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ABSTRACT

We present a comprehensive study on the contrplede synthesis and thermal decomposition
of Cd(BH,)4, a material for solid state hydrogen storage okthivia the metathesis reaction of
LiBH,4 with CdCb. By adjusting the stochiometry of the reactantd aontrolling the mechanical
milling vial temperature, we have isolated theagtmal P4,mn) low temperature phase and the
cubic Pn-3m) high temperature phase of the cadmium borohydridd(BH), has a low
thermodynamic stability and decomposes with fasetic at 348 K, when heated atKimin-*
against a backpressure of 1 bar A semi-quantitative analysis reveals that theodgmosition gases
are composed of 1:1,HB,Hs and that only Cd remains as solid crystalline phas
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1. Introduction

Since the first application of tetrahydroboratepassible solid material for hydrogen storage,

historically LiBH, [1], all the efforts have focused in the reductiohthe temperature of the



hydrogen release and on the enhancement of théidsrend reversibility for their hydrogenation
and dehydrogenation cycles. Destabilization of LiBtdn be achieved by the use of composite
systems like 2LiBi-MgH, [2—4], 6LiBH,-CaH, [3,5] or by adding metal like Al [3,4,6] where the
effects are to stabilize the products of the deamsitipn by forming the corresponding borides
(MgB,, Cah;, AlB,,...) and thus decrease the decomposition tempesgatOtéer systems have also
been investigated, for example LiBHINH [7] or LiNH,-MgH»-LiBH 4 [8] and in those cases new
guaternary hydrides with the composition of,BMNsHio [9] are formed and exhibit lower
decomposition temperatures.

The thermodynamic stability of the ionic borohydsds closely anti-correlated with the Pauling
electronegativity of the metal cations [10-12], aadcording to this principle double-cation
borohydrides MLiy(BH4),, have been synthesized to adjust the decomposémperatures. Partial
substitution of LT by others cations aim also at retain the graviméitydrogen content as high as
possible. For example LiZr(BHk, LioZr(BHa4)s, LIK(BH 4)2, AlsLis(BH4)13 and LiSc(BH)4 [11,13—
15] have been synthesized and most of them exthibrtnodynamic stabilities in between those of
M(BH,), and LiBH,. Nevertheless, none of them meet the desired h@nmtodynamic stability and
furthermore it has been shown that concurrentlipyidrogen diborane is also released during their
thermal decomposition.

The paper presents a comprehensive analysis strligture and the decomposition of crystalline
solvent free cadmium tetrahydroborate obtained ddi/rhilling. Cadmium was chosen for its large
Pauling electronegativityyp = 1.69), and thus the expected low thermodynanabil#ty cadmium
based borohydride together with the claimed sudgkessynthesis of lithium-cadmiun
tetrahydroborate (LCd(BH,)s) by wet chemistry methods [16].

2. Experimental
All the commercial chemical compounds were usedreaived powders without further

purification. All sample storage and handling wpegformed in an inert gas (Ar) glove-box (<



0.1 ppm, Q@ < 0.1 ppm). LiBH (Sigma-Aldrich no. 62460, 95.0%) and CdC¥igma-Aldrich no.
202908-10G 99.99%) were mixed in the molar ratids dnd 2:1 and then ball milled in a high
energy mill, Pulverisette P6, from Fritsch. Typiga2 g of powder were ball milled under argon
atmosphere in a 250 ml stainless steel vial comigif5 tungsten carbide balls of 8 mm in diameter
giving a ball to powder ration of ~ 158:2. Two $tgies were adopted to reduce the increase of the
temperature in the vial during the milling. Thestistrategy was to program 5 min. breaks aftenever
2 min. of milling (the samples prepared this wag denoted HM, standing for hot milled samples).
The second strategy was, using the same steppgtaprpto cool down the milling vial prior to the
milling and during the breaks by sinking it intdoath of liquid nitrogen (the samples prepared this
way are denoted CM, standing for cold milled sampl@he rotation speed was set to 650 rpm or
450 rpm and the typical milling time to 24 - 30 mnot including the breaks. The milling vial was
equipped with a GTM 1l lid, a Fritsch componenbaling the measure of the average temperature
and gas pressure in the vial during the millingr flee HM samples the temperatures reached at
maximum 308 K and for the CM samples the millingperatures were around 253 K.

The amount of gases released during the thermalngeasition (TD) of the samples was
measured in a Sievert's type system under 1,0ThHe Sievert's reactor was heated with a ramp of 1
K/min in a Carbolite furnace from room temperatupeto 523 K. About 0.5 to 1 g of sample were
used. A valve on the reactor prevented the powaen being exposed to air during transportation
from the glove-box to the Sievert's system. Theimmim operation time between the end of the
milling and the start of the TD was 20 minutes.

Powder diffraction X-Ray (PXD) pattern were recatd® a BRUKER D8 (40 kV, 40 mA, Cu
radiation K, =1.542 A). To avoid contact with air or moisturepalyethylene film covered the
samples. It gave rise to a broad peak at aroundr220, together with one weak peak from the
sample holder itself at 43.5°. These peaks werédud&d from the patterns during the Rietveld

refinements.



Mass spectrometry measurements (MS), using an Qar(iSSD 320) mass spectrometer, were
performed on the gases released from the samplasgdinermal decomposition and on the gas
contained in the vial after the milling process.

The possible phase transition temperatures of ¢we synthesized compounds were determined
by differential scanning calorimetry (DSC), usinijl@tzsch DSC 200 F3 calorimeter.
3. Resultsand discussions
3.1. Molarratio2:1

The diffraction patterns of the powders obtaine@ratold and hot milling of the 2:1 mixture
(2LiIBH4+CdCb) are displayed in figures 1 and 2. For both sample CdC] was detected. For the
CM-sample two phases were identified: a low tempeeapolymorph of the cadmium borohydride,
denoted here ag-Cd(BH,),, and LiCl. Thus, the controlled phase syntheseduserein allows to
isolate then-Cd(BH,). polymorph, enabling a good identification of itystal structure from X-ray
diffraction. For the HM-sample, the two main idéetl phases are a high temperature polymorph of
the cadmium borohydride, denoted herg&3d(BH,), and LiCl and while containing small amount
of Cd anda-Cd(BH,),, the diffraction pattern provides good data tmidg the 3-Cd(BH,). crystal
structure. Thex-Cd(BH,), crystallizes in the tetragonal system, space giapm. It is isostructural
to the high isostatic pressure tetragodallg(BH,). phase.[17][18]. It has one of the highest
volumetric hydrogen density (122 g/H at ambient conditions against 93 for LiBldnd 126 for
Be(BH,),). TheB-Cd(BH,), crystallizes in the cubic system, space groui,mantitype structure of
CwO [18]. It has an even higher volumetric hydrogemsity (131 g HL). The proposed data for
the crystallographic structures (see Table 1) cdroen the Rietveld refinement of the X-ray
diffraction patterns of figures 1 and 2. The hydmogtoms are omitted. The Rietveld refinements
show good agreement with the experimental datatrbieulata and high resolution X-ray diffraction
data would be required to accurately and fully dbscthe two structures. The quantitative phase

analysis gave the following phase composition: Givhiple ~ 30 mol%-Cd(BH,)2, ~70 mol%



LiCl, HM-sample 3-Cd(BHs)>~ 25 mol% , ~ 72 mol% LICl, ~ 2.5 mol%-Cd(BH,), and ~ 0.5
mol% Cd.

From these results, it is possible to state unandhigly that ball-milling of the 2:1 mixture of
LiBH 4 and CdCJ promote the following metathesis reaction:

2 LiBH4+ CdChL —» Cd(BHy), + 2 LiCl (1)

To investigate the existence of other possible ¢aadmnmtithium tetrahydroborate phases /
stochiometry, syntheses using LiBHch mixtures (4LiBH+CdChL) were also performed. It led to
the same results as for the 2:1 with the formawbnCd(BH,), and LiCl, leaving 2.LiBH as
unreacted. Furthermore it was found that any exo&4$$sBH, prevents the formation of unwanted
by-product (see sectid@?2.).

The control of the temperature within the millinghhas a dramatic effect. With hot milling the
low temperature polymorph exits only in small amicaimd the yield of the reaction is lowered by the
thermal decomposition of the cadmium borohydridepesved by the presence of Cd (see the
paragraplB.3. on the thermal decomposition). With cold millinghher yield is obtained and no
thermal decomposition occurs.

3.2.  Molarratio1:1

In continuation of the investigation of other padsicadmium-lithium tetrahydroborate phases /
stochiometry, syntheses using 1:1 mixtures (L4BEACL) were also performed. A diffraction
pattern of the powder obtained after hot millingtluis ratio is displayed in figure 3. No reflectgon
from LiBH,4 are detected but small amount of un-reacted €idGbund. The3-Cd(BH,), peaks are
identified together with these of Cd and LiCl. Faeitmore, a phase not present in the 2:1 ball-milled
powder is present and could be identified g&€dCl, The diffraction pattern shows broader peaks
then those of the 2:1 ratio. This is an indicatidrthe poor crystallinity, the presence of defants
the crystallites and/or the small crystallite sinéshe different phases and could originate frowa t

thermal decomposition of the hydride during thelingl While the peak positions are properly fitted



during the Rietveld refinement, their shapes togetiith the background are difficult to model and
thus the refinement is of poor quality. It doesallow conducting an accurate quantitative phase
analysis. Nevertheless, it can be stated unambghydliat ball-milling of the 1:1 mixture of LiBH
and CdCJ promote the following metathesis reaction:

LiBH4+ CdChL - 0.5 Cd(BH), + LiCl + 0.5 CdC} - 0.5 Cd(BH),+ 0.5 L,CdCl, 2)
The comparison of the reactions (1) and (2) esthétl after the examination of the products
obtained from the milling of the 2:1 and 1:1 mixdsiindicates that the reaction of Cg®lth LiBH,4
is favourable over the reaction of Cd@lith LiCl. It is only when all LiBH, has been consumed that
CdCl reacts with LiCl to form LiCdCL. If LiBH 4 is in excess then $CdCl, doesn’t form. A mass
spectrometry analysis of the gasses containedeinmiting vial revealed the only presences of H
and Ar (from the glove-boxe). The hydrogen can tmelpced during the substitution of Li by Cd or
by thermal decomposition of the new Cd@Hphase. The amount of,;Horesents in the vial
correspond to roughly 2 wt% of the hydrogen contdrine 2:1 mixture introduced in the vial. This
is in agreement with the results obtained fromrttmnitoring of the evolution of the pressure in the
milling vial.
3.3.  Thermal decomposition

A comprehensive analysis of the thermal decommousiproducts have been conducted by
combining mass spectrometry measurements, to ané#hgs chemical composition of the released
gases, a Sievert's type system, to monitor thetikg@nd amount of gas released and X-ray
diffraction to analyse the crystalline phases presethe remaining powder after thermal treatment.

In figure 4 are plotted the evolution of the numbé&moles of gas released by 1g of the samples
previously described during their thermal decomipmsifrom room temperature to 523 K. The
largest amount of gas released is found for the ZMsample, the lowest for the HM-1:1 sample.
This is in agreement with the results presented/@lamd the different composition of the samples;

for the 2:1 ratio the yield of the reaction (egsl)arger for the CM sample and the 1:1 ratio cimista



evidently less hydrogen than the 2:1 mixtures. Harrhore the HM-samples undergo thermal
decomposition during the milling. The decomposittemperature are much lower than for LiBH
373 K and 348 K for the 1:1 and 2:1 ratios respetfi to be compared with 523 K [6]. There is no
difference, except for the amount of gas releaisetthe shape of the curves for the (2:1) CM and HM
samples. The releases occur in one step in a tataperange <10 K, thus one should note here the
rather fast decomposition kinetics. The 1:1 cuivevss first a slightly slower release of gas (stati

at ~373 K) and a second, with a lower amount reléas between 388-405 K. This suggests that
either the decomposition of one compound occursvm steps or that two different compounds
decompose. This latter hypothesis seems unlikebctoir since only one containing hydrogen phase
was identified in the diffraction data. It is ndear why the thermal decomposition for the 1:1 HM
sample occurs at a temperature 25 K higher thath®R:1 samples. One possible explanation could
be that the heat provided to the powder is uséidsato complete the reaction between the unreacte
CdCkL and LiCl resulting in the formation of iGdCl, and the “delayed” hydrogen desorption.
Indeed the temperature is not directly measurdtienpowder but as the temperature of the sample
holder.

Mass spectrometry measurements were performedeogaites released by the different samples
during their thermal decomposition under dynamiatuum. Figure 5 displays an example of the
typical results here obtained for the 2:1 HM-sampl@e decomposition temperatures are in
agreement with those observed from the TD measuresmas well as the number of the
decomposition events. Only,lnd BHg were found to compose the released gases, nG tod¢&,
or HCI for example. One should note thatisl detected slightly before,Bs as a result of the mass
separation occurring during the pumping of the galseugh the capillary down to the detector.

The diffraction patterns, taken after the thernedamposition revealed that the only crystalline

phases detectable after the decomposition of CgBsICd. Of course every possible by-products



of the synthesis are present in the decompositiodyzts, as for example LiCl ordGdCl. (See
figure 6 for the decomposition products of 2:1 Cafrple).

The ratios of the experimentally obtained amountgates over the theoretical amounts of
hydrogen or hydrogen + diborane that could be seléarom the samples during their thermal
decomposition are plotted in figure 7. The resglearly indicate, in agreement with the mass
spectrometry measurements that the gases are cedhmidsl:1l, H+B,He whatever synthesis
conditions, CM or HM have been used. The ratiolfdrH,+B,Hs is closed to the theoretical value 1
while if only H, is supposed to be released then the ratio is @bbuflhis is to date the first semi-
guantitative analysis giving a 1:1,HB,Hs composition for the gas released during the cotaple
decomposition of a tetrahydroborate, in a studysdmae composition was given for Li{BH,)s but
only during its first decomposition step [19].

Thus it is clear, while rather unfortunate, thatiroeum borohydride will decompose, at a rather

low temperatureTy ~348 K) and fast kinetics, following the reaction:

CA(BH)2 — Cd + BHs + Hy 3)

At this point it is of course rather clear thatstiheaction will hinder any possible reversibility i
the material as to be use as solid state hydrageage media.
3.4. DSC measurements

In figure 8 the DSC curves for the 2:1 CM and HMagées are plotted. The samples were first
cooled down from room temperature to 253 K and theated up to 328 K at rates of +2 K/min.
During the cooling the signal of the HM sample, pased mainly of th@-Cd(BH,), shows an
exothermic event (from 281 to 289 K, maximum at85 X) that could be attributed to the phase
transition from the to thea polymorph. This event was not found for the CM pemDuring the
heating the signals for both samples show one @edothermic event, in between 313 to 325 K

with a minimum at ~316 K. This event must correspaon the phase transition from tlelow

temperature tetragonal (P 42 nm) structure to titéco(P r8m), B high temperature polymorph.



4. Discussion

Dry ball milling of nLiBH;:mCdC}L promotes the synthesis of Cd(BEand it is established that
depending on the stochiometry, an unwanted byptodLiegCdClL, can form if m/n > 0.5 or
unreacted LiBH can be found if m/n < 0.5. No Li-Cd containingréétydroborate were synthesized
and one could speculate that the energy of mecalanat!-milling is too large to synthesize the bi-
cation compound. Reduced milling speed, from 65850 rpm and control of the temperature into

the vial didn’t change the elemental compositiothefend product.

However, the control of the temperature and thietrsjochiometry have enable us to isolate two
different polymorphs of the cadmium tetrahydrober&or an apparent temperature of ~253 K in the
milling vial, the tetragonalR4,nm) structure was synthesized, while for an appatemperature of
308K, the tetrahydroborate adopted a culfin-Bm), structure. DSC measurements revealed that the
transition temperature from the low temperaturthohigh temperature polymorph is around 316 K.

The thermal decomposition exhibits very fast kiceetand occurs at low temperatufg~348K).

This value follows the quadratic correlation betwé®e decomposition temperatures and the Pauling
electronegativity of the cation as described by &haéri et al. [10] for M(BH), where M = Na, Li,
Mg, Sc, Zr and Zn. In figure 9 have been plofigadrersusyp for the data taken from [10] completed
with the value obtained in this study. The experitakdata have been fitted using the following
expression:

Ta=F1 (fp —F2)° (4)
whereF; = 175.914 andF, =3.11 are dimensionless fitting parameters.

The simple model of equ. 4 is supported by theofaithg simple analysis. Pauling [20] pointed
out that the energ\E(A-B) of heteratomic bonds is related to the differebetveen the electron-
attracting abilities of A and B by the relation:

Xa- Xe O{ E(A-B) - [E(A-A) +E(B-B)]/2}" (5)



where the second term can be approximately cakdifabm the heat of formatioAl;) in the case
of MX,, X being an anion, thus giving:

Xa-xe O (-AH¢/n)* (5)
Then using the well-known Van't Hoff equation orf@ained the expression of equ. 4. whigsecan
be viewed as the electron attracting ability of B¢, anion andF; contains the entropy values of
the decomposition considered in a first order apjpnation as constant for all compounds and due to
the release of the gases, the contribution fromctigstalline phases formed as product being here
neglected (but not negligible in reality).

The release of gaseousHg has previously been observed for borohydride deosmng at
temperatures below 25C [21] and our semi-quantitative analysis giveslaH,+B,Hs composition
for Cd(BH,),. Attempts to use additives to catalyze the spttf diborane were not successful [19],
probably because of the deactivation of the adeticovered by boron [22] and until now no
solution has been proposed. The difficulty residebe rather strong B-H bond to be broken.
5. Conclusions

We have presented a comprehensive study on theroledt phase synthesis and the
decomposition of Cd(Bh4, a potential material for solid state hydrogerragge. It emphasizes the
importance of the control of the synthesis paramse##/ith simple control of the temperature during
the milling and with stochiometric adjustments, ag/e been able to isolate and characterize two
polymorphs of the cadmium borohydride. The semintjtative analysis conducted on the
decomposition gases have permitted to clearly ifyemind quantify the decomposition gases,
composed of 1:1 HB,Hs The temperature of decomposition is found to fellthe quadratic
correlation between the decomposition temperatanesthe Pauling electronegativity of the cation

for borohydrides of general formulae: M(Bk
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Figures
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Fig. 1. PXD pattern of 2:1 CM-sample. The dots are thesdrgental points, the line is the refined

pattern based on the Rietveld method, the bottoenié the difference between the experimental and
the refined pattern (R = 8.7 %). The ticks are the position of the Bragaks- upper linex-

Cd(BHy)2, lower line LiClI.
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Fig. 2. The PXD pattern of 2:1 HM-sample. The dots aeeekperimental points, the line is the
refined pattern based on the Rietveld method, tii®in line is the difference between the
experimental and the refined pattern,{R 6.1 %). The ticks are the position of the Bragghs - i

line: B- Cd(BHs),, 2" line: LiCl, 3% line: Cd, 4" a- Cd(BH,)..



Intensities (a.u.)
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Fig. 3. The PXD pattern of 1:1 HM-sample. The dots aeeekperimental points, the line is the
refined pattern based on the Rietveld method, thi®in line is the difference between the
experimental and the refined pattern,{R 10 %). The ticks are the position of the Braggkse- '

line: B- Cd(BHu),, 2" line: Li,CdCL, 3%line: LiCl, 4" line: Cd, & line: CdC}.
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Intensities (a.u.)
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Fig. 6. The PXD pattern of the 2:1 CM-sample after itgried decomposition up 803 K. The dots
are the experimental points, the line is the refipattern based on the Rietveld method, the bottom
line is the difference between the experimentalthedefined pattern. The ticks are the position of

the Bragg peaks “line: LiCl, 2" line: Cd.
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) 1:1 HM-sample, fem === ) 2:1 CM-sample an ( ) 2:1 HMrgdes over the

nexp/mz+s2ne Thin lines: nexp/rp.
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Fig. 8. DSC curves for theLl—_ ) 2:1 HM-sample and L. ) 2:1 Cimgple. The samples were

first cooled down from room temperature to 253 ight to left arrow, upper part) and then heated to

328 K (left to right arrow, lower part) at a ratet® K/min. The negative heat flow is endothermic.
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Fig. 9. The desorption temperaturdg,of M(BH,), as a function of the cation M Pauling
electronegativityp. The filled circles are plotted using the expemtaé desorption temperatures
published in [10], the empty circle is from thisidy. The blue line is a least square fit of thenpmi

(Td = A.(xs-B)?, A and B fitting parameters — see section 4



Table 1. Structural data, without the hydrogen atomic patams, for the two Cd(Bhh

polymorphs.
Phase Space Cell Atomic parameters
group parameters Atom  Oxid. Wyckoff pos. x/a y/lb z/c
a=b=564 Cd -2 2a 0 0 0
a-Cd(BH,)2 P4,nm
c=6.33 B 1 4c 1/4 1/4 1/4
~ a=b=c Cd -2 2a 1/4 1/4 1/4
B-Cd(BH,)2 Pn3m
5.89 B 1 4b 0 0 0



