiovaz 1.3 sev) [1] lolinyiueanideld ilungiusannans
wazieviEn gninlveglunguvesgiiniafitinnudesnisndsnugs (420-485 dusiuifiousin
dstuiiv) dnsuusemalnensensrmdsnuldinisainnisalin Tugaed 2557-2579 A
fosmandsauliiisugrsvesUsamaziisnsmaiulnedeovay 2.67 del (2] uazain
nafuadindsnulanluiiounsngiaud 2560 ves British Petroleum (BP) nudn dhsiuiu
Femadudomdmdnvatan lnefinsiivlavesnisuslnmadeiialan 1.6 drubansase’u
L.wié’mm’ﬁmﬁmﬁéﬂﬁuﬁ"’ﬂaﬂﬂﬁuagjﬁ 0.4 aubarisanaiu [3] uanawnﬁﬁmuwnwaﬂamﬂdaa
Aaansusulaeanlas (CO,) FeneliiinaniizlanousudmanonisiUasunlasosdnin
9mA NS et nsa werseRURenss IR Fudutlymiiddayseaulan 9
ﬂ/iﬁx‘i’ﬂ]’]ﬂﬂ’]iﬂizﬁmﬁﬁﬂiwﬂsﬁ’]a’i’]ﬁ?EJmiL‘Ug‘EJULLUaQ“UENﬁﬂ’]Wgﬁ@’]mﬁiaﬂﬂ%ﬂﬁ 21 ﬁﬂqq
U13a %38 Conference of Parties 21 (COP21) luileusuiast 2558 funun31196 Useing
vhlansafesgmalnefldidiaunisssn Wasmiludennasida (Paris Agreement) &
Tonnasatiuifoifuamudsuddyuasiunsiudefulussfuuumidedanisiym

[

amzlandeusgieaieds nefiidmneiedrinseiugamniiedsvedlanlalliAusedu 2 °C
MnseRunouyAgramnIIILarinvIN T isluresgumnlindsvedanvidesadlugnaus
177 1.5 °C [4-6] DINBHUNITNSNIUVDI0IANTITNAIUIZIINUTEmed 2560 ladingg
AAN9aiI wEaumgudey (1 au uasofing wdsenndouldfion wardu @) wnduunas
niuifieudesnsliidvlagean lnsazasesdadiuiisfosay 40 Tud 2583 (5UTI 1) Bs
SsualvedsegseninamsistetsfuizosnsannsvantdesfinnSeunszan MAna1nnns
puwpuudLazgaamnssuluidiodvy uaslumgeaminssuaany Tuoen Snviedidmanedi
wfiudndrumslindinunauny savsfinnsands Ansamundmdanunaunudianns
dansimunld Heluguromdanuliii anufou wesdomdedinm aeldununsiaun

WasUnauNY (AEDP2015) Tiilufesas 30 veamsldwdanuduganielul 2579 [7]



Global average annual net capacity additions by type
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JUN 1. maaulavesdndiunislondenunauny ludied) 2553-2583.
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lalmsiau (Hydrogen, H,) faiduunasndanuididu avenn wagidnaninlunns

nldifionsaunudemdmeada ewindusnidieginaly (wulduszana 15 mol% uu

Y
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a o v oA

wWaenlan TugUvenn Fura wazdug) liluie lidsawvd & uasndu (8] waziddty Ao
lalasiau danuvnuwiundsnugeiign Wesuiudeimasdus Ineieanusous (lower

heating value) Usgsnas 120 M/kg (§U 2)

msthlelnausldouintumadfomas wivszavsammsudandsnulniliog
i 40-60% Fauingsniinslfiedessuddunuillfidemamoataossiitduddey uenaini
Fudunisanuafiwniadesuazniaonnie esainszuuwadieinadalasiauldyinldifin
deanagluinsuasennany 1wy Aeaisusuleeantan (CO,), sanlunvsidainas (SO,),
sonlasvoslulasiau (NOY, uarasusumouuenles (CO) sonuluszninsmslday &
rusnluneenannssueueus Alddnsiimeluladioad Woumaslalasiauanld (10, 11]

lAUTNUANSINULAABINGS (Fuel Cell Vehicles, FCV) suwsniignimiuheludseinadgu
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JUN 2. Amdsudunng (MJ/kg) Wag ANAvEILUUNGIY (MJ/L) Youdaimaaiinmie

faranudousi (LHV). [9]

Tud 2558 fio Toyota Mirai Tuaw1AnsuWlnd USENTOUANIRLLINUTEIULUIIBINANNTOLUR
FCV satansilaaaniidulalasiauluudanses (Smart hydrogen station, SHS) iausgina
U [12, 13] wenansuMIANLIALYLEAY sTuUwaddanaslalasiaudsaunsalddu
1w <@ Y 1 [} % vl 1% P
WASSANLAULAZFIVUAIUNANU (energy storage and carrier) lasnaag ImsmzLLﬁlWﬂmgﬂ
NEAINUMAING U UNALNY L uwaduateinduazfuiuanaiuisadiunivluguaes
lalasiaudnsuiduuna indsnudrseslildludrsnar i vsuadadrldiieane dnsu
¥ =) o’Jj QQIJ q; 1 d' o v o U k4 L3
Urusaunasanaimnssy [14, 15] naf nilsludiudsenaviidrdydmsunisidauead

& a 2 v & ala A a
Wawddlalasiau A szuuinnulalaslaundussansanw

Tuannzussemaund lelasiauazeglugufa usilesanlelasiouiianamuiuiy
51 (0.083 g/Lfigaumadl 25 Cuazanudu 1 bar [16)) fndsnusionieuumsen (eenin
10 MI/L dwmsulelasiaudnuarlelnsiauman) (Ul 2) Seildmsdaiulildluymasnn
wazdlnadniildenn dslaevial msdnidulslasauanansoudssenidu 2 38udn fe (1)
mMsfnAumeIsmenienn Tuglveaufaninuduga (350-700 bar) ufadadigumnafis
(9aumadl 63 K aneldnmsiu <350 bar) uazluguveslalasiaumaifiguygil 20 K wag (2)
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How is hydrogen stored?

Physical-based Material-based
Compressed Cold/Cryo
Gas Compressed

Liquid Interstitial
organic hydride

Adsorbent Chemical

hydrogen

Complex
hydride

Ex. MOF-5 Ex. BN-methyl Ex. LaNiH, Ex. NaAlH, Ex. NH;BH,
cyclopentane o

g%

= H, accessible
surface

U7 3. FEnsiniiulalasiau [9]

o [ v <3 a 13 ¢ & a v < v 3
dmsussuuininulelasiaunldlusosudivad iy omddudagu Wunsiniiu
lalasiaunininudugs (700 ban) wielvldiianlumsiivuianioy (3 uil) uaglaszenig

=

(400 km) TndLAsaruias assuAduay [17) usagslsinunisdnlalasiaulidaudugs

Ua 700 wag 350 bar AFIAadlINSIUDY 15 war 13 % Y89 H,-LHV [18, 19] Snvannsdn
whalelnsiaulegludsiinnusiu 700 bar Afsadldrugseniieuiinnsiies 30 gHy/L @
toonintmnedmivszuuiniivlslanauidmunlagnsensiandanuanss (US-DOE) 7
Mmual3d7 Tud 2020 szuvagdesiianuqlaeusuinslugie 40-70 gHy/L [8] wagluuiniy
Uasndsdmiunsldnussuuifanudugednaduussidiuiininasginn dmsuszuuin
Fulalasiaulugulslasoumaitgamgitfudsin 20-30 K uifireedanugaiuqlalasiou

fislngUTamsuazlasanasyluinnsii US-DOE fuualidnsud 2020 (40 gHy/L wag 5.5

< a

wt.9% H, mugau [8]) uinssnwilalasiaulieglusuvesvaniioamgliduiieintuinedld

NAIUUINAS 30 % VB9 Ho-LHV Usenauiunisigauiuainysouag9ngdailsnaIuneansu



vudainiAvnazandidulelasiauiiedestunisgaydoanubunaz Jesiunsvened
esanaufeu vilimsldszuuiniulelasaulusuveanandsliiduiiunsaneiin [16]
warludruveansinfvlalasauludsndubedn (cryo-compressed H, tank) dedadld
gamgilunsiniivlelsiaudl 63 K uagaufus<350 bar fimnuglalasiaulasuiunsuay
T81na0Efl 5.5 Wt.% H, wag 31-33 gHy/L muddu [20] minfiansandeddnlusugumnd
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Aulalasiau lneanzegredaluguveswaands (Mmsdnfunuaiiaedanlalased) Jadu
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a v A< a

ad P v Y [y v @ a < 3
FEmsnuaula lasansidetifangtesiunmsimunssuudniiulelasiausinveawdslalas
lagagyinisAnwinalnnisiinufisen autinisvaunamansuazaunaransvasianin
< v v v & = Y I3 Y @ ¢ & a A =

Aulalastauluszaudeiniiu sulvdsnisdedsinifudiiueadidemaalalasiauiefing
Uszdndnswdnnszualni danidduianlalasaiurauladmsvihunldiduiandniu
lelasiau Ao Tanaoulndnues LINH,-LiH Wasaniiaiuglalasiaunimguias aamgiily
mainufAsedoudenn amnsafauisedunduls waziisnagn aedunisfinwinis

'
aaa a

WnvuInussgUesianaeulndnves LiNH,-LiH Afnsifudas sl jisenffllnnidendu

LV N Y 1

parUsEnau (TiF,) wazidameadasuauuiluing (MWCNT) Wussdudadnifuaundn oy
N9620819893aRARNINEY LINH,-LiH Avdiuwaglidusissufisenvzgndalndudiniioiu
Auglalasiaualiuinsiaziininsinfinuandinisuinuiow uenaniazdinig

Usgnudues LiH vuRavisaassuvesdindingns wisidunistestunisuasewia NH, veq

[y

ansognsiioainduldluszmnenmsyihufiseandasulalasausuuduindns

1.2 IngUsaeAvaIn1sivY

1. iomssuasusenaunauInan LiNH,-LiH 71AuG8 5 wt.9% MWCNT uaz 5 wt.%
TiF, mewmaila ball milling

2. ionash LiNH,-LiH-MWCNT- TiF, Li‘JuLﬁ@Im%uuaﬂqmﬁu LiH (10, 20 wag 30 wt.
% Wolsuiuusunaansusznouaaulngy LiNH,-LiH-MWCNT- TiF,)

3. eAnwgumgiinlilunsuandseslelnsiaulaginaia Simultaneous differential
scanning calorimetry (DSC)-thermogravimetry (TG)-mass spectrometry (MS)

4. ievssadiadegnsiildainde 2 ludsinfvlelasiauvuiaussana 20 mL Tnei

minedugesdmsuingumgiuazanusulusunisneg vesdainiivlalasiau



5. \efnwUszAnsamnmaiuinuaznisUanuaeslelasiouduinging uavauandd
yavauAIans (cycling efficiency and kinetic properties) vaadsfnifulalnsiaud
lpande 4

6. iefnwnalnvesliiseniietulusewinmsdanudesuaznmsfiuinlelasiaulae
nsliteyagaumgiinazarusuiliszninajisen wazesdusznoumaniivesans
foguneuLazndainsinufAzendaiinseidiemaiia xray powder diffraction
(XRD), x-ray photoelectron spectroscopy (XPS), Fourier-transform infrared
spectroscopy (FTIR) LL@%LVIﬂﬁﬂSuE] AINAIULNUTFU

7. WevnadeuUszaninwniaudnnszualuiinanadid euwdaszinn PEMFCs

(Polarization curve) AisalinfudanniAulalasiau

1.3. YAULUAVBINIFINY

[
Ya v

1. 105eui19819nn8n LiNH-LiH-MWONT-TiF, 19 uidalaelddduves LiH 7 nay
MWCNT Usznueg 2 a1y TuuTua 10-30 wt. % dlafisufuusunauansusenay
ABNINEN LiNH,-LiH-MWCNT-= TiF,

2. AnwUszAnsnmmsininuiazdantaeslalasiauduindns

3. Anwinalnvesfiserfiietulusenwinmsdanudesuaznisifiuinlelasiau

4. veadoulszansamnisnannszualiiiaaniead s oindsuszian Polymer
Electrolyte Membrane Fuel cells (PEMFCs) stack 9119 20 W fislasd 1 udafn

< [
WNulalasuauinan

1.4. Yszleninlasuainnisiae

a a

1. eshanuidmsunsideludusely eimuunaniuinlelasaulifivssdnsnings

a aaa [ [ 1 1% 1 < dl
ﬁ?ll'ﬁﬂLﬂ@’l‘ng‘]ﬂiEJ']ﬂ']iLﬂ‘UﬂﬂLLﬁ%‘Ua@‘Ua 88181@3@‘141@@8'1@5’3@53 NYPEUNNU LLASATIU
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luussmianlalasavatsy wiin Tanaaulndnves LINH,-LiH Sauuiauladmsy

vnntdidutandniivlelasiou ieswingamgilunisifiaufiserdsud1en a1uise

a aaa v [y

¥ = a v 1 4 ! v
LﬂﬂﬂﬁﬂﬁﬁﬂNUﬂa 1 LASHINAIGAN [21] 97791UIENBUNUN Chen LagAte WU ghhld!

ARUlNANUBY LINH,-LiH WinujAseinisuaniddeulalasausuuiunduld (wansssaunis
(1)) FaUHATeTmeNaun1sn 1 usenaumeuisendosvesasdisduns 2 Juneu (ny

aunsi (2) wag (3)) wagianulelnsiausan 6.5 wt.o% H, [22, 23]

LiNH, + LiH €<= Li,NH + H, (1)
2LiNH, — Li,NH + NH; (2)
NH; + LiH € LiNH, + H, (3)

21NAUNITT9RY NH, 7Aad ua1nnIsdaefaves LiNH, 92yUHATEIU LiH 9813520157
waziAndu LINH, freuiiseuuumeniudousnadmioutunsiaeslelnsiau usetsls
fou YaneolnAnues LINH,-LIH fnaansimsaaunamanslad Wesann NH; wndsinudy
289 Li,NH ﬁLﬁﬂLLazLﬂﬁauag%uuaﬂmad LiNH, 1891 waznnsi LiH waz NH, lefutios v
T¥nszuaunisaaesililelasauinlddias [20] uenaindnnsil LM deanimainnisgn

lelaslada/sondindulusyninanisldau dadanalt NH, MiAnvuldgnvinujisen uasgn

v 1
= =

Udegoenuiivgnd iy dsesifuiiviewad demasvindeuandsulsneu (Proton
exchange membrane fuel cells, PEMFCs) [24, 25] dm5u3Sn1susulssnaiaud@nisiniiu
lalasiauvaeianaaulndn LiNH,-LiH laua n1sifuansiiuuss waz/v3e dAnsesuisensineg
Wu d@rsusenovlansenlen 1olan wazielunveslangdamilay (W LIOH NaOH KOH KF
KCL KBr KI RoF wagKNH, [26-29]) ansusenaululasa(ieu BN way TiN [30-32]) @15Useneu
fisllane Ti WWuesdusznou (@u TangTi TiO, TiCl, LiTi,Oq uar @15UsenautasTi-Li-N [33-
37)) wazdanAISUBY F991nnan1s@nwdinunn wudn nsiiuaisusznavasslany
Tnunai@eu (KOH KF %50 KNH,) waz RbF a1unsadeusulpsnaaudinisiniivlalasiau

vosianeulnan LiNH,-LiH Tagidnluvinuasendu LiH udnfadu KH way RoH Tuvngi



ansusznaulensanlanvadansdanilatdu (WU LIOH kay NaOH) wazansusenauwglan

Yaslanglnwnadon (wu KCl way KBr) ludsnalalaludauin [26-29] dwsvansusznoulu

v
aaa I~ a

log Wy TN wud1greiuufAsenuuiuiaves LiNH, 1 Insanizeg1a8anisian BN

=

woNIINYIBSnWIVUINUeINan T AT nasaluszni1ensitufAserdniiu/Janla e
lalasiau Fegruiudnsnirvesnisiinuinsernaniud sulalasiaulnenisaeiiia

Usedndannisunsnseatewes Lit 910 LiH LUSY LiNH, Wiieas19a15058unsnilasaasng

Li,NH," uae LiNH; fivinlfiAnudndaeiiidu H, waz LiNH (uaunisd (1) leadu (31,

1%
IS 1

32] wonandl Ganuan MSANENS LiTi,04 vlrnisimaeuives Lit Tussuu Li-N-H iinduls

'
v o w =]

pg1eivedAiasantAssas1wuUalwavad LiTi,04 9 Lit @nsnsawnsnseanelaelifas

<

Tdndsugelafigamgiivies [37] dmsuansifiuudsdug Nillave Ti duesdusenay wud

nsiilangTi uag TiO, Nleuniasyauululaziinisnszanediegwadiaue a1unsny

Y

Usuugsnmantivnaaunamansvosianaeulndn LiNH,-LiH 167 [34] Sslundnfu &
miﬁﬂwwﬁﬂm%wqngLLazmswmaaaLﬁ'mf‘i’uwamaqé’aLﬁaﬂﬁﬁ’?awaamiﬁﬁé’um% (v
LiTiN5 LisTiNaNH,), wae TICL(NH,)) tAnd wlussuy Li-N-H fifn1siiuansusenevyes
Tave Ti (W TaneTi TiCL, TiO,) [36, 39-40] Tagwudn LisTiN, waz TiCl agvhwtndidusang
NH5 210 LiNH, T LiH Tuguves LisTiNGNH,), wag TICLINH,), auddy FeansiTssunsi

AnTull aunsatieiinlssaninimnistantasslalasiauvesianaeulndn LiNH,-LiH lag

o
v v Y]

N13L39URATEMMaNNIsN (1) wardredudanisuasey NH;[35-36] uanainil dalin1s@ne

[
a =

n1stesiunsiiialalaslada/eendiatures LiH Nazinludnisdanuaes NH; Aundu
\Wewnd LiH liiisawesienisvidisen smenisiiuwnsindadluianaeulndnves LiNH,-

1.2LiH [38]

Tusmdded HunsAnunussavsnmmstniuuasasugeslalanauduigingves
Fanaoulndnves LiNH,-LiH Afinsifudasalfasenddinmidouidussdusznou (TiF)
wazdiafioaaAsuauunluiayg (MWCNT) medguinistantass NH; JaiatuiAan1 s
Fu LiH 11uUsgnuiaegs LiNH,-LH fignnada diefiunruglasuiuiasuasnininrdou
vosszuuinifulelasiausauienisannisUantdes NH; uenainil TiFa way MWCNT &4

Preiugnsnsinugisenanidsulalasiaukaziiuanuaiuisalunisunsvasuia

Talasauludiegnaiinedn



uni 3

ASanduuive

3.1 N1SLAIINAIDEY

[y

Tanmaulwanves LiNH, (95%, Aldrich) wag LiH (95%, Aldrich) 8ns1daulua 1:1 gn
w3ealaeds ball milling WJuiaan 5 9319 feiA3es QMO.4 L Planetary Ball Mill (Nanjing
Chistan Chishun Science & Technology) mﬂﬁgu i’aaﬂaﬂwﬁm LiNH,-LiH gﬂﬁwmmmam
U TiF, USunas 5 wt.% 1utian 5 921u9 waguanausu MWCNTs (39 Nano Materials
Research Unit, 4913neaaideaslug [41]) ﬁsimmsw%‘mmuﬁﬁqmmﬁ 450 °C agleaniig
ayIne Wi 5 92l Tyt 5 wto% Wunatdn 10 undl elilidutagnoulndy
LINH-LiH Fifias TiF, waz MWCNTs @9ald@08077 LNL 990511 LiH snuawim 5 92l
Freedes ball milling &y MWCNTs TutSuna: 1 wt.% wazuasedn 30 urfl snsidiu
Qﬂuaa(ﬂ'améf’m&hqLLazmmﬁ’JiaUlumimﬁW laun 20:1 wag 580 rpm aua1au Tuns
wpndreguuUSaia nafiegs LNL gndalagliiiduveslin finan MWCNTs Usenuag
TuUSanaufiuansnaiu (10, 20, way 30 wt. % vesU3unad LNL) #1eusssn 200 MPa Tagld
luagaiifivuiaduniuaudna1d 15 mm Fednunzvesiiogiily meé’agﬂﬁ 4(A) A8
wuusainfilaaylddaFonmuusunatuues LiH Aikansiaiu (10, 20, uay 30 wt. %) laun
LNL-10% LiH LNL-20% LiH &% LNL-30% LiH uaﬂmﬂﬁﬁaaéw LNL LLUUﬁﬂLﬁﬂﬁlﬁﬁﬂﬁ

Usenuduves LiH dagnissensmieianisinediu ieldlunisiseuiiey

3.2 MINATIENANFUUAYDIAIE

N1536AT1ENN5UA BULUAIANURNI9AINNS D UTINAUNISUA s ukUasuIni N9

w08 19d281mAdA Thermogravimetric analysis (TGA) #781A5 89 Netzsch STA 449F3

1
a o tY

Jupiter Tngyinslimusounasgranuudadanduinin ~10-15 mg lUfl 500 °C (851
nsiiugamgd 5 °C/ui) aelausseanalulasiaunlvaniu 50 mL/und uagluvaei
Aregraufanisaaedl esdUsenauveliangnuasyeanu (W lalasiau (Hy) wag

wenlanfle (NHy) axgnilasnesisaenados Mass spectrometer (MS) ( Netzsch QMS 403C)
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(A) (©)

(B)

wo T

TCL =

wo T

TC2

wo T

wo T

TC3

Thermocouples

JUR 4 dnaesesiiege LNL wuudadiniiusznumedu LiH (A) sunisweuguigesin

4
gaunndl (TO) wagdegunglunivuziumied s (B) uazesdusznauvesdeiniunldussy

]
Y ] o 1%

fpgrsdmsunisnnaaumensasinusuialalasiau (C)

nsiausnalalasnunasuduifvissaunamansvesujiservandase/dniiu

¥ '
=< A

lalasiausisyngunsalitlaimuntuiieldnigluioaujusinig lnensussgiieg1auuy

Saufiaduau 5 e @dmidnuasaumuutuseiiafegieg 0.63-0.67 g wag ~0.70
o/mL muafv) uarluudastureadniedrsazdnisunsnusiu Mesh AivhainTagua
aulaaaiavia 304 1iievelunisuninszatevedlalasiau asludisussgiedsd v
Uszneududsinfveuindn @vsinasussy 21.70 mb) Anngluiimesluduila Type K
(SL heater) @BUAMMUAUNUNANTIRUIUSIUUY (TC1) n530and (TC2) wagsuand (TC3)
Fauandlusudl 4B) Mndulsznsuiieiivssaied udndniudindug usuit 40) Tu
seminensruIunsnadeulsilvdussdinda ( Burkert Type 0255) Aagviutiiida-Tnwdie
Preufalalasiou madsundasaufunisluszuuazgnnsinialag Pressure transducer
(0-3000 psig, an OMEGA Engineering PX309-3KGl) deyynaugaungd el Lagensing
Inavosufad ifindu asgnetuauazaslouliuaninadanouinmesday Datalogger
(National Instruments NI USB-6009 wa Wisco AI210) n1svinufAzendulalasiau ving

a A

NAAOUNANILRUNNNAIT (To, =330 °C) neldanusuuiialalasiau 10-15 bar ludiuves

U

nsnaaeunisUandaeslalasiau vimedeungaumil T, =330 °C uagAmuauuialalasiau

Fuduil 15 bar Fuduaiuduiinsdiseg nelussuundsannisinudasendulelasou
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gunsalnsiainuazauausnsnisivavauiia (Mass flow controller, MFC, Bronkhorst EL-
FLOW selected F-201CV) fi 8 Tunsnnaesuiit adnusunalelnsiauiigniaesesnunly
semenszuarumsUandaeslelasiau fvassnsnslvaiialawiiu 0-1.0 standard L/min
(SLM) Usanaslalasiaufignuanudesaindiegnafiannizannsgiuves MFC (Vs) a@mnsn
furalalansduinsatufildns A ngenseninsdnsinisinavesuia (SCCM 3o
standard liter per minute, SLM) fiutaa (u19) ntuFahen Vs IUINUSUNATLAET
@n11y Standard Temperature and Pressure %38 STP (Verp) Wethlumuam iy

avaufialalasiau (ny,) wazauqlalasulaeiinin dsaunisn (1-3)

Vs -Tstp
Vorp = EI (1
s
Vsrp
— —/STP 2
Ny, 22.4 L'mol~1 )

ng, X%2.016 g/mol

x 100 (3)

Anuglalasiaulagumin (wt. % H,) :
Sample weight (g)

defviun Vs (SL) way Verp (L) Ao U'%mmsuaqLLﬁ”alaImﬁLﬂuﬁamazmmgmmm MFC (T, =
296.15 K lag P, = 1.0156 bar), LLazﬁaqummﬁLLazmmé’fummgm (Tsp = 273.15 K
WA Perp = 1.0133 bar) mMud1nu ny, A 91uultavewnalalasiaun (mol) wazAuSuing
saluauIngg1u (Molar volume) vasufia Ly 22.4 L/mol

N193LATIZMBIAYTENDUN AT VD IAIBY19A8INATA powder X-ray diffraction

(PXD) 1melyLA3 ©9 Bruker D8 ADVANCE @ l911ia 9 x-ray Us¢lan Cu Kg radiation (A =
0.15406 nm) firegafigndndudnazgniunualidunsuasussyluninlddogsuingl
AsouUaiialesiuainianiglaussennialulasiaulu glove box 9ntu VN sagouNY9

26 Wiy 10-80° Tagla scanning step 0.02°/3u1%

nMsATITlATsasemaAiiaewatla Fourier transform infrared spectroscopy
(FTIR) Tael91a3 09 Bruker T27/Hyp2000 ¥in1snadaud18lnun Attenuated total

reflection (ATR) Tughaauady (wavenumber) 4000-400 et $117% 64 @wnw
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n193LAsIEREmMATla X-ray photoelectron spectroscopy (XPS) laaiiiunsa

=

SEUUAMALILET BL5.2a Faduainusiuilaseninaumninendewaluladasuis-unluma-

q

anduideuasdulasnsou Negnigluriesuiinisuatasu vasan1iuideuasdulasnsou

(psAnsamvu) Taeldiados PHIS000 Versa Probe Il (asu3sh ULVAC-PHI Usginadiu) 7

fuvasiniauasX-ray ¥ia Al Ko (1.486 keV) ludunaunsnagey Aaeg1998ninaiuy
WHUAAAI9819T09AT 03 XPS laeldinun1iwsinn1susu (carbon tape) nieldusseanae
Tulnsiaulu glove box andui@lnggldlu Ultrahigh vacuum chamber va3ia30ile ¥
AouazyiMsiaseiagdavinisaneInianiely chamber lisgluaniizagyiniei
FEAUAUAU 1 x 10° mbar urian 2 93lus Tun1s3asis XPS uiars1nivinn1s@ne
gnawnumenuazdunadlaeld Pass energy 7 46.95 eV uay step size 11 0.05 eV wagly
aq . . A 0 (Y 1 ! [ =<
15 Dual beam charge neutralization LN 9aANITTINAIVDIUILIUUAIDEN ATNAIUEA
N a . . ] Ao vy o | v a v
willevesdiannseu (Binding energy) Yaausiazsniinlaanndieg1sasgnuiuiisuiuiia
299 C 15 (284.8 eV) wazldlusunsy Multipak version 9.6.0 (ULVAC-PHI, Japan) Tunns

a L2 v}
AAIIERAALUNNTY

[

3.3 nsnadauyszansnmvauasamasisadinudsiniiulalasiauiiussyiang
MgH,~TiF-CNT

TuAnwUsvavsnmnswannszualiinveasadidemasiadeuanuasulsnsou
(Proton exchange membrane fuel cell, PEMFC) 9u1@ 20 W (Horizon 20W PEM Fuel cell,
970 Fuel Cell Store, USA) fiUsznausiag 13 single-cells wasdoin1ssnsinisinavesuiia
lelasiaudl 0.28 L/undiiialdviaulimduaussaues dentsadrsnsiilnanlsioduves wad
Fouwds PEMFCs #lddsiniffulalasiauilussgian MgH,-TiF-CNT (vua 96 mL) iy
wiasslalasiou eddunisiaedioutalslnsioufidamnuiusasiasnsinislwad 0.10-
0.25 SLM 1 9 1uelunvoiwadid otnds PEMFC duil supTnnazldoinieii aausu
U Tngasaataardngluin (V) daewn3eq Keysight electronic load Tulnunnis
NARDILUUNTELARYT (Constant current (CC) mode) %34 0.05-2.55 A Tngaequiuldia
Asvuafiaz 0.05 A wazUaesliasiidunian 53uf FenewhnsTaadndlafi1s udu
(Open-circuit voltage, OCV) UBUARZNITNAADY L%ﬁéL%@LWﬁﬂPEMFCS gN stabilize Hu

1287 1 92l
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NANIIVNAADIALINUIIUNANITNARDY

nan1sAnwinsiiauise1vantaeslalasiauvesiieg1s LNL wuusadauay

foe13 LNL wuusadiniiusenusedu LiH fmewadin DSC-TG-MS wansfsgun 5

T T T T T T T
LNL q 104 = LNL-20%LiH{ 104
T
i\ S
o 100 3 1005
2 s 2 g
(@)} « = —
£ z 2 2
2 1%s 3 96 =
é A 8 =
—~ X
3 2 H,-MS X=>
[a) 92 ©
= NH_-MS 92
[~
Lm 88 100 200 300 400 500
Temperature (°C)
T T T T T T
104 LNL-10%LiH{ 104
] 1
X o
g 262 °C 1005 (3 1002
[=) s Y= @,
£ : 3.50 wt. % T O Q
= 4.12 wt. % @330 °C = E ~
E : A H = o
O - E 96 ©
wn Y .......................... -1 96 E ~— n
ol =0 z
H,-MS 8 8 =
H,-MS S
NH_-MS 4
SO 492 92
. . . . . T . i
100 200 300 400 500 NH3 MS
1 " 1

Temperature (°C) . 1

sUfl 5 wansvaaeUFeg1a LNL LNL-10% LiH LNL-20% LiH uag LNL-30% LiH uuy

Jasia Aewmaila DSC-TG-MS
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n3UN 5 adiuladn nndedasuldeslalasiauiioamgilndifesiu Avseann 200 °C

@ a

lnedie819 LNL wuudalaiijuwuunisiinuinservaeslalasnuduwuy 2 Tuneui

a a

QaunQil 260 waw 484 °C wazdinsUdesufia NH, sauaigluseninetui 2 Naumai 484 °C

Y

LY I

dnsuiiegng LNL uuudadiafiusznudetu LiH wui sUsuunsUandaeslalasiaues
ﬁy’qaaaﬁuasmLﬂuLLUU%umauLﬁaaﬁqmmﬁ 260-262 °C waglinudeygravesiia NH; ot
Aefdusiminfiudsuutadiuiesanmsaanedvessogns LNL wuudadie (6.83 wt.
%) Fudulsinasinvenia H, waz NH, luvaziivesiiod1s LNL wuusadiafiusznusg
Fu LiH (4.12-5.00 wt. %) 1JuU3unmeuia H, 1o eag19tien (gﬂﬁ 5) 4eN9INT N7
fre819 LNL wuudadindiusznudiedu LK fgamgilumsdanudeslelnsiauillndifssiu
yilwannsananléan Usinmmes LiH finau MWCNTS fisenurisaesdiuveadadietng
LNL Flumnsinefiu (10-30 wt. %) Lifnasenuasdinisaaunamanivesianaoulndn LiNH,-
LiH Tusgwinensifnujisevanvaeslalasioulusounsn waznnsfisneens LNL-309LiH &
U3naeulelasiautosniiiognsdug Adeswnannisiidogned v LM finay
MWCNTs Usznueglutiuamniiagn (30 wt. %) auaud@duaaunarianslunis
AeufRseUanUdeslalasiau nsiunduld uaznissudsnisuanddes NH; sawdenalnnis
\AaufATeUanUdes/dniftulelasiauvesiiogns LNL wuudadindiussnudiedu LiH
USnad LiH ke MWCNTS Iuﬂ%mmﬁammzmmmﬁq@ (LNL-10% LiH wag LNL-30% LiH

Auaiu) AsgnAnwilutusely

JUT 6 Laniguunil ANAY wazdnsnsinavasuialalasiauluseninenis
Uandaeslalasauluseun 1 (T,.=330 °C) uaznisvitdfisendninulalasiau (Te=330 °C
Aelaanzanuaunialalasiau 10-15 bar) U94619879 LNL-10% LiH uag LNL-30% LiH

::4' 3 v aa v a aaa d' o vy

NFUN 6 (A) zwulaan aunQULIuRUNISNAUN NI (T;) mgﬂmnmlmmﬂ TC1-TC3 Tu
serinamsiinufiseandaeslalasiauvemsansiiegia dAlnalfesiunioumgll 320-
359 °C FeapnnaediuAIAINAUaNRa (Equilibrium pressure, Pe,) Ua33anaaulngyn LiNH,-
LiH (Peq =2.5-8.0 bar) [42] n1siinuAsevanvasslalnsiauiuunnniiusouseieand
LX) [} =) U Qd‘ o 1 U 1% dl U 6V

Meg1e gneudulaunisanasvesgamiinnnsiunus TC nsvinlaliiadaesufialalasiauy
29NINUININUVIIYAI0E19 JuANdulalasauiaAanaunylaussunn 8.30-8.80 bar

(Ponset des) BT UAT Py voTanAlngN LiINH,LiH wazilodunaiing vvesdaagng LNL-

10% LiH wuaneuniaziinnislanlaeslalasiau diegrsinisindfisenaulalasou
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USIAUMIIULYDIN1BULUTIVWIBEN (TCL) Wiuldannisiigamaiingauy Janiudu 39
nsiinufnsenfulalasiaudntosvasdiogng LNL-10% LiH AUl suugnuaanigue

o w

U599 (TC1) fAiawliosunaindigailiien T, Meviilie P, AIgailandae (3UN 6 (W)

(A) (8)
' CNCdow i - cagimon  LNL-100
-l0% LI 10.8 —363- o LNL-10% LiH
360 4 T,=320-357 °C T3] 40 400 4 T=363-410 °C dao
; 30 |06
Can) B ’ > . - - .U_ . — i
8 : é g 8360 i TC3 305
o : 4204 T 0 2] 8
c - w
2 : AT@TC1-3=13-18 °C, t=18 min = o 3 T S
g 300 = . ©J10.40 g B gt P
P =8.30 bar H o 7 —
» " onset Des 2 410 @) 320 A
g ) £l 2 g il g
9] < o =
260 4 P,,.=0.24 bar H, = 5
o Ho2 ressure | 11
Tot. H,cap=4.97 wt. 05~ Fressure 280 4 P=10-15 bar H,
Mat. H, cap=3.78 wt. %
Flow rate 7] -10 " 0
240 - I/Iv -1 0. 1 1 1 1 1 -
T T T T T
T oazraseec WNLBOWLH T T o Jog T=350-407°C LNL-30 % LiH
i s ] 400 A 440
o) 5 B 010601 & read 20
o — ot e e - 5 > | i T
2 : a g 95360 2| 8
5 3204 : TC14202 s = 4
® . AT@TC1-3=6-21 °C, t=19 min @ T = T =331°c| 5
o 3004 : =1 0.4a 5 s e
: i =3
5 X P oo =8.80 b2 1, i | 2 2320 i) g
- . K ) -
'_
2801 P=0.24 bar H, Jo02 Pressure | 10
Tot. H, cap=4.27 wt. % S T 280 P=10-15bar H,
2604 Mat. H, cap=3.65 wt. % 3 4
: Fl 1
240 ) . 1 ! L 0",".& 40.0 1 1 1 1 1 40
10 20 30 40 70 80 5 10 15 20 25 30 35
Time (min) Time (min)

JUN 6 n9Mluansgaungll Al wagdnsinsinavesialalasiauluseninamsdanddey
lelasulusaud 1 (A) waznsvinufisendniulalasiau (B) veswneda LNL-10% LiH wag

LNL-30% LiH

a

dofinsandenisanasvesgaumgd (AT) lurniiianisgannufeuiieldlunns
aaefuazlanudeslalasiou msfien AT fdunnvsvenldfanafaujisevanudes
lelnsiauiiiuszansnmvesiegsuuudaiin annsrinisanudeslalnsiauvesiiedig
LNL-10% LiH 9i#iu3n A1 AT vesusiasgaludaussgsiegns (TC1-TC3) fanlnalAsaiu (13-

18 °0) Fsnanldnnnsiiaufiseantaeslalasauinldedrsintaneludeinnu dwsu
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lunsaluaadiegne LNL-30% LiH Ufsensuandasslalasiauastinlauinfianiiusiumgi
nan9 (TC2 wazdlan AT=21 °C) lurausAiusnadinuulazas (TC1 way TC3) UfAzeninla

ADUTIUBY (AT=6-10 °C) 8719LHP9UNIINAMNAILITOIUNITUNTEUYBILAALELASAUTLULA

YR

avuTliviiy Mselinaintunaunisussyitegsvilidegeavsduiaiuisuiees

[

naannillaliAluseninanisnaaes wenaniaziiulaindiegs LNL-10% LiH uay LNL-
30% LiH anunsavaselalnsiausanunle 3.78 wag 3.65 wt. % suainu Aelunaies 19

Wit (U7l 6 (A) leinuisevanvaselalasiauasaauysalud faegregnvhufise iy

Y

lalasiauitgaungil To~330 °C waglinusuuialalasiauil 10-15 bar Wesnujisends

[
v a

lalasiudulfisewvuasauiou Aetug N uAazannelun1vUEUIIIRIREI LNL
WUUSALIANUSEAUMIETY LiH Safiuduagnesinsluauia 350-410 °C Fea0nndasiuan

QUNAANANIY P =9-17 bar 7iladn1ssreaulineuna [42] (U7 3 (B) wenanil

L3

Usingnise

(v

= v @ { ' % ' [ < o
Tdwandiiuln lalasiauaruisaunsnsganglusiegne LNL wuudading

Usgnusaedu LiH Tun1vuzussgansled Wegamgiinigludsinifivansasnausindu T,

aaa

LanaINsiaUgisenfulalasiauvesitegaieauyseiudl lneazwiuledn quuugiiv
[ 4 LY [ [ a a (24 £ £%4 ]

avdalaneludeiniiuanawdeannsinisivuialelasawdily 2 seu wagldiianiies

20 Wit ludrvaanisinuisennisiiulalasiauusasiodgns LNL-30% LiH Mud3n@ T, 7

ALALIASINA1S (TC2) YasiannnuazliA1fIndIusnamIuaIs (TC3) winsiinujiseinis

a I3 a PN & 1 PN a v Ao ! =
LG]SJISI@?L’«JUﬂmMSﬁ]LﬂﬂVLW (L'Viu‘lﬂﬂqﬂﬂ'ﬁLWNQ@U‘WQN@SWQNUH?"‘I EUNFTLLAUN TC2) %9913

Anann1sunsaeslalasiaunisludieg199a deassiuiunanisnaaauni1svinugisen

v v v '
CYECY a a

Uanudeslelasiou fedvisdudofinnsannaildlunisiiuiasen (19-20 uifl) eug
lelasiauiilé uazdruiuseumsidulelasiau anunsandialedn Usunaves LiH Anay
MWCNTs fisgnuagiisansdnuuaadaiaogng LNL fuansisiu (10-30 wt. %) laifiuase
AuanUANIIaUNamanivasianaaulndn LiINH,-LiH Tusgninanisiiauisenvanddes

lalasiaulusouwsn FeaenadesiuiuranIsnaaaualsnatln DSC-TG-MS (§U 5)
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5 LNL-10%LiH 15t cycle=4.97 wt.% LNL-30%LiH
1% cycle=4.27 wt. %

4] 1% cycle=3.90 wt.% L o
3 1” cycle=3.67 wt. %
o ] th_n g 0
g 2"-6" cycles=2.9-3.1 wt.% 8 33wt %
30 B R | ]
C | B&milissss (@)
2 .S
S 24 2"-6" cycles=2.4-25wt.% 4 [ 2"-6"=2.3-2.6 wt. %]
o)
[a]

14 4 F 4

—0O— Total H, capacity —{ Total H, capacity
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16 H, sanun (@un1591 (3) dwsuanvnid NH, gnudegeanunaindaag1a LNL-10% LiH A



19

@’]QLﬁ@\‘i@ﬂ"ﬂ’]ﬂﬂ’ﬁ%Q@ LLaS/‘VI%’e) NSLANDENYBITY LiH 8ULHDININNTUALAZIL18AIUDY

dipsegnsluszminmsviujisenvandass/dnnulalasiauwuuluingins

ULiNH, @Li,NH LiH TLi,O xLiTi,0, v LiTiN,
U

A\
AN}

N U
v \l']* v A-/L)L\

©)
(%)
4 1) 1) \/
Voo ooy _A_
m%
1WAy oy | y
T T T -—‘A"-’/\"

&) (@ m )

50 52

Intensity (a.u.)

Uy

44
26 (°)

gﬂﬁ 9 a@nms1 PXD veeiaga LNL-10%LiH Maseuld @), naWUGATEN

UanUaeslalasiauluseud 5 (b) wasndsmsiiujisendniiulelasiauluseud 6 (o)

{Hemnuiisensvanudeslalasauvessegnsiiinturoudieasiluseanineson
fl 2-6 ﬁqﬁguﬁaasmwﬁqQﬂﬁmﬁﬁ%mﬂamﬂﬁaEJLLazﬁﬂLﬁulaimLauiuiauqmﬁwﬁagﬂLﬁaﬂ
devnnldlunsdnerinineglstudnslussninsnsyhuiaseanidsulalasiou dean
mamiﬁﬂmmﬁﬂisﬂawwmﬁmméﬁas‘mLL‘UUE?@Lﬁmﬁm'%aulﬁuazmwé’qmsgﬂﬂﬂﬂﬁ'}
UfAsevandassuaziniiulalasiausiemaia PXD wag XPS wuan aidnnsa PXD 989
Faoe19 LNL-10% LiH Tiwdenld wansiiafidudnwasianizves LINH, LH Li,O way LiTi,O,
LLazé’T’;aai'mmwé’w‘imﬁﬁ%mﬂamﬂdaaiaimmuiuiauﬁ 5 WuNAv8d Li,NH LiH, Li,O uay
LiTi,Oq (gﬂﬁ 9 (a-b)) ﬁm%“u@haEJ'Nmemé’qﬂﬂiﬁﬂﬂg’jﬁ%mﬁ’ﬂLﬁUlﬁIﬂiLﬁ]uMiaUﬁ 6 WU
fafdudnwazanzaos LINH, wag LisTiN, iundn LLﬁS‘ETQﬁ‘WWU@QLWﬁSU“] ﬁgﬂwuiu
megadusseukarndinsvinugiservanudeslalasiau (1w LiH, Li,O, and LiTi,0,) (5U
7 9 () N5LAA Li,NH way LiNH, wasnnsiugsedanlassuaziniiulalasiau

aaa 1Y

muaau Lunstuduintanmeulndnves LiINH,-LH awnsainufisedunduls (anu



20
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psAUsEneuLazansUsEnauYes Li-Ti Annnelusnogremnudnsy yonanddadistoausn
LiTi,O, @1un50928unsLAd oufivedlenou Lit 581379 LiH U LiNH, Jsdswafinnenis
Anuizevantasylalasiauvosszuunaulngn LiNH,-LH [37] wazdeluniniy Li5TiN31'7i
Lﬁ@]sﬁuﬁl’mﬂﬁﬁ%migﬁ’iw LiNH, fiu Ti (@10 TiF,) @nsnsaviegady NH; Anty nanedy
iafiilassadnadu LisTiNGNH,), s?fww?’mﬁﬁﬁLﬂuﬁ’;Li'd“dﬁﬁ%mﬁﬁwﬂ%’wgwﬁﬁ‘%mmi

a v [

Uanddeslalnsiauvesseuu Li-N-H [36] MIanasedeiideddnyresUsunauniangniasy
sonulusgnintamsujaseuaniisulalasiauuuuduingdnsvesdietne LNL-10% LiH
(5U% 7) Fsawnsaesuelannnmsiiauanldaunsafinuisendundule wu Li,O LiTi,04

wae LisTiN,
(A)

ULiNH, 8LiNH* VLiH ®LiF #LiH, F_TLi,O XLiTi,0, ? unknown

U

U U S
=9 \% Y
3 Uy

U
Y\
@ Wiy _/L Uy
(a) /L II-A._

20 30 40 50 60 70 80 30 A4
260 (°) 26 (°)



21

(B) — Spectrum  —— Fits —o—Sum

398 eV (LiNH,)

398.6-399 eV (Li,NH) | ©
A
399.7ev '

Intensity (a.u.)

404 402 400 398 396
Binding energy (eV)

U 10 anms1 PXD (A) wax N 1s XPS (B) vassating LNL-30%LiH wdesld (a) nein
UfRzenUanudeslslnsiauluseud 5 (b) wegndsnmaiuiisertniulalasiauluseud 6 (0

wag LINH, ¥ilassiignuaaziden

dusuaiunnsu PXD 28310819 LNL-30% LiH iwseuld wuiafidudnvasianis
94 LiNH, uaz LiH (U7 10 (A) (a)) fegsmendawiniisevanddeslalasiaulusevd 5
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(A) As-prepared pellet Rehydrogenated pellet
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et f9uves LNL Nigndnwiuegnsinarsazgnusenumeduiinoud1anuives LiH 7
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nseualfiveamadidomadildidomadlslasauandainiu s AMZE T8 INSANK
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FL39U N3N TiF, 330U MWCNTS (MgH,-TiFg-CNT~46 n3u) F91NHANISANYIANTTOUY
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0.28 L/min walivinnuladuanssauy satunndesnisusunalalasiauiiiuunndudinsu
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ABSTRACT

Improvement of hydrogen sorption kinetics of MgH,—TiF4,-MWCNTSs based tank by addition
of central tube heat exchanger and enhancement of hydrogen diffusion is proposed. After
doping with TiF, and MWCNTs, dehydrogenation temperature of MgH, decreases signifi-
cantly (AT = up to 90 °C). Superior hydrogen permeability, favoring hydrogen sorption
kinetics is detected at hydrogen supply side to the middle of the tank, while effective heat
transfer during exothermic hydrogenation is assured by the temperature increment of heat
exchanger fluid (compressed air at room temperature). Hydrogen desorption and absorp-
tion can be completed within 120—150 and 25 min, respectively, up to twice as fast as the
tank without heat exchanger from the previous studies. Due to fast hydrogenation rate
resulting in short reaction time at high equilibrium temperature (up to 390 °C), particle
agglomeration and/or sintering of MgH, upon cycling are prevented. Enhanced de/rehy-
drogenation rates and suppression of MgH, particle growth during cycling yield to
considerable reversibility upon 20 de/rehydrogenation cycles with storage capacity up to
5.60 wt % H, (82% theoretical value). By increasing operating temperature to 330—335 °C,
hydrogen released with constant flow rate of 0.30 standard L/min is prolonged up to three
times, favoring electrical power production of PEMFC stack. Electrical performances
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obtained from PEMFC stack (13 single cells) supplied with hydrogen gas from MgH,-based
tank are also investigated.
© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Magnesium hydride (MgH,) has attracted particular attention
as hydrogen storage medium because of high gravimetric and
volumetric capacities (7.6 wt % H, and 110 gH,/L, respectively),
low cost, and natural abundance. However, high desorption
enthalpy (75 kJ/mol H,) and slow H diffusion coefficient in bulk
state hampered its practical uses in hydrogen storage appli-
cation [1,2]. Among several strategies to improve hydrogen
sorption of MgH,, catalytic and/or additive doping by ball
milling technique have been intensively reported. However,
kinetics of ball milled Mg/MgH, degraded rapidly during
cycling due to grain growth of nanocrystalline Mg [2]. Intro-
duction of carbon materials (e.g., activated carbon (AC), multi-
walled carbon nanotubes (MWCNTSs), expanded natural
graphite (ENG), carbon aerogel microspheres, graphene
nanofibre, and carbon nanofibers (CNFs)) into MgH, not only
prevented particle agglomeration upon cycling and surface
oxidation, but also enhanced sorption properties, hydrogen
diffusion and heat transfer for de/rehydrogenation [1,3—10]. By
doping MgH, with 5 wt % CNFs slightly containing Ni impurity,
dehydrogenation time (T = 300 °C) reduced from 240 to 20 min
together with cycling stability upon five de/rehydrogenation
cycles [5]. Besides carbon materials, transition metals (Ti, V,
Mn, Fe, Ni, Nb, etc. [11,12]) as well as their oxides and halides
(TiO4, Fe30a4, Nb,Os, TiFs, NbFs, TiCls, etc. [13—17]) have been
applied to improve kinetics of MgH,. Transition metals
affected charge transfer between Mg and H and created new
bond with Mg by weakening Mg—H bond, while transition
metal oxides and halides facilitated hydrogen sorption of
MgH, via the formation of new active phases during de/rehy-
drogenation, such as MgeNb; O (MgH,-0.2 mol % Nb,Os) and
Ti—-F-Mg (MgH,-4 mol % TiFs) [12,16,18,19]. Furthermore,
synergistic effects of carbon materials and transition metals-
based catalysts (e.g., carbon-supported nanocrystalline TiO,,
Pd—Nibimetallic nanoparticles on mesoporous carbon, and Co
nanoparticles on CNTs) on improving hydrogen sorption of
MgH, have been widely studied [20—23].

For upscaling to hydrogen storage tank, de/rehydrogena-
tion performances depends on not only sorption kinetics, but
also thermal conductivity, hydrogen diffusion, and mechani-
cal stability during cycling of hydride beds. Thermal conduc-
tivity of MgH, increased ~10 times in radial direction after
doping with 20 wt % ENG and compaction into the pellet and
compacted MgH,-5 wt. % ENG based tank with tube heat
exchanger and copper fins could absorb 5.8 wt % H, (T =300 °C
and p(H,) = 10 bar) within 25 min [7]. Moreover, de/rehy-
drogenation rates (T = 300—330 °C under 1—-11 bar H,) of
compacted MgH,—Ti—V—Cr-ENG tank (270 ml) with com-
pressed air flow heat exchanger were up to 3—4 times greater
than the sample without ENG [24]. Nevertheless, high ENG

content and compaction pressure resulted in deficient
hydrogen diffusion through hydride beds, leading to poor
hydrogen sorption kinetics [7,24,25].

Recently, we reported the performances and reaction
mechanisms of small hydrogen storage tank without heat
exchanger tightly packed with loose powder of MgH,—TiF,-AC
[26]. Although homogeneous heat transfer in the radial
direction of the tank was obtained by controlling inner
diameter, slow hydrogenation rate and poor hydrogen diffu-
sion yielded to inferior reversibility. For example, hydrogen
capacity reduced from 4.5 wt % H, (the 1st-2nd cycles) to
3.4-3.6 wt % H, (the 3rd-15th cycles). In the present work, we
would like to propose the development of hydrogenation
performances of MgH,-based tank (MgH,—TiF,-MWCNTSs) by
addition of central tube heat exchanger with compressed air
as heat transfer fluid. Among several designs of heat ex-
changers for hydride-based tanks, for instance, inner spiral
finned tube combined with outer conventional jackets and
concentric triple-tube heat exchanger (LaNis-based tanks)
[27—29], metallic honeycomb structure with hexagonal cells
(NaAlH,-based tank) [30], copper fins combined with central
cooling tube (MgH,-based tanks) [7,31], central tube heat
exchanger is the most practical when convenience and
efficiency during hydride packing are considered. By using the
tank with comparable packing volume and inner diameter
with the previous studies (96.2 mL and 35 mm, respectively)
[26], homogeneous heat transfer (in the radial direction) can
be achieved. Moreover, hydrogen diffusion is benefited by
stainless steel (SS) mesh wrapped around the central tube
heat exchanger and the room (~2 mm) between tank wall and
SS mesh cylinder filled with the powder sample (Fig. 1 (A)).
Kinetics, cycling stability, hydrogen storage capacities, and
reaction mechanisms as well as electrical performances of
proton exchange membrane fuel cell (PEMFC) stack combined
with hydrogen storage tank are investigated.

Experimental details

As-received Mg powder (>99.0%, Aldrich) was hydrogenated
at 320 °C under 15—20 bar H, for 12 h to obtain as-prepared
MgH,. As-received TiF, (99%, Acros Organics) and as-
prepared MgH, were milled for 3 and 5 h, respectively, by
using a QMO0.4L Planetary Ball Mill, Nanjing Chishun Science &
Technology. As-prepared MgH, was doped with 5 wt % milled
TiF, by milling for 3 h. Ball-to-powder weight ratio (BPR) and
rotational speed were 10:1 and 580 rpm, respectively. To
improve hydrogenation, the powder sample of MgH,-5 wt. %
TiF, was pressurized under 10—15 bar H, at 250 °C for 2 h.
Multi-walled carbon nanotube (MWCNTs) purchased from
Nano Generation Co., Ltd., Thailand was treated at 500 °C
under vacuum for 3 h to remove oxygen and moisture.
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Fig. 1 — The components of hydrogen storage tank (A), positions of thermocouples along the tank length (B) and radius

(C), and central tube heat exchanger (D).

Hydrogenated MgH,-5 wt. % TiF, was doped with 5 wt %
treated MWCNTs by ball milling technique to achieve
MgH,-5 wt. % TiF4-5 wt. % MWCNTSs, denoted as MH-TiF4-CNT.
Milling time and BPR were 30 min and 10:1, respectively.
Powder X-ray diffraction (PXD) experiments were carried
out by using a Bruker D2 PHASER with a Cu Ka radiation
(A = 0.15406 nm). The powder sample was packed in an
airtight sample holder, covered by a poly (methyl methacry-
late) (PMMA) dome under N, atmosphere in the glove box. The
diffraction patterns were collected in the 26 range and the
scanning step of 10—80° and 0.02°/s, respectively. Dehydro-
genation profiles of as-prepared MgH, and MH-TiF4-CNT were
characterized by differential scanning calorimetry (DSC) and
thermogravimetry (TG) using a Netzsch STA449F3 Jupiter. The
powder sample of ~15 mg was heated from room temperature

to 500 °C (5 °C/min) under N, flow of 50 mL/min. The relative
composition of hydrogen in the exhaust gas was simulta-
neously detected by mass spectroscopy (MS) using a Netzsch
QMS 403C mass spectrometer.

The powder sample of MH-TiF,-CNT (45.1482 g) was packed
tightly into the stainless-steel (SS) mesh cylinder (S5304, No.
120), placed inside a storage tank with packing volume and
inner diameter of 96.2 mL and 35 mm, respectively (Fig. 1 (A)).
The central tube heat exchanger connected to the tank cover
was wrapped with SS mesh (Fig. 1 (A)) and inserted into
MH-TiF4-CNT powder packed in SS mesh cylinder and storage
tank. The other tank cover was mounted with hydrogen
supply tube and K-type thermocouples (TCs, -250-1300 °C, SL
heater) for temperature sensing at different positions inside
the tank. Five TCs were located along the tank length (Fig. 1
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(B)) approximately at the center (TC1) and at 11.0—13.0 mm in
the radial direction (TC2-TCS5) (Fig. 1 (C)). For the heat
exchanger, compressed air flowed into the inner tube and
went through the space between the inner and outer tubes to
absorb heat from the reaction (Fig. 1 (D)). De/rehydrogenation
was carried out by using a test station automatically
controlled by the software developed in a LabVIEW® envi-
ronment [26]. Two pressure transducers with operating pres-
sures of 0—1500 psig (PX409-1.5KGI, OMEGA Engineering) and
0—3000 psig (PX309-3KGI, OMEGA Engineering) were used to
measure the system pressure during the experiments.
Hydrogen gas released from and applied to the tank during de/
rehydrogenation was controlled by using the direct-acting
plunger solenoid valves (Type 0255, Biirkert). Hydrogen con-
tent liberated during desorption was measured by a mass flow
controller (MFC, a Bronkhorst EL-FLOW select F—-201CV) with
operating flow rate of 0—2 standard L/min (SLM), which
standard temperature (Ts) and pressure (Ps) were 294.15 K and
1.0085 bar, respectively. The measured temperature, pressure,
and mass flow rate as well as the command to automatically
open and close the solenoid valves were transferred to the
computer by using the module data loggers (NI USB-6009,
National Instruments and AI210, Wisco). Hydrogenation was
done under isothermal condition at setting temperature (Tset)
of 250—300 °C under 10—20 bar H,, while dehydrogenation was
at Tser = 300 °C with the initial pressure of ~15 bar H,,
remaining after hydrogenation. During hydrogenation, com-
pressed air at room temperature (T~25—-27 °C) with the flow
rate of ~3—5 L/min was used as heat transfer fluid. The volume
of hydrogen gas released from the tank (standard L, SL) was
calculated by integrating the area of the plot between
hydrogen flow rate (SLM) and time (min). Total hydrogen
storage capacity defined as the combination of material stor-
age capacity and hydrogen content remaining after hydroge-
nation was calculated by the following equations.

_ Ps vs TSTP

Vo S by T
Vs

M, =552 L @)

i x 2016 £
2 % mol . 100 (3)

H2 Capacity (Wt %) = m

where Vgrp (L) and Vg (SL) are volumes of hydrogen gas at
standard temperature and pressure condition (STP, Tsrp-
=273.15 K and Psrp = 1.0133 bar) and at standard condition of
MFC, respectively. ny, (mol) is hydrogen moles and standard
molar volume is 22.4 L/mol.

Proton exchange membrane fuel cell (PEMFC) stack
containing 13 single cells with rated power of 20 W requiring
hydrogen flow rate at maximum output of 0.28 L/min was
purchased from Fuel Cell Store, USA (a Horizon 20W PEM Fuel
cell). Polarization experiments and electrical performances of
PEMFC stack supplied by hydrogen gas from MH-TiF,-CNT
tank were characterized at room temperature (30 °C) under
atmospheric pressure by using a N3304A 300 W Electronic
Load Module (Keysight Technologies, USA). Anode of PEMFC
stack was fed by humidified hydrogen gas with flow rates of

0.10—0.25 SLM, while cathode was with air under atmospheric
pressure. The measurements were carried out by using a
constant current (CC) mode in the range of 0.05—2.55 A. The
current increment and the dwelling time at each step were
0.05 A/step and 5 s/step, respectively. Stabilization time dur-
ing an open-circuit voltage (OCV) for all experiments was 1 h.

Results and discussion

To investigate phase compositions and dehydrogenation of
MH-TiF,-CNT, PXD and simultaneous DSC-TG-MS are carried
out. From Fig. 2 (A), MH-TiF,-CNT shows diffraction peaks of
MgH, and Mg, suggesting incomplete hydrogenation of Mg
during sample preparation. The disappearance of TiF,
diffraction can be due to small amount and/or amorphous
state obtained after ball milling. Fig. 2 (B) reveals onset and
main dehydrogenation of as-received MgH, at 400 and 433 °C,
respectively, while those of MH-TiF,-CNT reduce significantly
to 310 and 388 °C, respectively (AT = 90 and 45 °C, respec-
tively). Kinetic improvement of MgH, can be due to catalytic
effects of TiF, as well as enhanced hydrogen permeability and
thermal conductivity from carbon material (MWCNTSs), in
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Fig. 2 — PXD spectrum of as-prepared MH-TiF4-CNT (A) and
simultaneous DSC-TG-MS results of as-prepared MgH, and
MH-TiF,-CNT (B).
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agreement with the previous reports [7,26]. Hydrogen
contents released from as-received MgH, and MH-TiF,-CNT
are 6.4 and 4.1 wt % Hp, respectively. Considering theoretical
storage capacity of MH-TiF4-CNT (6.84 wt % H,), deficient
hydrogen content liberated is due to incomplete hydrogena-
tion of Mg to MgH, as shown in PXD result (Fig. 2 (A)). To
improve hydrogenation of MH-TiF,-CNT, hydrogen storage
tank is heated from room temperature to 300 °C under 6 bar H,
to prevent dehydrogenation of MgH, (Fig. 3 (A)). During hy-
drogenation, since TC5 is used as temperature controller in-
side the tank, temperature changes are detected only by TC1-
TC4. By heating to 78—212 °C, system pressure decreases from
6 to 0.5 bar H,, corresponding to hydrogenation of Mg to MgH,
due to greater system pressure than equilibrium pressure of
MgH, at 78—212 °C (Peg<3 bar H,) [24]. Once isothermal con-
dition (T = 300 °C) is reached, hydrogen pressure of 15—20 bar
and compressed air with flow rate of ~5 L/min are applied to
the tank (Fig. 3 (A)). Temperatures at all positions inside the
tank rise rapidly to equilibrium temperatures (T.q) at
310—-376 °C, hinting at fast hydrogenation rate with insuffi-
cient heat transfer (Fig. 3 (B)) [26]. These Tq agree with
equilibrium pressures (P.q) of 3—13 bar H, [24], lower than the

applied pressure (15—20 bar H,). P.q values at TC1, TC2, and
TG4 approach to the applied pressure (Peq = 6—13 bar at Teq-
= 343-376 °C), while that at TC3 is significantly lower (Fig. 3
(A)). This implies greater hydrogen permeability at the posi-
tions near hydrogen supply to the middle of the tank (TC1,
TC2, and TC4) than the other end of the tank (TC3). Since the
powder sample of MH-TiF,-CNT is tightly packed and mostly
in hydride form (MgH,) with expanded volume, inhomoge-
neous and poor hydrogen permeability (especially at TC3)
inside the tank can be observed. Temperature fluctuation of
compressed air (Tair out = 51—78 °C) used as heat transfer fluid
is due to unstable flow rate (~3—5 mL/min) during the exper-
iment (Fig. 3 (B)). Within ~150 min, hydrogen refilling rate
decreases, suggesting complete hydrogenation.
Dehydrogenation is carried out at isothermal condition
(Tset = 300 °C) with initial pressure of ~15 bar H,, remaining
after hydrogenation (Fig. 4 (A)). By releasing hydrogen through
MFC, system pressure decreases gradually until dehydroge-
nation begins, assured by the reduction of temperatures at all
positions inside the tank to T.q = 292-298 °C (Fig. 4 (A)).
Although dehydrogenation at all positions is complete
approximately at the same time (~150 min), confirmed by the
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Fig. 3 — Hydrogenation (T = 300 °C and p(H,) = 15—20 bar) of MH-TiF,-CNT tank (A) and the results from (A) during
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increase of temperatures to the initial values, long plateau
range detected at TC1 and TC2 hints at the effective dehy-
drogenation [26]. This agrees with good hydrogen perme-
ability at these positions observed during hydrogenation
(Fig. 3). During dehydrogenation, constant system pressure at
1.08 bar Hy, slightly lower than P.q at 292—298 °C of MgH,
(~1.4 bar H, [24]) encourages dehydrogenation of MH-TiF,-
CNT. Total hydrogen volume and capacity of 31.00 SL and
5.70 wt % H, are obtained, respectively. Considering the re-
sults during t = 2—12 min (Fig. 4 (B)), the flow rate of ~0.50 SLM
is constantly detected for 2 min (t = 4—6 min) and decreases to
~0.35 SLM during the release of hydrogen gas remaining
after hydrogenation. Once the system pressure drops to
~1.20 bar (t~6 min) dehydrogenation begins, shown as tem-
perature reduction and flow rate enhancement to ~0.40 SLM
(Fig. 4 (B)). The calculated volume and capacity of the
remained hydrogen gas after hydrogenation (t = 4—6 min) are
1.05 SL and 0.20 wt % H,, respectively. This yields to the ma-
terial storage capacity of 5.50 wt % H, (81% of theoretical
storage capacity), which is greater than the previous study of
hydrogen storage tank without heat exchanger filled with
MgH,—TiF,-activated carbon (AC) (4.50 wt % H, and 65% of
theoretical capacity) [26].

After dehydrogenation, system temperature is reduced to
250 °C and rehydrogenation is further performed at
isothermal condition (Tser = 250 °C) under 10—16 bar H, with
compressed air flow of ~3—5 L/min (Tairin = 27 °C) as heat
transfer fluid. By applying hydrogen pressure, temperatures at
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T,,=340-390 °C —Tc2 728
{24
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° 3
5 2401 116 ¢
g {12 €
Q T o
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(B) 400 T T T /,I'I T T T 28
320 -
5 e
= 240 - ©
3 1'% €
Q (]
Ja
0
T T T /II'I T T T
25 5.0 7.5 20 30 4
Time (min)

Fig. 5 — Rehydrogenation (T=250 °C and p(H,)=10—15 bar)
of MH-TiF4-CNT tank (A) and the detailed results from (A)
during t=2—10 min (B).

all positions rise to Teq of 340—390 °C due to exothermic
reaction of hydrogenation (Fig. 5 (A)). Different temperature at
each position, corresponding to its P.q is due to inhomoge-
neous hydrogen permeability inside the tank similar to the
discussion of the results in Fig. 3. Temperature of heat transfer
fluid increases from 27 °C to maximum value of 99 °C, sug-
gesting successful heat transport from the reaction. Complete
hydrogenation confirmed by temperature reduction at all
positions to the initial values is observed within 25 min
together with 18 hydrogen refilling cycles (Fig. 5 (A)). It should
be noted that hydrogenation kinetics significantly improves
after adding heat exchanger system into the storage tank, for
example, hydrogenation time of the tank decreases from
55 min (MgH,-based tank without heat exchanger [26]) to
25 min (this study). For hydrogen refilling, the detailed
mechanisms during t = 2—-10 min is further investigated.
Considering the previous work of MgH,—TiF,-AC based tank
without heat exchanger [26], the sample temperatures
reaching T.q rapidly after applying hydrogen pressure implied
low heat transfer during hydrogenation, resulting in poor
hydrogenation and reversibility. In this study, due to fast
hydrogenation kinetics during the enhancement of system
pressure in the 1st refilling cycle of MH-TiF,-CNT tank, up to
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Fig. 6 — Hydrogen contents released and reproduced upon 20 cycles (A) as well as PXD spectrum (B) and physical appearance

(C) of the powder sample after the 20th hydrogenation.

3 min are required for increasing pressure from ~4 to 16 bar
and temperature from 250 °C to Teq (Fig. 5 (B)). For the next
hydrogen refilling, the pressure increment is faster, especially
in very last cycles due to nearly complete hydrogenation.
Upon 20 de/rehydrogenation cycles, cycling stability with
total and material storage capacities up to 5.80 and 5.60 wt %
H,, respectively, in accordance with 82% of theoretical value
are obtained from MH-TiF4-CNT tank (Fig. 6 (A)). These are
superior to those of the hydrogen storage tank without heat
exchanger in the previous work releasing only 3.4—3.6 wt % H,
(50—52% of theoretical capacity) during the 3rd —15th cycles
[26]. Thus, considerable kinetic improvement, especially dur-
ing hydrogenation of MgH,-based hydrogen storage tank can
be achieved by adding heat exchanger system. Moreover, it
should be noted that reversible material storage capacity of
5.6 wt % H, obtained from MH-TiF,-CNT tank is comparable to
the US-DOE target for onboard hydrogen storage for 2025

(5.5 wt % H,) [32]. Furthermore, phase compositions of the 20th
hydrogenated sample is investigated by PXD technique
together with its physical appearance after cycling. Fig. 6 (B)
reveals diffraction peaks of MgH, and Mg. Residual Mg,
implying incomplete hydrogenation is responsible for defi-
cient hydrogen content released and reproduced upon 20 cy-
cles with respect to theoretical capacity (Fig. 6 (A)). However,
greater relative content of MgH, to Mg in the 20th hydroge-
nated sample as compared with as-prepared sample (Fig. 2
(A)) hints at the improvement of hydrogenation upon
cycling. From Fig. 6 (C), fine powder sample suggests insig-
nificant agglomeration and/or sintering of MgH, upon 20
hydrogen uptake and release cycles. It was reported that
particle agglomeration and/or sintering of Mg/MgH, could be
observed at de/rehydrogenation temperature approaching
400 °C [33]. Due to the fast hydrogenation kinetics of the tank
with heat exchanger, reaction time at high Teq up to 390 °C
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Fig. 7 — The 3rd (A) and 5th (B) dehydrogenations (Tse: = 300 °C) of MH-TiF,-CNT tank.

significantly reduces to 25 min, leading to deficient particle
growth. This benefits high reactive surface area and effective
hydrogen permeability through hydride bed and results in
superior kinetics and cycling stability (Fig. 6 (A)).
Furthermore, detailed mechanisms during dehydrogena-
tion and the performances of proton exchange membrane fuel
cell (PEMFC) stack supplied by hydrogen from MH-TiF,-CNT
tank are studied. Upon 20 de/rehydrogenation cycles, two
dehydrogenation mechanisms are observed due to different
initial temperatures (Tinital) applied to the tank, for example,
Tinitia1 = 308—315 and 330—335 °C (TC1-TCS) for the 3rd and 5th
cycles, respectively (Fig. 7). High Tinita1 detected in the 5th
dehydrogenation is accidentally obtained due to fast heating
rate during temperature increment from 250 to 300 °C of
transition from the 4th hydrogenation. At low initial temper-
ature of 308—315 °C (the 3rd dehydrogenation), plateau range
of ~30 min at 293—299 °C is observed and corresponds to total
hydrogen capacity of 5.50 wt % H, with constant flow rate of
0.30 SLM for only 30 min (Fig. 7 (A)). By increasing initial

temperature to 330—335 °C (the 5th dehydrogenation), plateau
range during desorption at 313—320 °C and constant flow rate
of 0.30 SLM are extended to 90 min together with total storage
capacity of 5.70 wt % H, (Fig. 7 (B)). Thus, enhanced desorption
kinetics, confirmed by longer plateau temperature range and
constant flow rate can be obtained by increasing desorption
temperature (Tinitia) by ~ 20 °C. In addition, dehydrogenation
is found effective at TC1 and TC2 for both cycles, in agreement
with the 1st desorption (Fig. 4). With respect to MgH,—TiF,-AC
tank in the previous studies [26], time required to complete
the dehydrogenation significantly reduces from 200 to
~120—150 min (the 3rd and 5th cycles as shown in Fig. 7)
probably due to the improved hydrogen diffusion.

The polarization curves and electrical performances at
room temperature (~30 °C) of combined PEMFC stack with MH-
TiF4-CNT tank are characterized. From Fig. 8 (A), open-circuit
voltage (OCV) of PEMFC stack supplied by different hydrogen
flow rates of 0.10-0.25 SLM are comparable (~11 V),
approaching to the OCV (~12 V) reported by the manufacturer.
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Fig. 8 — Polarization curve (A) and electrical performances
(B) obtained from PEMFG stack supplied by hydrogen gas
from MH-TiF,-CNT tank.

Conclusions

De/rehydrogenation performances, reaction mechanisms,
and reversibility of MgH,—TiF,-MWCNTSs tank with central
tube heat exchanger as well as electrical performances of
PEMFC stack combined with hydrogen storage tank were
studied. By doping with 5 wt % of TiF, and MWCNTs, onset and
main dehydrogenation temperatures of MgH, reduced by 90
and 45 °C, respectively. Due to the enhanced hydrogen
permeability by using stainless steel meshes, kinetic
improvement shown as significant reduction of dehydroge-
nation time from 200 min (tank without heat exchanger from
the previous work) to ~120—150 min was obtained. During
hydrogenation (Tset = 250 °C and p(H,) = 10—15 bar), temper-
ature of the compressed air used as heat transfer fluid
increased from ~25 to 27—-99 °C, suggesting successful heat
transport from exothermic reaction. This resulted in the
decrease of reaction time to 25 min and gradual increment of
system pressure and temperature to equilibrium values dur-
ing hydrogen supply. Hydrogen contents released and repro-
duced upon 20 cycles were preserved with total and material
capacities averagely of 5.6 and 5.4 wt % H,, respectively.
Furthermore, significant amount of MgH, and fine powder
sample detected after the 20th hydrogenation confirmed
effective reversibility and insignificant particle agglomeration
upon cycling. By slight increment of operating temperature
from 315 to 335 °C, dehydrogenation with constant hydrogen
flow rate of ~0.30 SLM could be prolonged from 30 to 90 min.
Combined PEMFC stack- MgH,—TiF,-MWCNTs tank (constant
hydrogen flow rate of 0.1 SLM) maintained current and power
of 0.6 A and 5.6 W, respectively, for 2 h 30 min and produced
total electrical power of 17 Wh by using 3.1 wt % H,.

Maximum current and power enhance from 0.8 to 2.5 A and
from 6.7 to 20.0 W, respectively, with increased hydrogen flow
rates. Although maximum current and power are obtained by
using hydrogen flow rate of 0.25 SLM, hydrogen storage tank
can maintain this flow rate only ~30 min due to Tser @and Tinitail
for dehydrogenation of 300 °C and only ~310—315 °C, respec-
tively (Figs. 4 and 7 (A)). Lower constant hydrogen flow rate of
0.10 SLM is applied to PEMFC stack for investigating the elec-
trical performances with constant current (0.6 A) mode. From
Fig. 8 (B), constant current and power of 0.6 A and 5.6 W,
respectively, are preserved for ~2 h 30 min during constant
hydrogen flow rate. Afterwards, hydrogen flow rate reduces
gradually due to insufficient hydrogen pressure and content
released from the tank, yielding the decrease of both current
and power from PEMFC stack. Total hydrogen capacity sup-
plied to PEMFC stack is 3.10 wt % H,, resulting in electrical
power of 17 Wh. Since PEMFC stack requires constant flow
rate of 0.28 L/min to achieve maximum output, the prolonged
constant flow rate of 0.30 SLM (~0.31 L/min at 30 °C under
~1 atm) as the result in Fig. 7 (B) favors PEMFC performance.
Therefore, higher Tinitia1 up to 330—335 °C should be applied to
MH-TiF,-CNT tank to obtain maximum electrical output from
PEMFC.
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Hydrogen sorption Kinetics of LiH-sandwiched LiNH2-LiH pellets
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During decomposition of LiNH2-LiH composite, NHz emission not only leads to deficient
hydrogen content release but also poisons fuel cell catalysts. The idea of sandwiching LiNH2-LiH
pellet with LiH layers (10-30 wt. %) for reacting with NHs to produce H: is of interest. The LiH-
sandwiched LiNH2-LiH pellets show no sign of NHs release with hydrogen capacitates 3.5-4.0
wt. % H, during the first cycle. Upon cycling (the 2"-6" cycles), decomposition of the LiH-
sandwiched LiNH2-LiH pellet with low amount of LiH layer (10 wt. %) reveals NHz release, while
that with 30 wt. % LiH layers still liberates hydrogen without NH3 with the reduced capacities of
2.3-2.6 wt. % H>. Deficient hydrogen content release is described by the formations of irreversible
phases of Li,O, LiTi2O4, and LisTiNs. Effective dehydrogenation of 30 wt. % LiH-sandwiched
LiNH2-LiH pellet is due to not only sufficient LiH content to react with NHz but also the formation
of new active phases of LiH1xFx and Li2NHz1.yFy, likely benefiting de/rehydrogenation kinetics and

reversibility of LiINH>-LiH composite.



Keywords: NH3z emission, dehydrogenation, Kinetics, reversibility.
*Corresponding author
1. Introduction

Among several hydrides, LiNH-LiH composite is attractive for storing hydrogen due to
relatively low operating temperature, reversibility, and low cost !. Regarding the previous work
from Chen et al., the reversible hydrogen exchange reaction of LiNH2-LiH composite (equation
(1)) consisting of two intermediate steps (equations (2) and (3)) with storage capacity of 6.5 wt. %

H. was reported %,

LiNH; + LiH <> LioNH + H» (1)
2LiNH2 — LisNH + NH3 (2
NHs + LiH < LiNHz + H» (3)

NHz emitted from the decomposition of LiNH> reacts with LiH very fast and exothermically form
LiNH> again together with release of hydrogen. Poor kinetics due to slow NHz diffusion through
the LioNH coated on LiNH> core and deficient interfaces between LiH and NHs retard
dehydrogenation process®. Besides, deterioration of LiH due to hydrolysis/oxidation enhanced
NHs emission, poisonous to proton exchange membrane fuel cells (PEMFCs) °.

Various additives and/or catalysts, such as alkaline metal hydroxides, halides, and amide
(LiOH, NaOH, KOH, KF, KCI, KBr, KI, RbF, and KNH; ¢8), nitrides (BN and TiN ° %), Ti-based
compounds (Ti, TiOz, TiCls, LiTi2O4 and Ti-Li-N compounds 11?1%) and carbon material'* have
been selected to improve hydrogen sorption properties of LiNH2-LiH composite. The formation
of KH and RbH obtained from the reactions between LiH with potassium compounds (KOH, KF,

or KNH>) and RbF, respectively, favored hydrogen storage properties of LiNH2-LiH, whereas



other alkali metal hydroxides (LiOH and NaOH) and potassium halides (KCI and KBr) did not
show positive effect. For nitrides, TiN was likely to improve surface activity of LiNH>, while BN
not only stabilized the crystallite sizes upon cycling but also improved sorption Kinetics via the
enhancement of Li* diffusion across LiH to LiNH to form Li2NH2" and Li2NHs intermediates,
benefiting Hz and Li2NH production (equation (1)). Furthermore, by doping with LiTi2O4, Li*
conductivity in Li-N-H system significantly increased due to the spinel structure of LiTi.O4, which
Li* could diffuse through without high energy barrier at ambient temperature®. For other Ti-
containing additives, particle size reduction from micro- to nanoscale of Tiand TiOz led to superior
sorption Kinetics of LiNH2-LiH due to uniform distribution. Moreover, the catalytic effects of
active intermediates (LisTiNs, LisTiNs(NHs)x, and TiCla(NHs)x) formed in Li-N-H system doped
with Ti compounds (e.g., Ti, TiCls, TiO2) were experimentally and theoretically studied!’.
LisTiN3 and TiCls acted as NHz carriers from LiNH2 to LiH in nanometer scale in the forms of
LisTiN3(NHz3)x and TiCl3(NHz3)x, respectively. The latter phases improved hydrogen desorption of
LiNH.-LiH composite by catalyzing reaction (1) and suppressing NHsz emission. Besides,
hydrolysis/oxidation of LiH, leading to NHs release due to insufficient LiH could be prevented by
incorporation of graphite into LiNH2-1.2LiH.

In the present work, LiNH2-LiH doped with titanium-based catalyst (TiFs) and multi-walled
carbon nanotubes (MWCNTS) is compacted into the pellet form to enhance volumetric hydrogen
capacity. To suppress NHz emission, the idea to sandwiching LiNH2-LiH pellet with LiH layer is
proposed. De/rehydrogenation kinetics and reversibility as well as reaction mechanisms of the

LiH-sandwiched LiNH2>-LiH pellets are investigated.



2. Experimental details

2.1. Sample preparation

The composite of LiNH2 (95%, Aldrich) and LiH (95%, Aldrich) under 1:1 mole ratio was
prepared by ball milling for 5 h using a QM0.4 L Planetary Ball Mill, Nanjing Chistan Chishun
Science & Technology. Multi-walled carbon nanotubes (MWCNTSs, Nano Materials Research
Unit, Chiangmai University, Thailand!®) were treated at 450 °C under vacuum for 5 h. The
composite of LiNH2-LiH was milled with 5 wt.% TiF4 for 5 h and with 5 wt.% treated MWCNTSs
for 10 min to obtain LiNH2-LiH doped with TiFs and MWCNTS, denoted as LNL. LiH was pre-
milled for 5 h and mixed with 1 wt.% MWCNTSs by milling for 30 min. The ball-to-powder weight
ratio (BPR) and rotational speed for all milling processes were 20:1 and 580 rpm, respectively.
The powder sample of LNL was sandwiched between MWCNTs-doped LiH by compressing under
200 MPa using a pellet die set with 15 mm diameter to obtain LiH-sandwiched LNL pellet (Figure
1 (A)). The amounts of MWCNTs-doped LiH were 10, 20, and 30 wt. % with respect to LNL
content and the obtained pellet samples were named as LNL-10% LiH, LNL-20% LiH, and LNL-
30% LiH, respectively. LNL powder sample was compacted under the same condition to obtain

LNL pellet.
2.2. Characterizations

Dehydrogenation profiles of LNL and LiH-sandwiched LNL pellets were characterized by
simultaneous differential scanning calorimetry (DSC) and thermogravimetry (TG) using a Netzsch
STA 449 F3 Jupiter. The pellet sample (10-15 mg) was heated from room temperature to 500 °C
(5 °C/min) under N2 flow of 50 mL/min. The relative contents of H> and NHs in the exhaust gas

were simultaneously investigated by mass spectroscopy (MS) using a Netzsch QMS 403C.



Titration measurements were carried out using a test station automatically controlled by a
program created in Labview® environment®® 2°, The sample container with packing volume of
21.70 mL was packed with five LiH-sandwiched LNL pellets (weight and density per pellet of
0.63-0.67 g and ~0.70 g/mL, respectively). The stainless-steel mesh (SS304) sheets were inserted
in between the pellets for hydrogen diffusion and three K-type thermocouples (SL heater) were
placed along the axial direction of the sample container at the top, middle, and bottom positions,
i.e., TC1, TC2, and TC3, respectively (Figure 1 (B)). The container packed with LiH-sandwiched
LNL pellets was assembled with other components of the sample holders for titration measurement
(Figure 1 (C)). The direct-acting plunger solenoid valves (a Burkert Type 0255) were used to
control hydrogen consumption and liberation during de/renydrogenation. The pressure change
during the experiments was detected by a pressure transducer (0-3000 psig, an OMEGA
Engineering PX309-3KGI). Temperature, pressure, and mass flow rate profiles were detected by
the module data loggers (a National Instruments NI USB-6009 and a Wisco AI210).
Hydrogenation was carried out at isothermal condition (Tset =330 °C) under 10-15 bar Ho.
Dehydrogenation was at Tset =330 °C and began with hydrogen pressure of 15 bar, remaining after
hydrogenation. A mass flow controller (MFC, a Bronkhorst EL-FLOW selected F-201CV) with
the operating range of 0-1.0 standard L/min (SLM) was used to measure the content of hydrogen
desorbed. The volume of hydrogen gas was achieved by integrating the peak area of hydrogen
mass flow rate (SLM) versus time (min) plot. Total hydrogen storage capacity, defined as the
combination of material hydrogen capacity and hydrogen content remaining after absorption was

calculated as following equations.

Verp = Ps Vs Tstp 1)

Ts Pstp



Vstp
n = 2
Ha 22.4 ﬁ (2)

n
Hy x2.016 —2—

mol » 10Q ©)

sample weight

H,capacity (wt.%) =

where Vstp (L) and Vs (SL) are volumes of hydrogen gas at standard temperature and pressure
condition (STP, Tstp = 273.15 K and Pstp = 1.0133 bar) and at the standard condition of MFC (Ts
= 296.15 K and Ps= 1.0156 bar), respectively. ny2 (mol) is hydrogen mole and standard molar

volume is 22.4 L/mol.

Powder x-ray diffraction (PXD) experiments were done using a Bruker D8 ADVANCE
with Cu Ka source (A= 0.15406 nm). The pellet sample was ground and packed in the sample
holder covered with a poly (methylmethacrylate) (PMMA) dome under nitrogen-filled glove box.
The experiments were performed at the 20 range and the scanning step of 10-80° and 0.02%s,
respectively. X-ray photoelectron spectroscopy (XPS) experiments were carried out at the
SUTNANOTEC-SLRI joint research facility, Synchrotron Light Research Institute (Public
organization), Thailand. A PHI5000 Versa Probe 1l (ULVAC-PHI Inc., Japan) with Al K, (1.486
keV) radiation as an excitation source was used for characterizations. The powder samples were
deposited on the sample holder by using carbon glue tape in the glove box. Prior to the
measurements, the samples were placed in high vacuum chamber (1x10® mbar) for 2 h. The high-
resolution scan of each element was collected using a pass energy of 46.95 eV and a step size of
0.05 eV. Dual beam charge neutralization (low energy electron and ion beam) method was used to
minimize sample charging. The binding energy was calibrated with respect to the C 1s peak (284.8

eV). The data was processed and analyzed by using a MultiPak software version 9.6.0 (ULVAC-



PHI, Japan). Peak fitting was performed after Shirley background subtraction. Symmetrical

Gaussian-Lorentzian function was used to approximate the line shapes of the fitting components.

3. Results and discussion

Decompositions of LNL and LiH-sandwiched LNL pellets are characterized by
simultaneous DSC-TG-MS technique. From Figure 2, all pellet samples reveal comparable onset
desorption temperature at about 200 °C. LNL pellet shows two-step dehydrogenation at 260 and
484 °C together with NHs release during the second step at 484 °C. For LiH-sandwiched LNL
pellets, single-step dehydrogenation at 260-262 °C is detected with no sign of NHs release. The
percent weight loss of LNL pellet (6.83 wt. %) represents the combination of H2 and NHs, while
those of LiH-sandwiched LNL pellets (4.12-5.00 wt. %) belong to only Ha (Figure 2). Considering
comparable desorption temperature detected at all LiH-sandwiched LNL pellets, the different
amounts of MWCNTs-doped LiH layers (10-30 wt. %) sandwiching at both sides of LNL pellet
do not affect the kinetics of LiNH2-LiH composite during the first cycle. Small hydrogen capacity
of LNL-30% LiH with respect to other LiH-sandwiched LNL is due to greater MWCNTs-doped
LiH content (30 wt. %). Dehydrogenation Kkinetics, reversibility, and suppression of NH3 release
as well as de/rehydrogenation mechanisms of LiH-sandwiched LNL pellets with the lowest and
the highest MWCNTs-doped LiH contents (LNL-10% LiH and LNL-30% LiH, respectively) are
further studied.

Figure 3 shows temperatures, pressures, and hydrogen mass flow rates during the first
hydrogen desorption (Ts=330 °C) and absorption (Tset=330 °C under 10-15 bar H>) of LNL-10%

LiH and LNL-30% LiH pellets. From Figure 3 (A), comparable initial temperatures (Tin) of 320-



359 °C are detected at TC1-TC3 during dehydrogenation of both pellet samples, corresponding to
the equilibrium pressure of LiNH2-LiH composite (Peq =2.5-8.0 bar H2)?L. When hydrogen gas
releases from the sample container, endothermic dehydrogenation of both LiH-sandwiched LNL
pellets, confirmed by the temperature reduction at all TCs begins at the pressure (Ponset des) Of 8.30-
8.80 bar Ho, approaching to Peq of LiNH2-LiH composite. Prior to dehydrogenation, slight
hydrogenation of LNL-10% LiH pellet at the top position of the container (TC1) shown as the
temperature increment is observed probably due to low Ti, and subsequently low Peq (Figure 3
(A)). Considering temperature reduction (AT) during endothermic event, the enhanced AT
indicates effective dehydrogenation of the pellet samples. Comparable AT (13-18 °C) at all
positions (TC1-TC3) of LNL-10% LiH pellets suggest homogeneous dehydrogenation
performances inside the container. For LNL-30% LiH pellet, dehydrogenation is superior at the
middle position (TC2 and AT=21 °C), while those at the top and bottom positions (TC1 and TC3)
are less effective (AT=6-10 °C). This might be explained by different hydrogen diffusion inside
the container due to packing process and/or the poor contact between temperature sensors and
pellet samples during the experiments. Within 19 min, material hydrogen storage capacities of
3.78 and 3.65 wt. % H> are obtained from LNL-10% LiH and LNL-30% LiH, respectively (Figure
3 (A)). Afterwards, hydrogenation at Tset~330 °C is carried out by applying hydrogen pressure of
10-15 bar to the dehydrogenated pellets. Due to exothermic hydrogenation, temperatures at all
positions of the containers packed with LiH-sandwiched LNL pellets rapidly rise to 350-410 °C,
corresponding to Peq=9-17 bar H2?? (Figure 3 (B)). Comparable Peq With the applied pressure
indicates good hydrogen diffusion between the LiH-sandwiched LNL pellets packed in the
container. Complete hydrogenation of both pellet samples, assured by the temperature reduction

to Tin is found after two hydrogen refilling cycles and within 20 min. Although Ti» at the middle



position (TC2) of the container packed with LNL-30% LiH pellet is lower than at the bottom one
(TC3), effective hydrogenation, assured by significant temperature increment is observed at TC2
probably due to good hydrogen diffusion, corresponding to the dehydrogenation results.
Considering reaction time (19-20 min), hydrogen capacities, and number of hydrogen refilling
cycles, de/rehydrogenation kinetics of LiH-sandwiched LNL during the first cycle does not alter
with MWCNTSs-doped LiH layers (10-30 wt. %), in accordance with simultaneous DSC-TG-MS
results (Figure 2).

Furthermore, dehydrogenation kinetics and reversibility of both LiH-sandwiched LNL
pellets are characterized. From Figure 4, total and material hydrogen capacities during the 1% cycle
of LNL-10% LiH pellet are 4.97 and 3.90 wt. % H>, respectively, while those of LNL-30% LiH
pellet are 4.27 and 3.67 wt. % Ho, respectively. The obtained material capacities of LNL-10% LiH
and LNL-30% LiH pellets (3.90 and 3.67 wt. % Ho, respectively) agree with simultaneous DCS-
TG-MS results at 330 °C (4.0 and 3.50 wt. % H>, respectively) (Figure 2). For further cycles, both
LiH-sandwiched LNL pellets reveal comparable total and material capacities in the ranges of 2.9-
3.3 and 2.3-2.6 wt. % Ho, respectively. The first dehydrogenation completes within 60 min, while
the 2"9-6" cycles require longer up to 120 min. After cycling, the 6™ rehydrogenated pellets of both
LiH-sandwiched LNL samples are investigated by simultaneous DSC-TG-MS technique to
confirm whether the suppression of NH3 release is still effective upon cycling. From Figure 5, both
pellet samples reveal two-step decomposition. LNL-10% LiH releases both H> and NH3 at the
same temperature ranges of ~250 and 400 °C, resulting total weight loss of 8.20 wt. % (Figure 5
(A)). For LNL-30% LiH, only H>-MS signal is detected at 250-400 °C together with total capacity
of 4.10 wt. % H> (Figure 5 (B)). The percent weight losses at 330 °C of LNL-10% LiH and LNL-

30% LiH pellets are 2.40 and 2.10 wt. %, respectively, approaching the contents of gases desorbed



during the 2"9-6" cycles (2.3-2.6 wt. %) (Figure 4). Considering comparable amounts of gases
desorbed from both LiH-sandwiched LNL pellets, LNL-30% LiH liberates only Hz, whereas LNL-
10% LiH releases both NHs and H.. Thus, dehydrogenation performances upon cycling of LNL-
30% LiH pellet is considerably superior to LNL-10% LiH pellet. This can be described by the
effective suppression of NHs release of LNL-30% LiH pellet due to enough LiH content (from the
MWCNTs-doped LiH layer) for reacting with NH3 to produce Hz (equation (3)). For LNL-10%
LiH pellet, some defects and/or cracks on the MWCNTs-doped LiH layer caused by the pellet
expansion and contraction upon de/rehydrogenation cycles result in NHz release.

Chemical compositions of the pellet samples at as-prepared, dehydrogenated and
rehydrogenated states are investigated by PXD and XPS techniques. Due to comparable
dehydrogenation kinetics during the 2"-6" cycles, the de- and rehydrogenated pellets after the last
cycles are selected to represent the hydrogen exchange reaction upon cycling. PXD pattern of as-
prepared LNL-10% LiH pellet shows the diffractions of LiNH2, LiH, Li>O, and LiTi>Oa4, while
that the 5" dehydrogenated pellet reveals the signals of Li.NH, LiH, Li,O, and LiTi»O4 (Figure 6
(a-b)). After the 6™ rehydrogenation, the diffraction peaks of LiNH; and LisTiN3 are observed
together with other phases, similar to those of as-prepared and dehydrogenated pellets (LiH, Li20,
and LiTi204) (Figure 6 (c)). The formations of Li2NH and LiNH: after hydrogen desorption and
absorption, respectively, suggest reversibility of LiNH2-LiH composite (equation (1)). The
existence of LiH upon cycling is due to the excess of LiH from the MWCT-doped LiH layer. The
formations of Li>O and LiTi,O4 suggest the oxidation with air and/or moisture during the
experiments of Li-containing phases and Li-Ti compound, respectively. It was found that LiTi2O4
could enhance the mobility of Li* ions between LiH and LiNH:2 solid phases, improving

dehydrogenation of LiNH-LiH system?. Besides, LisTiN3 formed via the nanocontact between



LiNH2 and Ti (from TiF4) could absorb the excess NH3z to form LisTiN3(NH3)x, acting as catalyst
for enhancing hydrogen desorption properties of Li-N-H system?*. Significant reduction of the gas
content release upon cycling of LNL-10% LiH (Figure 4) can be explained by the formation of
several irreversible phases of Li;O, LiTi2O4, and LisTiNs.

For LNL-30% LiH, as-prepared pellet shows the diffractions of LiNH, and LiH (Figure 7
(A) (a)), while the 5" dehydrogenated pellet reveals the signals of Li,NH*, Li.O, LiH, and LiF
together with LiH1.xFx, which the crystallite size is in between those of LiH and LiF (Figure 7 (A)
(b)). Diffraction peaks of LiNH* are slightly shifted to lower 26 (~0.1°) with respect to those of
LiNH shown in Figure 6 (b). This indicates the enlargement of LiNH unit cell probably due to
the substitution of F atoms for H in Li>NH structure upon cycling, identical to the formation of
LiH1.«Fx (Figure 7 (A) (b)). After the 6™ rehydrogenation, the characteristic peaks of LiNH;,
LiTi2O4, LiH, and unknown phase are observed (Figure 7 (A) (c)). The formations of Li.NH* and
LiNH. after dehydrogenation and rehydrogenation, respectively, indicate successful reversibility
of LiNH2-LiH composite. The confirmation of F substitution in LizNH to produce Li2NHz.yFy (or
Li2NH*) is done by XPS technique. From Figure 7 (B), N 1s XPS spectrum of as-milled LiNH>
shows characteristic peak of LiNH2 and likely LiNH at 398and 398.6 eV, respectively. The
appearance of Li2NH in as-milled LiNH2 can be due the decomposition of LiNH2 during milling.
The 5" dehydrogenated pellet reveals the signals of Li,NH at 399 eV together with the peak at
higher binding energy at 399.7 eV (Figure 7 (B) (b)). Once bonding to more electronegative atom,
the electron density in the valence shell of N atom decreases, leading to the enhanced binding
energy of the N 1s core orbital. Thus, the N 1s XPS peak at higher binding energy (399.7 eV) with
respect to that of N-H bond belonging to Li2NH (399 eV) hints at the bonding between N and

electronegative atom (i.e., N-F bond in this study). In addition, the covalent radius of H atom (0.31



A) approaches to that of F atom (0.57 A). These assure the substitution of F atoms for N in LizNH
to form LioNHyyFy. There have been many reports showing the enhanced de/rehydrogenation
kinetics and reversibility of F-substituted hydrides, such as LiBH42%%, Ca(BH4).?", and
NazAlHs?%?°. In the case of amide-hydride systems, by doping with metal halides (e.g., LiBr, LiCl,
AICl3) the formations of new amide halide phases, such as Liz(NH2)sBr, Liz(NH)Br, and
Lis(NH2)sCl, resulted in not only the suppression of NH3z emission but also the improvement of
kinetics and reversibility via alterating the reaction pathways and enthalpy of the systems3%3132,
For LNL-30 %L.iH in our study, not only sufficient LiH content to consume NH3 and produce H>
(equation (3)) but also new reactive phases of LiHixFx and LioNHiyFy, formed after
dehydrogenation probably provide positive effects on de/rehydrogenation Kinetics and
reversibility of LiNH2-LiH system. These are confirmed by significant hydrogen contents
reproduced upon cycling as compared with LNL-10% LiH (Figure 4). The investigation relating
to the reaction mechanisms and the effects of these F-substituted phases on kinetic properties are
in progress.

Besides, the morphological studies of the as-prepared and the 6™ rehydrogenated states of
both LiH-sandwiched LNL pellets are carried out. As-prepared pellet of LNL-10% LiH reveals
the dense layer of LNL sandwiched with the thin layers of MWCNTs-doped LiH (Figure 8 (A)).
The 6™ rehydrogenated pellet shows considerable cracks and pores in the LNL layer as well as the
detached layer of MWCNTs-doped LiH due to expansion and contraction of the pellets upon
de/absorption cycles (Figure 8 (A)). This explains significant NH3 release upon cycling of LNL-
10% LiH pellet (Figure 5). For LNL-30% LiH, the dense pellet of LNL layer is sandwiched with
thick layers of MWCNTSs-doped LiH (Figure 8 (B)). Upon cycling, porous structure and defects

are observed at LNL layer as in case of LNL-10% LiH. However, the dense layers of MWCNTSs-



doped LiH are maintained (Figure 8 (B)), yielding to considerably suppression of NHs release

upon cycling of LNL-30% LiH pellet.

4. Conclusions

The composite of LiNH2-LiH doped with TiF&-MWCNTSs was compacted and sandwiched
with MWCNTs-doped LiH layers (10-30 wt. %) to suppress NHz release, leading superior
de/rehydrogenation performances and reversibility. During the first dehydrogenation, compacted
LiNH2-LiH liberated NH3 along with Hz, while LiH-sandwiched LiNH2-LiH pellets desorbed
hydrogen without of NHs release. Thus, further studies focused on the effects of MWCNTs-doped
LiH contents (10 and 30 wt. %) on de/rehydrogenation kinetics and reversibility of LiNH»>-LiH
composite. Kinetic properties of the first de/rehydrogenation of both LiH-sandwiched LiNH-LiH
pellets were comparable (3.5-4.0 wt. % Hz within 60 min). For the 2"-6'" cycles, the contents of
gases desorbed from both pellet samples were 2.3-2.6 wt. %, belonging to the mixed H,+NH3 and
only Hz from the pellets with 10 and 30 wt. % MWCNTs-doped LiH, respectively. Deficient
hydrogen contents reproduced upon cycling was described by the formations of irreversible phases
of Li>O, LiTi204, and LisTiN3 (only the pellet with 10 wt. % MWCNTs-doped LiH). The effective
suppression of NHs release obtained from the pellet with 30 wt. % MWCNTs-doped LiH was due
to sufficient content of LiH covering LiNH-LiH composite for reacting with NH3. The latter led
to the enhancement of hydrogen content release upon cycling. Moreover, F substitution for H in
LiH and Li2NH structures to form LiH1.xFx and LioNH1.yFy, respectively, were observed during
dehydrogenation of the pellet with 30 wt. % MWCNTs-doped LiH. These phases likely benefited

de/rehydrogenation kinetics and reversibility of Li-N-H system.
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