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Abstract

Magnesiumhydride (MgHy) is the mostfeasibleand effective solid-statehydrogenstoragematerial,which hasexcellentreversibility but
initiates decomposingat high temperaturesnd has slow kinetics performanceHere, zinc titanate (Zn,TiO4) synthesisedy the solid-state
methodwas usedas an additive to lower the initial temperaturdor dehydrogenatiomnd enhancehe re/dehydrogenatiobehaviourof MgH,.
With the presenceof Zn,TiO,, the startingtemperaturdor the dehydrogenatiof MgH, was remarkablyloweredto around290 °C-305°C.
In addition,within 300, the MgH,—-Zn, TiO, sampleabsorbed.0 wt.% of H, and2.2-3.6wt.% H, wasliberatedfrom the compositesample
in 30 min, which is fasterby 22—-36times than as-milled MgH,. The activationenergyof the MgH, for the dehydrogenatiomprocesswas
also downshiftedto 105.5kJ/mol with the addition of Zn,TiO,4 indicating a decreaseof 22% than as-milled MgH,. The superiorbehaviour
of MgH, was due to the formation of MgZn,, MgO and MgTiO3, which are responsiblefor amelioratingthe re/dehydrogenatiobvehaviour
of MgH.. Thesefindings provide a new understandingf the hydrogenstoragebehaviourof the catalysed-MgH system.
© 2023 ChonggingUniversity. Publishingservicesprovidedby ElsevierB.V. on behalf of KeAi CommunicationgCo. Ltd.
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1. Introduction applications Among the severalmethodsof storinghydrogen

available(e.qg. solid-state liquid and gaseous)storing hydro-

Hydrogenhasrecentlydrawn global interestas an energy
carrier for the future becauseof its abundantresourcesand
environmentallyfriendly. The needfor safeand effective hy-
drogenstorageis essentiaffor the use of onboardhydrogen
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gen via solid-stateapproachess one of the most superior,
efficient and safe. Magnesiumhydride (MgH,) is one of the
most effective solid-statematerialsowing to its abundances
well asits light weight, low costand high hydrogenconcen-
tration (7.6 wt.% gravimetricand 110-g/L volumetric) [1-4].
Unfortunately,the temperaturdor the releaseof hydrogenis
high (>400°C), andthe desorptiorkineticsare slowly caused
by the high desorptionenthalpy(AH = 76 kJ/mol Hy) [5,6].
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Multifarious methods have been applied (e.g. alloying,
nanosizingdopingwith additivesand destabilisingwith other
hydrides)to accelerateéhe re/dehydrogenatiokineticsandre-
ducethe operatingtemperatureof MgH, [7—15]. Particularly,
additive doping hasbeenregardedas the most efficient strat-
egy to tackle the drawbacksof MgH,. The introduction of
an additive, such as carbon material, rare metal-basedma-
terial and transition metal-basednaterialinto MgH,, results
in the superiorperformanceof MgH, [16-19]1 Among them,
transition metal and their compoundshave received special
attention becauseof the distinctive electronic structurethat
might debilitate the Mg—H bond which then accelerateghe
dehydrogenatioprocessof MgH, [20]. It hasbeenobserved
that 3d transitionmetals(e.g. Ni, Cu, Co, Ti andFe) havethe
effect of weakeningthe Mg—H bond becauseof their distinct
electronconfigurationswith the d-band,hencepromotingH,
molecule dissociationand recombinationon the Mg/MgH,
surface[21]. Moreover, accordingto first-principle calcula-
tions, transitionmetaladditives(Ti, Ni, Fe andCo) cancreate
a changein the Fermi level, which improvesMgH, desorp-
tion rates[22]. Further,Rahwantoet. al [23] showedthat the
addition of Ni resultedin a high surfaceareacompositewith
finely dispersedNi particleson the surfaceof Mg that led to
a significantimprovementin the kinetic performanceof the
MgH,—Ni. The addition of Ti was also found to accelerate
the kinetics of MgH, with the ability to absorb2.7 wt.% H,
in lessthan 7 min [24].

The hydrogenstoragepropertiesof MgH, canbe alsosyn-
ergizedby addinga doublecatalystconsistingof SiC and Ni.
The formerimprovesthe kinetics of H, absorption/desorption
in MgH», while the latter acts as a hydrogenationcatalyst.
The decompositiontemperatureof the MgH,—SiC—Ni was
downshiftedto 250 °C and the compositesamplewas able
not only to absorb 5.7 wt.% H, but also to releasethe
sameamountof %H, in 8.3 min [25]. The improved ab-
sorptionkinetics of the MgH,—SiC—Ni samplewas attributed
to the smaller particle size that led to a large contactarea
betweenthe sampleand remarkablyincreasethe absorption
rate [25,26]. In anotherstudy, Chenet al. [27] demonstrated
that the addition of transition metal oxide (ZrO,) with car-
bon significantly improve the hydrogenstorageperformance
of MgH>. One of the key improvementsobservedn MgH,—
ZrO,/C was the downshift of the onsetdecompositiontem-
peratureto 208 °C. The densityfunctional theory (DFT) cal-
culationsthat was conductedto supportthe experimentalre-
sults provedthat the addition of ZrO,/C weakenedhe Mg—H
bonding strengthand lowered the desorptionenergyleading
to excellenthydrogenstoragepropertiesof MgH, at mod-
eratetemperatureMoreover, other studiesdemonstratedhat
the compositeof Mg—Nb,Os—C are beneficialin lowering the
desorptiontemperatureof MgH, and also reducedthe acti-
vation energy|[28]. In addition, Milaneseet al. [29] showed
that adding TiO, to the Mg—Ni—C compositeresultedin a
decreasef the dehydrogenationemperatureThey indicated
that the addition of TiO, increasethe sorption efficiency of
the active phasesandis responsibldor the improvedsorption
rates.
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Ti-basedadditives,amongthe transitionmetal, are signifi-
cantin acceleratinghe performancesf MgH, [30-32] In par-
ticular, Hu et al. [33] found thatthe Ti compound(K,TigO17)
could decreasehe operatingtemperatureof MgH, to 189 °C
and maintain excellent capacity retention (88%) after com-
pleting the eight cycles. Another study also indicated that
adding K, TigO;3 resultedin the tremendousperformanceof
MgH, becauseof the positive synergeticfunction of TiO,,
Ti and KMgH3 during the heatingprocess[34]. At 280 °C,
the K, TigO13-dopedMgH, samplerapidly desorbs6.7 wt.%
H, in 3 min and lower the dehydrogenatioractivation en-
ergyto 105.67kJ/mol. ThereafterShaoet al. [35] introduced
TiO, into MgH, and resulting in superior performance At
100 °C, the TiO,-dopedMgH, samplerapidly absorbs4.17
wt.% H, in 30 min and liberates5.75 wt.% H, in 16.7 min
at 300 °C. The significantimprovementof the TiO,-doped
MgH, samplewas ascribedto the ultrafine and uniformly
scatteredTiO, particle that offers a high numberof reactive
sitesfor ab/desorptiorof MgH5.

Another study has shown that the addition of TiO,
nanosheetyNS) can improve the kinetics performanceof
MgH, [36]. The MgH,-TiO, (NS) samplewas able to re-
lease 1.2 wt.% H, within 300 min at low temperatureof
180 °C. This was accompaniedy a significantimprovement
in the absorptionkinetics of MgH,—TiO, (NS) that allowed
the sampleto absorb6.1 wt.% H, within 10 s at 150 °C.
Furthermore a study conductedby Zhanget al. [37] demon-
stratedenhancedydrogenstorageperformanceof MgH, with
monodispersedingle-crystal-likeTiO, wrappedwith amor-
phous carbon (MgH,—-TiO, SCNPs/AC). The MgH,—TiO,
SCNPs/ACsampleattainedlower operatingtemperatureand
activation energyand exhibited faster kinetics with the abil-
ity to be fully rehydrogenatedvith a reversiblecapacity of
6.5 wt.% H, within 5 min at 200 °C. A recentwork has
reportedthat adding graphene-likeTiO, (B) impartedan ex-
cellentcatalytic effect to the performanceof MgH, [38]. The
MgH,-TiO, (B) samplestartedto releasehydrogenat 200 °C
anddesorbed.88wt.% H, below 288 °C. The enhanceger-
formanceof the MgH,—TiO, (B) samplewas ascribedto the
reductionof TiO, (B) nanosheetto the metallic Ti nanoparti-
clesandwrinkled Ti,O3 during the ball milling anddehydrid-
ing processestesultingin many boundarycontactsbetween
MgH, and Ti-based catalysts,which collectively promoted
hydrogendiffusion.

Inspired by the abovekinds of literature, it is interesting
to explore anotherTi-basedadditive, which is Zn,TiO4. Re-
cently, Zn,TiO4 has demonstrategoromising performanceas
an lithium-ion battery anodematerial [39]. Apart from that,
Zn,TiO4 also showedan excellentcatalytic effect as an elec-
trode sensorfor UV photocatalyst§40]. Therefore,it is be-
lievedthatZn, TiO4 will resultin superiorperformancedor the
hydrogen storageapplication. Herein, Zn,TiO4 was utilised
as an additive to boostthe re/dehydrogenatiofehaviourof
MgH,. To date, no study has beenconductedon the impact
of Zn,TiO4 on the re/dehydrogenatiobehaviourof MgH,. In
this study, the Zn,TiO4 was synthesisedy using solid-state
method,and various weight percentagegwt.%) of Zn,TiO4
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were introducedto MgH,. The specific mechanismof the
MgH,-Zn, TiO4 systemwas discussedn depthin this study.

2. Experimental details

PureMgH; (95%), ZnO (99.9%, <100 nm), anataseTiO,
(99.95%, 21 nm) and ammoniasolution were commercially
purchasedrom SigmaAldrich. The Zn,TiO4 wassynthesized
by using solid-statemethod.The ZnO and TiO, were ground
togetherin stochiometricamountsusing agatemortar for 15
min. Thereaftera few dropsof ammoniasolutionwere added
drop by drop to increasethe reactionrate during the synthe-
sis processas reportedelsewhere[41,42]. The mixture was
ground again for another15 min and then the mixture was
subsequentlyried for 5 h at 60 °C and annealecdat 1000°C
for 3 h. In orderto examinethe hydrogenstoragebehaviour
of MgH,, variousamountof the as-synthesisedn,TiO4 (5,
10, 15 and 20 wt.%) was then mixed with MgH, via plane-
tary ball mill (NQM-0.4) for 1 h. To minimise oxidation, the
samplewas preparedin a Mbraun gloveboxwith Argon gas
flowing throughit.

The composition of the sampleswas identified using
Rigaku MiniFlex X-ray diffractometer (XRD) with Cu Ka
radiation. For eachmeasurementthe sampleswere scanned
over diffraction anglesof 20° < 26 < 80° with a speedof
2°/min. The ShimadzuR Tracer-100wasusedto performthe
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Fourier-transforminfrared (FT-IR) measuremenbetween400
and 2000 cm™! at a resolutionof 4 cm™! with a scanning
capableof 20 spectra/seconcequippedwith Attenuatedto-
tal reflectancg ATR) modeand scanningelectronmicroscopy
(SEM; JEOL JSM-6360LA)was employedto investigatethe
microstructuresand morphologiesof the samples.Renishaw
Ramanspectrometewas usedto conductRamanspectraat
ambienttemperaturevith a 0.1% powerlaser(532 nm radia-
tion). The measurementvas conductedbetween100 to 1000
cm~! with a spectralresolutionof <2.5cm™! in an air atmo-
sphere.For FT-IR and Raman,to minimise the exposureto
air and moisture,the samplewas placedin microcentrifuge
tubes(1.5 mL) during transportationfrom the glove box.

The hydrogenstoragebehaviourof MgH,—Zn,TiO, was
evaluatedusing a Sievert-typeapparatusrom AdvancedMa-
terials (pressure—composition—-temperatyRCT)). The sam-
ple was heatedfrom room temperatureto 450 °C to deter-
mine the startingdehydrogenatiotemperatureThe dehydro-
genationand rehydrogenatiorkinetics experimentswvere per-
formed at 300 and 320 °C (1 atm H, pressure)and 250 and
320 °C (33 atm H, pressure) respectively. The differential
scanningcalorimetry (DSC) was testedusing TGA/DSC 1,
Mettler Toledo in the temperatureangefrom room temper-
atureto 550 °C at varied rates(15 to 30 °C/min). For com-
parison,all of the characterizationsvere also performedon
as-milled MgH..
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Fig. 1. The (a) XRD pattern,(b) FT-IR profile, (c) Ramanprofile, (d) micrographand (e) particle size distributionsof the Zn,TiO4.
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3. Resaults and discussions
3.1. Yynthesis of Zn,TiO,

The crystallographicstructureof the Zn,TiO, was exam-
ined by using XRD as demonstratedn Fig. 1(a). The XRD
spectraof the as-synthesisedn, TiO4 were perfectlyindexed
with the Zn,TiO4 phase(JCPDS13-536),confirmingthe high
purity of Zn,TiO4. The diffraction peaksof 20 at29.7, 35.0,
36.6°, 42.6, 52.9, 56.4, 61.9, 70.2, 73.1°, 74.2 and78.0°
are ascribedto the (220), (311), (222), (400), (422), (511),
(440), (620), (533), (622) and (444) planesof Zn,TiO4. The
mean crystallite size of the Zn,TiO, was determinedto be
26.7 nm using the Scherrerequationasin Eq. 1 [43]:

L = KA/B coso

@)

whereas
L = meansize of the crystallite
K = Schererconstant
A = X-ray wavelength
B = full width at half maximum (FWHM)
0 = diffraction angle
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Fig. 1(b) shows the FT-IR spectraof Zn,TiO4 which
presentthe standardbands of Zn,TiO,4, that occur at 407
and510 cm™! and correlateto the Ti—-O and Zn—O bond, re-
spectively[44]. Additional characterisatioperformedby Ra-
man spectroscopysin Fig. 1(c) showedthe typical peaksof
Zn,TiO4. The peaksat 247, 310,350,471 and 720 cm™t are
assignedo the spinel structureof Zn,TiO4 [45]. The Raman
modeat 581 cm~! was attributedto the order—disordeeffect
of Zn and Ti ions while the peaksat 157 cm™! were due to
the laser-inducedplasmaeffect [46,47]. The morphology of
the as-synthesisedn, TiO4, which consistsof sphericalparti-
cle that seemso be generallyuniform, is shownin Fig. 1(d).
The meanparticle size of the Zn,TiO4 evaluatedby the Im-
ageJ softwareasrepresentedh the histogram(Fig. 1(e)) was
0.65 um.

3.2. Hydrogen storage behaviour of MgH,—Zn,TiO4 system

As depictedin Fig. 2(a), the influenceof zZn,TiO4 on the
hydrogenstoragebehaviourof MgH, was scrutinisedby the
TPD (temperature—programmed—desorptidi)e initial dehy-
drogenationtemperaturdor the commercialMgH, happened
ataround405°C andreleased’.2 wt.% H,. Subsequentlythe
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Fig. 2. (a) TPD curves,(b) rehydrogenatiorcurve at 250 °C and (c) dehydrogenatiorcurve at 300 °C of MgH» + Xwt.% Zn,TiO4 (X = 5, 10, 15 and 20).
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Table 1
Comparisonof the hydrogenstorageperformanceof MgH;, + Zn,TiO4 samplewith other additivessynthesizedsia the solid-statemethod.
System Decompositiontemperaturg °C) Absorption capacity (wt.%) Desorptioncapacity (wt.%) Reference
MgH,>— BaF@2019 270 4.3 wt.% in 10 min at 150 °C 3.4 wt.% in 15 min at 320 °C [48]
MgH2>—CoTiO3 275 6.4 wt.% in 10 min at 200 °C 5.5wt.% in 30 min at 300°C  [49]
MgH>—-LaFeQ 300 6.1 wt.% in 60 min at 150 °C 3.7 wt.% in 30 min at 320 °C [17]
MgH2—Zm, TiO4 (this system) 290 4.1wt.% in 1.7min at250°C 4.8 wt.% in 60 min at 300°C  Currentstudy

initial dehydrogenationiemperatureof MgH, was decreased
to 340 °C after 1 h of milling suggestingthat the milling
procedurecontributedto the reductionof the dehydrogena-
tion temperatureof MgH,. The amountof hydrogenreleased
from the as-milledMgH, was 7.0 wt.%. Furthermorethe ini-
tial temperaturdfor the dehydrogenatiorof MgH, was low-
ered significantly by adding different weight percentage®f
Zn,TiO4. The MgH, + 5 wt.% Zn,TiO4 samplecommenced
desorbinghydrogenat 305 °C, releasinga 6.9 wt.% of H,.
Then, by varying the amountof Zn,TiO4 to 10, 15, and 20
wt.%, the initial dehydrogenatiotemperaturavasreducedto
roughly 290 °C. The amountsof hydrogenreleasedfor the
10, 15, and 20 wt.%-dopedMgH, sampleswas 6.8, 6.4 and
6.1 wt.%, respectivelyThis finding suggestshatanincreased
amountof additive lowersthe initial dehydrogenatiotemper-
atureevenfurther. Moreover,the resultsdemonstratethat the
additionof Zn,TiO4 is promisingfor the downshiftof the ini-
tial dehydrogenationemperatureof MgH,. Table 1 showsa
comparisorbetweenthe hydrogenstorageperformanceof the
MgH, + Zn,TiO4 systemin the presentstudy and compos-
ites obtainedby the samemethodwith other additivesand
reportedin literature.

Then, the different weight percentageof Zn,TiO, was
milled togethemwith MgH, andtheir correspondingbsorption
kinetics curveis displayedin Fig. 2(b) to assesshe catalytic
performanceof the Zn,TiO4 on the absorptionperformance
of MgH,. Basedon the figure, in 100 s, the as-milled MgH,
absorbed3.3 wt.% H, while in the sametime duration, the
MgH, + 5 wt.% Zn,TiO4 compositerapidly absorbed4.4
wt.% H, and the 10, 15 and 20 wt.%-dopedMgH, sample
absorbed4.1 wt.%, 4.0 wt.% and 3.6 wt.% H,, respectively.
All the dopedsamplespresentbetterabsorptionperformance
than as-milled MgH,. Consideringthe previousstudy of the
MgH, with the addition of a TiO, sample[35], one can ob-
servethat MgH,—TiO, sampleabsorbed.17 wt.% H, in 30
min comparedto the sameamountin 1.7 min for MgH,—
Zn,TiO4 samplein the presentstudy. This confirmsthe pres-
enceof acceleratiorabsorptiorkineticsin the MgH,—Zn, TiO4
samplebecauseof the addition of Zn,TiO4. As depictedin
Fig. 2(c), further study was done on hydrogendesorptionat
300 °C which was recordedfor 60 min. From the figure,
MgH, doping with Zn,TiO4 presentsthe highestamount of
hydrogendesorbedThe amountof hydrogendesorbedvithin
the first 30 min for the as-milledMgH, samplewas0.1 wt.%.
The amountof hydrogendesorbedwas significantly high by
doping with a various amountof Zn,TiO4. The amount of
hydrogendesorbedor the 5, 10, 15 and 20 wt.% Zn,TiO4-
dopedMgH; in 30 min was?2.2,2.5,3.6 and 3.0 wt.% Hy, re-
spectively,which is 22—36times more rapidly than as-milled

MgH,. Even after 1 h, the as-milled MgH, was unable to
reachthe samehigh capacityas the MgH,—Zn,TiO4 sample.
The MgH,—Zn, TiO4 sampledesorbed3.8, 4.4, 4.8 and 4.5
wt.% Hs in 60 min for the 5, 10, 15 and 20 wt.% Zn,TiOy,
respectivelybut the as-milledMgH, desorbecbnly 0.3 wt.%
H,. Consequentlythe addition of the Zn,TiO, additive (even
in alow amount)resultsin alargeimprovemenin the desorp-
tion kinetics of MgH,. For further analysis,the MgH, + 10
wt.% Zn,TiO, samplewas selecteddue to the low dehydro-
genationtemperaturewith high hydrogencontentand faster
absorption/desorptiokinetics.

A long-life cycle is a greatchallengefor hydrogenstor-
age applications. Hence, the cycling performanceof the
MgH, + 10 wt.% Zn,TiO4 samplewas studied.Temperature
of 320°C wereappliedin the cycling studyof the MgH, + 10
wt.% Zn,TiO, sampleFig. 3(a) and 3(b) presentghe cycling
performanceof the MgH, + 10 wt.% Zn,TiO4 sampleover 10
cycles.For the absorptiorkinetics,in the 10" cycle, 6.6 wt.%
H, capacitywas maintainedwhich showeda small degrada-
tion comparedo the 1%t cycle (7.0 wt.%). For the desorption
kinetics, the capacityfor the 15t cycle was 4.6 wt.% H,. Sur-
prisingly, after the 10 cycles, 4.5 wt.% H, was maintained
indicating a remarkablestability wherethe MgH, + 10 wt.%
Zn,TiO4 sampleretained97.8% of the original capacity.The
cycling performanceindicatesthat the addition of Zn,TiO4
is highly beneficial for maintaining the superior cyclability
behaviourof MgH,. Further,the XRD analysisthat was car-
ried out on the MgH, + 10 wt.% Zn,TiO, samplesafter
completingthe 10" cycle depictedin Fig. 3(c) to ascertain
the reasonfor the decreasedydrogenstoragecapacity. For
the dehydrogenatedtate (Fig. 3(c)(i)), the peaksthat were
detectedwere that of Mg coupledwith the additional peaks
of MgO, MgTiO3 and MgZn,. The peaksof MgO, MgTiO3
and MgZn, remain unchangedfor the rehydrogenatedstate
(Fig. 3(c)(ii)). The presenceof Mg suggestsa completede-
hydrogenatiorof MgH,. The formationof MgO, MgTiO3z and
MgZn, is believedto reducethe capacityof the MgH, + 10
wt.% Zn,TiO4 samples.Thesefindings are in line with the
previous study that reportedreducedhydrogencapacity due
to the formation of active speciesduring cycles[50].

Then, the DSC experiment was used to comprehen-
sively evaluate the dehydrogenation behaviour of the
MgH; + Zn,TiO4 sample Fig. 4 showsthe DSC profile of as-
milled MgH, andMgH, + 10 wt.% Zn,TiO, sample(heating
rate: 25 °C/min). As indicatedin the figure, the endothermic
peak of as-milled MgH, appearedat 430 °C, while the en-
dothermicpeaksof MgH; + 10 wt.% Zn,TiO4 appearedat
390 °C. The endothermicpeaksof the MgH, + 10 wt.%
Zn, TiO,4 samplewas lower by 40 °C than undopedMgH
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25 °C/min.

indicating an enhancementdf the dehydrogenatiomehaviour
of MgH, with the inclusionof Zn,TiO4. The lower endother-
mic peakof the dopedsamplerepresentshe positive effects

of Zn,TiO4 and benefitsthe dehydrogenatiorbehaviour of
MgHs>. It is importantto note that the onsetdehydrogenation
temperatureobtainedfrom DSC are higher than the curves
determinedby the PCT. The disparitiescould be attributedto
the differencesin heating rates and measuringatmospheres
betweenPCT and DSC. The DSC was conductedat a heat-
ing rate of 25 °C/min with 50 mL/min Argon flow while the
TPD experimentwas conductedat a heatingrate of 5 °C/min
under vacuum. Similar outcomeswere reportedin previous
studies[51-53]

Furthermoreto measurehe enhancementf the dehydro-
genationbehaviourof MgH,, the dehydrogenatioractivation
energy(Ea) was evaluatedby using Kissingeranalysisasin
Eq. (2) [54,59):

In[B/Te?] = — Ea/RTp+ A )
whereas,

B = heatingrate usedin the DSC measurements

T, = temperatureof the endothermiccurve

R = gasconstant

A = linear constant
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As shownin Figs. 5(a) and 5(b), DSC experimentswere
performedat different heatingratesto calculateEa. There-
after, the activationenergywas calculatedusing the Kissinger
plot of In [B/T,?] vs 10007, as depictedin Fig. 5(c). As
in Fig. 5(c), a satisfactorylinear relationship betweenIn
[ﬂ/sz] and1000/T, wasestablishedor the MgH, + 10 wt.%
Zn,Ti04 sampleand as-milled MgH,. The calculatedactiva-
tion energyfor the dehydrogenatioprocessor the as-milled
MgH, was 135 kJ/mol. The activationenergywaslessenedo
105.5kJ/mol correspondindo a decreas®f 22%to as-milled
MgH, when Zn,TiO4 was added.This greatly reducesacti-
vation energymay be dueto the particle sizesthat havebeen
reducedwhich thenminimisesthe distancefor hydrogendif-
fusion and also broadenthe specific surfacearea, favouring
hydrogentransportand surfacereaction [56]. Thesefactors

contributeto a significantdecreasén operatingtemperatures.

In terms of thermodynamicproperties,the DSC curves
were analysedusing the STARe softwareto calculatethe en-
thalpy (AHgeg Of the decompositiorof MgH,. The enthalpy
of the MgH, decompositionwas determinedfrom the inte-
grated peak area. The hydrogendesorptionenthalpyfor the
as-milled MgH, was found to be 75.7 kJ/mol H, which is
matchingthe theoreticalvalue (76 kJ/mol H,) reportedin a
previousstudy [57]. The enthalpyof the MgH,—Zn, TiO4 was
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similar to that of milled MgH,. Theseoutcomesagreewith
previousstudiesthat reportedthat despiteof enhancemenin
kinetic performanceof MgH, by the addition of the cata-
lyst, there was no impact on the thermodynamicof MgH>
[58,59].

Fig. 6 presentdhe SEM imagesof the commercialMgH,,
as-milled MgH, and MgH, + 10 wt.% Zn,TiO4 sample.As
canbe seenin Fig. 6(a), the commercialMgH, consistsof a
large particle with a smoothsurfacewhereasafter the 1 h of
the ball milling (Fig. 6(b)), the as-milledMgH, presents de-
fect structurewith a reductionof the particle size. Moreover,
someagglomerationsvith non-uniformparticlesizeswereob-
servedin as-milledMgH,. Thesefindingsarein line with the
previouslyreportedin the literature[60], but the particle size
wassignificantlyreducedandbecomemore homogenousfter
10 wt.% Zn,TiO4 was added(Fig. 6(c)). Smaller and more
homogenousparticle size is vital in lowering the dehydro-
genationtemperatureand improving the re/dehydrogenation
kinetic characteristicof the MgH,-catalysedsystem[49].

Fig. 7 depictsthe particle size distribution of commercial
MgH., as-milledMgH,, andMgH, + 10 wt.% Zn,TiO4 sam-
ples quantified using Image J software. The averageparti-
cle size of the commercialMgH, was calculatedto be ~65
wm. Upon milling for 1 h, the averageparticle size of the
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Fig. 5. DSC curve of (a) as-milledMgH,, (b) MgH2 + 10 wt.% Zn,TiO4 and (c) Kissingerplot of as-milledMgH, and MgH, + 10 wt.% Zn,TiOg4.
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as-milled MgH, was ~0.5 wm, which was significantly re-
ducedcomparedto commercialMgH,. The averageparticle
size was significantly reducedto ~0.3 wm with the presence
of Zn,TiO4. This demonstratethatthe ball milling techniques
andtheinclusionof the Zn,TiO,4 arebeneficialin reducingthe
particle size of the MgH, + 10 wt.% Zn,TiO, sample.The
diffusion of H atomsto MgH, boundarieswould be slower
with larger particle sizesand fewer grain boundarie§61,62].
Hence,smaller particle sizescould reducethe length of hy-
drogendiffusion, thus acceleratingthe hydrogenstoragebe-
haviour of MgH..

The phasecompositionof the samplewas then charac-
terised using the XRD method, as shown in Fig. 8. The
characterisationvas performedin different states:a) after
ball milling for 1 h, b) dehydrogenatedtateand c) rehydro-
genatedstate.Referringto Fig. 8(a), MgH, peaksdominated
the XRD patternswith severalpeaksof Zn,TiO4. Therewas
no new peakrecorded demonstratinghat therewasno chem-
ical reactionthroughoutthe ball milling processFor the de-
hydrogenatedstate (Fig. 8(b)), all MgH, peaksvanishedand
Mg peaksformed presentinghe completedehydrogenatioiof
MgH,. Additional peaksof MgO, MgTiO3; andMgZn, appear
showingthat a chemicalreactionoccurredduring the heating
process.For the rehydrogenatedtate, similar peaksare ob-
tainedwith the exceptionof the Mg peaksthat are supplanted
by the MgH, peaks(Fig. 8(c)).
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The XRD measurementor the 20 wt.% Zn,TiO4-doped
MgH, samplewas performedas shownin Fig. 9 to confirm
the reactionthat happengduring the milling processand after
re/dehydrogenatioprocess After milling for 1 h (Fig. 9(a)),
the only peaksavailablearethe peaksof MgH, andZn,TiO,.
For the dehydrogenatedtate (Fig. 9(b)), the peaksavailable
arethe peaksof Mg indicatingthe completedehydrogenation
of MgH, with the additional peaksof MgO, MgTiO3z and
MgZn,. The peaksof MgO, MgTiO3 and MgZn, remainun-
alteredfor the rehydrogenatedtate (Fig. 9(c)), and the Mg
peaksare supplantedby the MgH, peaks.The presenceof
MgH, peaksindicatesthe reversibility of Mg, which is one
of the mostsignificantindicatorsfor hydrogenstorage Based
on this XRD analysis,a probablereaction that took place
during the heatingprocessis bestsummariseds follows:

9MgH; + 3Zn,TiO4 — 3MgO + 3MgZn, + 3MgTiO3 + 9H,
3)

Referringto the XRD analysis,the enhancedkinetics of
MgH, dopedwith Zn,TiO4 are benefitedby the formation
of new active speciesof MgO, MgTiO3 and MgZn,. These
active speciedunction as an active channelat the MgH, ma-
trix's surface,providing a rapid pathwayfor the H atom to
diffuse throughoutthe re/dehydrogenatioprocesse$16,63].
For instance,Ares-Fernandeand Aguey-Zinsou[64] found
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Fig. 6. The SEM profiles of (a) commercialMgHa, (b) as-milledMgH; and (c) MgH, + 10 wt.% Zn,TiOg4.
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that MgO can act as a control processagent, reducing and
preventingMgH, agglomeratiorby attainingan ideal break-
agerate. In addition, the presenceof MgTiO3 performssu-
perior kinetics performanceof MgH, with the ability to ab-
sorb 5.0 wt.% H, in 500 s [65]. Other researchalso indi-
catesthat the presenceof MgZn, can assisthydrogendif-
fusion and promotesstructuraldefects(such as lattice dislo-
cationsand grain boundaries)66,67]. Moreover,the in situ
formation of MgZn, benefitedthe hydrogenstorageperfor-
manceof the MggsSrsZn, alloy [68]. According to another
study, Mgo.07ZNg 03 is convertedinto MgH, and intermetal-
lic MgZn, compoundsduring the early phasesof the hydro-
genationprocesg69]. During dehydrogenatiornthe generated
MgZn, nanoparticlesvere convertedto an Mg(Zn) solid so-
lution, which wasdistributedhomogenouslyn the MgH, ma-
trix. This intriguing reversiblephasechangeof Mg(zZn) bene-
fits substantiallyfrom the decreasén the thermodynamicsta-
bility of MgH, [70]. As a consequencehe catalyticeffectsof
MgZn,, MgTiO3 and MgO could collaborateto further boost
the re/dehydrogenatiokinetics of MgH, aswell aslower the
dehydrogenationemperatureHowever,to assesghe overall
impact and mechanismof the MgH,—Zn,TiO4 system,more
characterizatioremploying transmissionelectronmicroscopy
and X-ray photoelectrorspectroscopys required.

4. Conclusions

The inclusion of solid-statesynthesizedn,TiO4 benefited
the hydrogenstoragebehaviourof MgH,. By addingdifferent
wt.% of Zn,TiOy, the initial dehydrogenatiotemperatureof
MgH, was downshiftedto around290 °C-305°C. The kinet-
ics behaviourof the MgH, was also boostedwith the capa-
bility to absorb5.0 wt.% H, by the MgH,-Zn,TiO4 sample
at 250 °C within 300 s and liberates2.2—-3.6wt.% H, from
the compositesampleat 300 °C within 30 min. The dehy-
drogenationactivation energyof the MgH,—Zn, TiO, system
wasalsoreducedby 22% thanundopedMgH,. The excellent
hydrogenstoragebehaviourof the MgH,—Zn, TiO4 systemis
correspondingo the synergisticeffect of MgO, MgTiO3 and
MgZn, that formedin situ during the heatingprocessthat is
beneficialin amelioratingthe re/dehydrogenatiombehaviour
of MgH,. From the result, it can be deducedthat the solid-
statesynthesizedn,TiO,4 is a promisingadditiveto boostthe
hydrogenstoragebehaviourof MgH,. Thesefindings may be
advantageousnodificationsto the MgH, system.
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