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Combined x-ray photoelectron spectroscopy and scanning electron
microscopy studies of the LiBH;—MgH, reactive hydride composite with
and without a Ti-based additive
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A detailed electronic and microstructural characterization is reported for the LiBH,—MgH, reactive
hydride composite system with and without titanium isopropoxide as additive. Surface
characterization by x-ray photoelectron spectroscopy combined to a morphological study by
scanning electron microscopy as well as elemental map composition analysis by energy dispersive
x-ray emission are presented in this paper for the first time for all sorption steps. Although sorption
reactions are not complete at the surface due to the unavoidable superficial oxidation, it has been
shown that the presence of the additive is favoring the heterogeneous nucleation of the MgB, phase.
Ti-based phases appear in all the samples for the three sorption steps well dispersed and uniformly
distributed in the material. Li-based phases are highly dispersed at the surface while the Mg-based
ones appear, either partially covered by the Li-based phases, or forming bigger grains. Ball milling
is promoting mixing of phases and a good dispersion of the additive what favors grain refinement

and heterogeneous reactions at the interfaces. © 2011 American Institute of Physics.

[doi:10.1063/1.3525803]

I. INTRODUCTION

Hydrogen as energy carrier combined to fuel cells rep-
resents an efficient and clean solution for meeting the power
demands in portable applications.1 The challenge is to make
hydrogen safe and reliable for automotive applications. The
U.S. Department of Energy (DOE) imposed high gravimetric
and volumetric storage densities for transportation applica-
tion (9.0 wt % and 91 kg m™> for 2015).> Up to now, sev-
eral classes of candidates as hydrogen storage materials have
been investigated including metal hydrides,l’sf6 chemical
hydrides,7’8 organometallic Complexes,9 etc. Among them the
lithium borohydride LiBH, appears to be a potential candi-
date due to its high hydrogen storage capacities (18.3 wt %,
121 kg m™?) which theoretically could fulfil the DOE re-
quirements. However, LiBH, is rather stable and the dehy-
drogenation  reaction proceeds only at elevated
temperatulres.7’10_12 Recently it has been reported that by
combination with magnesium hydride MgH,, MgB, is
formed during the desorption reaction; the overall reaction
enthalpy is, therefore, lowered and allows for lower reaction
temperatures keeping the high hydrogen storage c:apacity.n’14
The reaction, which has been shown to be reversible, re-
leases about 10.5 wt % of hydrogen according to the desorp-
tion reaction, as follows:
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2LiBH, + MgH, <+ 2LiH + MgB, + 4H,. (1)

The system is known as a typical reactive hydride composite
(RHC) (Refs. 13 and 14) and shows a two step Kinetics for
desorption. First MgH, desorbs and forms Mg. After an in-
cubation period the LiBH, decomposes leading simulta-
neously to the formation of LiH and MgB, with additional
hydrogen release.'™'® It has been demonstrated that MgB,
formation is the key for the reversibility.m‘17 To reach the
DOE requirements, the dehydrogenation/hydrogenation of
the system needs to be improved to reduce the incubation
period as well as the overall reaction kinetics. Several addi-
tives such as transition metal oxides or chlorides have been
proved to significantly reduce the incubation period.14 The
organometallic compound titanium isopropoxide (Ti-iso) was
found to be one of the most efficient additives for this
system.ls’16 Additionally the initial activation and mixing of
materials and additives by high energy ball milling is also
contributing strongly to kinetic improvement.ls"6

The characterization of the additives in the initial and
cycled composites was a first step toward understanding the
function of additives and the mechanism of H, sorption
reactions.'® ! It has been demonstrated that additives evolve
during milling and/or first desorption to form metal boride
nanoparticles. These particles act as nucleation sites for the
heterogeneous nucleation of the MgB, phase what makes the
kinetic faster and reduce strongly the incubation period for
the second desorption step. In the case of Ti-based additives
we have demonstrated that the additive reduces from Ti(IV)
oxide in the as milled sample to form the active TiB, species

© 2011 American Institute of Physics
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during the first desorption reaction. At the same time the
additive species migrate to the bulk where they favor hetero-
geneous reactions at the interface of reactants.” Additionally
a recent exhaustive microstructural characterization for the
2LiBH;—MgH, RHC system with and without the Ti-iso
additive®* has shown that microstructural effects, related to
the high dispersion of titanium-based additives, result in a
distinct grain refinement of MgB, and an increase in the
number of reaction sites, causing acceleration of desorption
and absorption reactions.

In this work it is shown a detailed study of the surface
composition and the oxidation states in the LiBH,—MgH,
composite by x-ray photoelectron spectroscopy combined to
a morphological study by scanning electron microscopy
(SEM) as well as elemental map composition analysis by
energy dispersive x-ray emission (EDX). Samples have been
characterized after ball milling, desorption and one cycle and
the influence of the Ti-iso additive has been investigated by
comparison of the system with and without additive. No pre-
vious results have been presented by this combination of
techniques on the LiBH,—MgH, RHC system. New data are
reported regarding microstructural characterization, grain
size, surface composition, and elemental distribution in the
microscale. Data are compared to previous results by X-ray
absorption spectroscopy (XAS), x-ray diffraction (XRD),
transmission electron microscopy (TEM), selected-area elec-
tron diffraction (SAED), and electron energy loss spectros-
copy (EELS) in Refs. 18-22. The new results in this paper
will contribute to the understanding of the reaction mecha-
nism and the influence of the additives on the kinetics.

Il. EXPERIMENTAL
A. Sample preparation

Samples were prepared by high energy ball milling in a
Spex 8000 mixer mill using a ball (steel) to powder ratio of
10:1. The initial microcrystalline powders, Lithium borohy-
dride LiBH, (95% purity), Magnesium hydride MgH, (98%
purity, the rest being Mg) and titanium isopropoxide Ti-iso
(99.995% purity) were purchased from Alfa Aesar. Microc-
rystalline powders used as reference samples, lithium hy-
dride LiH (99.4% purity) and Magnesium boride MgB, were
produced by Alfa Asear.

MgH, was previously milled for 5 h before being mixed
with LiBH, and 5 or 10 mol % of Ti-iso for a further 5 h
milling. A set of samples without additive was also prepared
to be used for comparison. For the preparation of samples at
the different sorption stages, hydrogen cycling was per-
formed in a thermovolumetric Sieverts apparatus designed
by Hydro Quebec/HERA Hydrogen Storage System. Desorp-
tion and absorption reactions were performed, respectively,
at 400 °C and 350 °C under 5 and 50 bar hydrogen.15

Preparation and handling were performed under continu-
ously purified argon or nitrogen atmosphere in glove boxes.

B. Sample characterization

TEM analysis was performed in a Philips CM200 micro-
scope operating at 200 kV and equipped with an EDX detec-
tor. Samples were diluted into dried toluene inside the glove
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box, dropped onto a copper grid and introduced into the mi-
croscope. A vacuum gate valve allowed the sample to be
isolated in a prechamber for complete evaporation of toluene
prior to transfer for analysis.

SEM analysis was performed in a high resolution field
emission gun microscope HITACHI S 4800 operating at 2
kV. For EDX spectroscopy a voltage of 5 kV has been ap-
plied. The EDX detector also allows the registration of indi-
vidual elemental mapping. Samples were diluted into dried
hexane inside the glove box, dropped onto a copper grid and
introduced into the microscope. A vacuum gate valve al-
lowed the sample to be isolated in a prechamber for com-
plete evaporation of hexane before transfer for analysis. For
elemental mapping samples containing 10 mol % Ti-iso
have been used to ensure a good signal for Ti elemental
maps. Distribution of B, O, Ti, and Mg elements are pre-
sented.

XRD measurements were performed with a powder dif-
fractometer Siemens D5000-D with a goniometer for trans-
mission geometry and carried out with Cu-Kea radiation. The
samples were sealed in a glass capillary inside the glovebox.
Data acquisition was performed for 26 angle range of 15°-
90°.

XPS spectra were recorded with a SPECS Phoibos150
electron spectrometer and a Delay Line Detector in the nine
segmented mode, using Al Ka radiation (1486.6 €V) in an
ultrahigh vacuum chamber at a base pressure of 6
X 10710 mbar. Li s, Mg 2p, Mg KLL, B 1s, and Ti 2p
core level XPS spectra were acquired with 20 eV pass energy
and 0.5 eV energy step at normal emission take-off angle.
The binding energy reference was taken as the main compo-
nent of the C 1s peak at 284.6 eV for a mixture of adventi-
tious carbon.

The Auger parameter « has been calculated for the Mg
species using the following equation:

a(Mg) = BE(Mg 2p) + KE(Mg KLL), 2)

where BE(Mg 2p) is the binding energy of the Mg 2p peak
and KE(Mg KLL) is the kinetic energy of the Mg auger peak.

Powder samples were deposited onto adhesive Cu sub-
strates inside the glove box and transported in N, atmosphere
to the XPS spectrometer. A portable glove box was coupled
to the XPS load-lock chamber to avoid air exposure of the
samples.

lll. RESULTS
A. Description of investigated samples

The RHC 2LiBH,+MgH, desorption was found to occur
according to reaction (1) (see introduction section). In this
work RHC samples will be characterized in three steps: (i) as
prepared by high energy ball milling of 2LiBH,+MgH,
(with and without additive), (ii) after desorption, and (iii)
after one hydrogen cycle (hydrogen absorption after first de-
sorption). Samples without and with 5 or 10 mol % Ti-iso
will be compared and are summarized in Table I with their
corresponding labels.

X-ray diffraction has been carried out to identify the
different crystalline phases present and to check completion
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TABLE I. Summary of investigated samples and labels.

J. Appl. Phys. 109, 014913 (2011)

Label Samples Condition

M, 2LiBH,4+MgH, after ball milling Untreated surface
M, 2LiBH,+MgH, after desorption Untreated surface
M; 2LiBH,+MgH, after 1 cycle Untreated surface
Mi_iomi 2LiBH;+MgH,+10 mol% Ti-iso after ball milling Untreated surface
M,_o1i 2LiBH,+MgH,+10 mol% Ti-iso after desorption Untreated surface
M;_io1i 2LiBH,+MgH,+10 mol% Ti-iso after 1 cycle Untreated surface

M _sti 2LiBH,+MgH,+5 mol% Ti-iso after ball milling Untreated surface
My_smi 2LiBH,4+MgH,+5 mol% Ti-iso after desorption Untreated surface
M; sy 2LiBH,+MgH,+5 mol% Ti-iso after 1 cycle Untreated surface
AMM sy 2LiBH,+MgH,+5 mol% Ti-iso after ball milling Alter 1 h Ar* sputtering
A Moy 2LiBH,+MgH,+5 mol% Ti-iso after desorption Alter 1 h Ar* sputtering
AMM_spi 2LiBH,+MgH,+5 mol% Ti-iso after 1 cycle Alter 1 h Ar* sputtering

for the different sorption stages. Figure 1 shows XRD pat-
terns of 2LiBH,+MgH, and 2LiBH,+MgH,+5 mol% Ti-
iso after ball milling (a), desorption (b), and reabsorption (c)
with indication of the expected peak positions for reference
materials indexed in the upper part. After ball milling, main
peaks corresponding to [B-MgH, and LiBH, phases are
clearly identified in both samples. The possible formation of
MgO phases cannot be detected in the as milled materials
due to the amorphous character of oxide passivation layers23
before the heating sorption steps. The diffractograms inten-
sity in presence of Ti-iso is found to be smaller due to the
absorption of Ti atoms and the transmission geometry of the
diffraction measurements. After desorption [Fig. 1(b)] LiH
and MgB, phases are observed; the presence of MgO is con-
firmed especially in the sample containing the Ti-iso additive
which is the main source of oxygen in these samples. After
one cycle [Fig. 1(c)] the major peaks are indexed as S-MgH,
and LiBH, phases what confirms the reversibility of the re-
action described above. MgO presence is found even more
visible for the sample with Ti-iso additive after one cycle due
to the crystallization of amorphous oxide phases upon heat-
ing. A detailed analysis of the XRD data has been presented
in Ref. 22.

In the three sorption states, no crystalline Ti phases were
identified by XRD which shows the advantage of using tech-
niques as x-ray photoelectron spectroscopy to study the role
of the additive and the surface composition.

B. X-Ray Photoelectron analysis

XPS analysis was carried out to investigate the chemical
composition of the surface of the investigated samples and to

L O S N R Mg0
) 9 1 \ \ 1 B-MgH,
e[ T[T e 1 I [ T T IT1 e,
- a) b) c)

§ :
g ‘.' Y2 A A)\ 1L, ) M3 g
= e A A 8T M6y \ j\ M3.gTi| £
20 30 40 50 60 70 20 30 40 50 60 7025 30 35 40 45
26 () 26 () 26 ()

FIG. 1. (Color online) XRD patterns of 2LiBH,+MgH, and 2LiBH,
+MgH,+5 mol % Ti-iso after ball milling (a), after desorption (b), and one
cycle (c). Peaks of references are indexed above: tetragonal MgH,
(B-MgH,), orthorhombic LiBH,, cubic MgO, hexagonal MgB,, and cubic
LiH.

study the influence of the additive by comparing samples
with and without Ti-iso. The intensity of XPS signals are
characterized by an exponential decay from surface to bulk
given by the mean free path of photoelectrons of a particular
kinetic energy in each particular material.** In our measure-
ments we estimate an analysis depth by XPS of around 50 A
from the surface. Samples without additive (M;, M,, and
M;) have been analyzed and compared to samples with
5 mol % Ti-iso at the same sorption stages (M;_sti, Ma_sTi,
and M;_sp;) according to labeling shown in Table I. Addi-
tionally a study of the subsurface layers of the samples with
additive has been carried out by doing the XPS analysis after
1 h Ar* sputtering (samples “™“M;_ s, "M, sy, and
A™M,_s; in Table I). The estimated value of removed mate-
rial during sputtering is in the order of magnitude of few
hundreds of nanometer.

First reference samples (MgB,, MgH,, LiBH,, LiH,
TiO,, and TiB,) were analyzed to be compared to the RHC
materials. The Li 1s, Mg 2p, B 1s, and Ti 2p photoelec-
tron peaks have been registered. Figure 2 shows the Li s
photoemission peak in LiH and LiBH,, the Mg 2p photo-
emission peak in MgH, and MgB,, the B 1s photoemission
peak in LiBH, and MgB, and the Ti 2p photoemission peak
in TiO, and TiB,. The binding energy positions of the de-
convoluted peaks and their corresponding chemical species
identified for Li, B, and Mg are summarized in Table II. At
this point it is important to consider that due to surface re-
activity, unavoidable oxidized species will be detected by
XPS in all analyzed samples.

The Li 1s photoemission peaks in LiH and LiBH, ref-
erences show a single component identified as the contribu-
tion of the hydride and the associated oxide. It has been
shown that binding energies of a hydride and its associated
oxide overlap23 and it is difficult to distinguish both contri-
butions without using x-ray synchrotron radiation sources.”
LiH/Li,O species show a Li ls peak at 55.0 eV in LiH
(Refs. 26 and 27) whereas in LiBH, the Li 1s peak at 56.2
eV reported here is identified as LiBH4/LiB,O,.

In MgH, only one peak at 49.8 eV for Mg 2p is identi-
fied as the hydride and oxide components have overlapping
of this photoelectron peak.23 The Mg Auger parameter

Downloaded 31 May 2012 to 161.111.180.191. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



014913-4 Deprez et al.

Li1s

LiH

Photoelectron yield (arb. u.)

Photoelectron yield (arb. u.)
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B 1s
. LiBH,

Photoelectron yield (arb. u.)

195 192 189 186 183 195 192 189 186 183

Ti 2p

Photoelectron yield (arb. u.)

54 52 50 48 46
Binding Energy (eV)

54 52 50 48 46
Binding Energy (eV)

468 464 460 456 452 468 464 460 456 452

Binding Energy (eV) Binding Energy (eV)

FIG. 2. (Color online) Li 1s, B 1s, Mg 2p, and Ti 2p photoemission spectra for references samples: LiH, LiBH,, MgH,, MgB,, TiO,, and TiB,.

calculated for the MgH,/MgO species in the reference ma-
terials is, according to data in Table II, 1231.4 eV which is
close to the value obtained by Vasquez et al.®® found to be
equal to 1230.9 eV.

In magnesium diboride, MgB,, the Mg 2p peak can best
be fitted by assuming two different chemical states at 48.6
and 49.9 eV. The contribution at lower binding energy is
attributed to MgB, whereas the one at higher energy corre-
sponds to magnesium oxide MgO (formed by surface oxida-
tion of the reference material) and was found close to the one
identified in MgH, and in agreement to the literature.”®* In
Table II are also indicated the two Mg KLL peaks of MgB,
and MgO species. The Auger parameter for the MgO is
found equal to 1231.2 eV in agreement with the value for the
MgH,/MgO reference material and the literature data.”® The
Auger parameter corresponding to MgB, is evaluated to be

12349 eV in our measurements in agreement with the
1234.35 and 1234.6 eV values found respectively by
Vasquez et al. and Serquis et al.®

The B s peak in LiBH, shows two different chemical
states: the hydride phase and the associated oxide. The hy-
dride phase LiBH, appears at 187.8 eV whereas the oxide
phase at 192.0 eV corresponds to B,O5; which are both in
agreement with the literature values.” In MgB,, three differ-
ent contributions are clearly distinguished: magnesium di-
boride MgB, and two oxides. MgB, appears in the B 1s at
185.8 eV and its oxides at 187.4 and 191.1 eV which are
identified to the oxides B,O, (x/y=3) and B,O, (1.5<x/y
< 3) according to the literature.*

The TiO, reference shows the Ti 2p doublet with a
Ti 2p 3/2 at 458.5 eV characteristic of TiO, photoemission
peaks.31 In TiB, two different chemical states of Ti are iden-

TABLE II. Summary of XPS core level binding energies (Li 1s, B 1s, Mg 2p) and Auger electron kinetic energy (Mg KLL) for the reference samples MgB2,

MgH2, LiBh4 and LiH with indication of the corresponding chemical species.

Lils B 1s Mg 2p Mg KLL
Position Chemical Position Chemical Position Chemical Position Chemical
B.E. (eV) Specie B.E. (eV) Specie B.E. (eV) Specie B.E. (eV) Specie
185.8 MgB, 48.6 MgB, 1186.3 MgB,
49.9 MgO 1181.3 MgO
187.4 B,O,
MgB My
£ (x/y=3)
191.1 B,O,
(1.5<x/y<3)
MgB, 49.8 MgH,/MgO 1181.6 MgH,/MgO
LiBH, 56.2 LiBH4/LiB,O, 187.8 LiBH,
192.0 B,0;
LiH 55.0 LiH/Li,O
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MgB, LiH/LiZO

LiBH/LIBO, MgH,/MgO LIBH,/LiB O }

Photoelectron yield (arb. u.)

LiBH/LBO;  MgH/MgO

I

60 58 56 54 52 50 48 46

60 58 56 54 52 50 48 46

60 58 56 54 52 50 48 46

Binding Energy (eV)

FIG. 3. (Color online) Li 1s and Mg 2p photoemission peaks for 2LiBH,+MgH, after ball milling (M,), desorption (M,), and one cycle (M3) and for
2LiBH4+MgH,+5 mol % Ti-iso after ball milling (M,_sy;), desorption (M,_sp;) and one cycle (Mj_sp;). Li 1s and Mg 2p photoemission peaks for
2LiBH,+MgH,+5 mol % Ti-iso for the three sorption stages after one hour Ar* sputtering (**M;_sy, “"M,_sy;, and A M;_sry).

tified at 458.6 and 454.1. The higher binding energy contri-
bution is characteristic of TiO, whereas the second one can
be attributed to TiB, according to the literature.” The sur-
face oxidation of the titanium boride reference is clear in
Fig. 2.

Figure 3 shows the Li 1s and Mg 2p photoemission
peaks for 2LiBH,+MgH, and 2LiBH,+MgH,+5 mol % Ti-
iso at the three sorption stages (as milled, desorbed and
cycled). For samples with additive spectra are also shown for
the same stages after one hour Ar* sputtering. The labeling
of samples is summarized in Table I.

After ball milling, the Li 1s peaks look similar in both
samples with and without Ti-iso and are centered on the
position for the reference LiBH,/LiB,Oy at 56.1 eV. A dif-
ference between the two samples is, however, clearly marked
by the Mg 2p peak. In presence of Ti-iso additive, a peak
associated to MgH,/MgO is observed at 49.8 eV whereas
only small traces of Mg species were registered in case of the
sample without additive. This difference can be explained by
the difference observed in TEM measurements performed on
the two samples and presented in Fig. 4. Particles with sizes
in the range 0.1-1 um appear in the micrographs with a
darker contrast and are identified by EDX as the MgH, par-
ticles. In addition, a lighter matrix appears surrounding the
MgH, particles. These areas have been identified as the
LiBH, phase, as determined by EDX by comparison to a
pure LiBH, sample. The Ti-based additive has been detected
by EDX in the corresponding sample [Fig. 4(b)]. Detailed
analysis of these two samples is given in Ref. 22. However,
the distribution of the LiBH, phase embedding MgH, ap-
pears to be quite different in presence of the Ti-iso additive.
In samples with additive the LiBH, phase present voids [la-
beled with arrow in Fig. 4(b)] which can explain the pres-
ence of a higher XPS Mg signal as compared to the sample
without additive.

After desorption the Li 1s peaks shift to lower binding
energy in both samples what is compatible with the presence
of a contribution associated to LiBH,/LiB,O, and also a
contribution corresponding to LiH/Li,O. This suggests that
reaction on surface is not complete most probably due to the
presence of surface oxidation species. The reaction is com-
plete in the bulk according to XRD data. For Mg 2p peaks a
component of MgO, or unreacted MgH,, is observed at 50
eV. At 48.6 eV a component is identified as MgB, in agree-
ment with the peaks in the reference sample. This component
appears to be more important in presence of Ti-iso which
remarks the effect of the additive. Additionally Mg KLL

OK,, Region A

ot

Cu KMA.A__

8 10

Intensiy (arb. u)

2 4 6
Energy (keV)
Region B CuK
oK,

CuK

Intensity (arb. u)

4 6
Energy (keV)
Region A CuK

OK,, “

Intensity (arb. u.)

Region BT — CuK

OK,

(Mg K,
| TiK, )

0 2

tensity (arb. u.|

FIG. 4. TEM micrographs and EDX spectra from representative areas (as
indicated by the arrows) for the following milled samples: (a) 2LiBH,
+MgH, (M,) and (b) 2LiBH,+MgH,+5 mol % Ti-iso (M_sr;)-
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FIG. 5. (Color online) B 1s photoemission peaks for 2LiBH,+MgH, after ball milling (M), desorption (M,), and one cycle (M) and for 2LiBH,
+MgH,+5 mol % Ti-iso after ball milling (M,_sy;), desorption (M,_s;) and one cycle (Ms_sy;). B 1s photoemission peaks for 2LiBH,+MgH,+5 mol %
Ti-iso for the three sorption stages after one hour Ar* sputtering (“"M_sp;, ™"M,_sp;, and 2™ M;_sy,).

peaks (not shown) are found to be similar to the one of MgB,
reference sample. Similarly to Mg 2p the Auger peak corre-
sponding to MgB, at 1186.3 eV is more intense in presence
of Ti-iso additive. The Auger parameter for the MgB, com-
ponent is found equal to 1234.9 similar to the reference
sample and close to the values from the literature.***

As expected for a reversible system, after one cycle the
system presents similar chemical states as in the ball milled
original state. Two components are clearly identified: the
component of LiBH,/LiB,O, at 56.2 eV and the one of
MgH,/MgO at 49.9 eV.

Effects observed after Ar* sputtering regarding oxidation
state and intensity changes may be analyzed with care due to
preferential sputtering effects. A preferential removal of Li
and B containing phases seems to indicate the covering of
Mg-based phases by the Li-based phases.

Figure 5 shows B 1s photoemission peaks for 2LiBH,
+MgH, and 2LiBH;+MgH,+5 mol % Ti-iso at the three
sorption stages (as milled, desorbed, and cycled). For
samples with additive spectra are also shown for the same
stages after one hour Ar* sputtering. The labeling of samples
is summarized in Table 1.

After ball milling, in M| and M, _sp;, the presence of two
different chemical states in B 1s is clearly observed. The
contribution of LiBH, at 187.8 eV and the one of B,05 oxide
at 192.1 eV are in agreement with the literature’ and our
data for the LiBH, reference material in Fig. 2. After desorp-
tion, B 1s is quite different for M, and M,_sp;. In M, the
presence of LiBH, and boron oxides is clearly identified
whereas in M,_s; a component at 185.6 eV appears and is
attributed to MgB, according to B 1s binding energy of pure
MgB,. The desorption reaction appears not complete at the
surface being favored in the presence of the additive. The
presence of oxide species at the surface does not allow de-
tecting a complete transformation to MgB,. After one cycle
the B s peak shows the two components present in the ball

milled samples. A smaller contribution of the oxide is ob-
served which can be explained by the reduction of surface
oxidation under the absorption conditions.

After one hour Ar" sputtering both milled and one
cycled sample show a preferential removal of LiBH, oxida-
tion products indicating the covering of Mg-based phases by
highly dispersed Li-based phases. Nevertheless the effects
observed after Ar* sputtering regarding oxidation state and
intensity changes may be analyzed with care due to prefer-
ential sputtering effects.

Figure 6 shows the Ti 2p photoemission peaks for
2LiBH,;+MgH,+5 mol % Ti-iso at the three sorption stages
(as milled, desorbed, and cycled) before and after one hour
Ar* sputtering. The labeling of samples is summarized in
Table I.

For the original milled sample (M,_sr;), one component
at 458.3 eV corresponding to a fully oxidized Ti (IV) is
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FIG. 6. Ti 2p photoemission peaks for 2LiBH,+MgH,+5 mol % Ti-iso
after ball milling (M;_sp;), desorption (M,_sy;) and one cycle (Ms_sp;) and
for the same samples after one hour Ar* sputtering (“"M_sz;, *™M,_smi,
and A*"Mj_s;)
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FIG. 7. (Color online) Atomic composition for 2LiBH,+MgH, after ball
milling (M,), desorption (M,) and one cycle (M;) and for 2LiBH,+MgH,
+5 mol % Ti-iso after ball milling (M,_s;), desorption (M,_sy;) and one
cycle (Ms_sry).

clearly identified. Shoulders at lower binding energies are
attributed to reduced oxides, like Ti,O3,>> which could be
formed during the milling process and are also present at the
surface. These oxide like species are likely the main products
of the titanium isopropoxide decomposition. Figure 6 shows
that Ti species are not further detected on the surface upon
desorption and cycling (samples M,_sp; and M;_sy;), indicat-
ing a migration of Ti species into the bulk. Therefore, the
formation of titanium boride species cannot be observed by
XPS. These active species have been unequivocally detected
by previous XAS and TEM studies.'® !

Figure 6 also shows the Ti 2p photoelectron peaks for
the same samples after one hour Ar* sputtering treatment.
The removal of material, by long time sputtering, shows the
presence of the Ti phases in the cycled samples in the sub-
surface region. In sample “™M,_sy;, Ar* sputtering produces
reduction in titanium oxide, which likely is due to preferen-
tial sputtering of oxygen.33 This effect does not allow getting
conclusions on the oxidation state of Ti in the bulk of cycled
samples. Nevertheless, the migration of Ti species from the
surface to the bulk during the first desorption is the main
conclusion observed from the Ti 2p peak analysis.

A quantitative analysis of O s, B s, Li 1s, Mg 2p,
and Ti 2p photoelectron peaks has been carried out and the
corresponding atomic concentrations have been calculated.
In Fig. 7 is represented the surface atomic composition for
2LiBH,+MgH, and 2LiBH,+MgH,+5 mol % Ti-iso after
ball milling (M; and M,_sy;), desorption (M, and M,_s;)
and one cycle (M5 and M;_spy).

After ball milling the Li/B ratio is found to be close to 1
for both samples, with and without additive (M; and M _sy),
corresponding to the ratio in LiBH,. The difference observed
previously on Mg 2p intensity between M; and M _sy; is
confirmed by the Mg atomic concentration. The oxygen con-
centration of about 30% can be explained by the high sensi-
tivity and the reactivity to water and oxygen of hydrides as
well as from the oxygen brought by the additive. The con-

J. Appl. Phys. 109, 014913 (2011)

FIG. 8. (Color) SEM micrographs of 2LiBH,+MgH, after ball milling.
Up-left: image at 2 kV. Up-middle: image at 5 kV. Up-right: elemental
mapping of B (red), Mg (blue), O (green), and secondary electrons (white).
Individual distributions of each element in the sample are presented in the
bottom.

centration of Ti is observed for M;_st; and found to be very
small due to low Ti concentration in the samples and its
distribution on the surface and in the bulk.

After desorption the reaction is not complete on the sur-
face as already observed in the study of the photoelectrons
peaks. In fact there is an excess of the B signal as compared
to Mg what indicates that boron is forming not only MgB,,
but also LiBH, and oxidized species like LiB,Oy or boron
oxides. The Mg concentration is found here higher than in
ball milled samples. In Ref. 22 a detailed TEM study has
shown that elongated crystals of MgB, are dispersed in a
LiH matrix whereas in the milled state MgH, are agglomer-
ated into particles surrounded by LiBH,. The higher atomic
concentration of Mg for the M,_st; sample indicates again
the favorable effect of Ti-based additives to improve the het-
erogeneous nucleation of MgB, (higher dispersion of this
phase). The O atomic concentration is found lower in the
presence of additive which can maybe due to the migration
of the O containing species associated to Ti-iso into the bulk
as it has been shown in Fig. 6.

After one cycle, the same observation on Mg and Li
concentration can be done as for ball milled sample. Li and
B signals appear correlated showing high intensity as corre-
sponds to the high dispersion of LiBH, onto the MgH, big-
ger crystals. Single crystals of MgH, of respectively 1100
and 760 nm for M; and Mj_s; have been observed by
TEM.” In presence of Ti-iso, the MgH, crystals are smaller
and have, therefore, a higher surface area which is in good
agreement with the higher Mg concentration at the surface
found here. A significant decrease of oxygen concentration is
also observed after one cycle which may be due to the heat-
ing at 350 °C under 50 bar H,.

C. Scanning electron microscopy (SEM)

Morphology and elemental composition studies in the
samples have been undertaken combining SEM with elemen-
tal mapping by EDX. Distributions of B, O, Mg and Ti were,
therefore, measured as Li is out of the detection capacity of
the EDX detector. The comparison between samples without
and with additive was done for 10 mol% additive to improve
the signal in the Ti distribution maps.

In Fig. 8 SEM shows the morphology of 2LiBH,
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FIG. 9. (Color) SEM micrographs of 2LiBH,+MgH,+10 mol % Ti-iso af-
ter ball milling. Up-left: image at 2 kV. Up-middle: image at 5 kV. Up-right:
elemental mapping of B (red), Mg (blue), Ti (turquoise), O (green), and
secondary electrons at 5 kV. Individual distributions of each element in the
sample are presented in the bottom.

+MgH, after ball milling as well as B, O and Mg distribution
for the delimited zone. The secondary electron micrograph at
5 kV (up-middle) shows a darker matrix composed mainly of
B and O and particles of lighter contrast which are mainly
composed of Mg and few O. Therefore, MgH, particles ap-
pear to be surrounded by a matrix of LiBH, and both of them
are superficially oxidized. In addition to SEM observation,
micrograph obtained in TE (transmitted electron) mode (not
shown) appears similar to TEM micrograph presented in Fig.
4 in this paper. Sizes of MgH, grains appear to range from
hundreds of nm to around 1 micron.

Figure 9 shows SEM micrographs of 2LiBH,+MgH,
+10 mol% Ti-iso as well as an elemental mapping for the
area delimited by the green square. Similarly to the sample
without additive most of the MgH, particles appear sur-
rounded with LiBH, and both of them are also strongly oxi-
dized which is in agreement with TEM observations.” Oxy-
gen appears to be in higher concentration as compared to the
sample without additive; this can be due to oxygen contained
in the additive. The most important feature here is the local-
ization of Ti that appears uniformly distributed in the sample
whereas zones with high Mg concentration are clearly distin-
guished.

It should be mentioned here that sample decomposition
was observed under electron beam irradiation with the
LiBH, phase being the more sensible one as already ob-
served during TEM examinations.*

FIG. 10. (Color) SEM micrographs of 2LiBH,+MgH, after desorption. Up-
left: image at 2 kV. Bottom: elemental individual distribution of B (red), Mg
(yellow) and O (turquoise) in the selected green area.

J. Appl. Phys. 109, 014913 (2011)

FIG. 11. (Color) SEM micrograph of 2LiBH,+MgH,+10 mol % Ti-iso
after desorption. Up-left: image at 5 kV. Up-right: elemental individual dis-
tribution of Ti (blue) in the selected green area. Bottom: elemental indi-
vidual distribution of B (red), Mg (yellow) and O (turquoise) in the selected
green area.

Figure 10 shows a secondary electron micrograph for
2LiBH,+MgH, after desorption. B, O, and Mg distributions
were also obtained for the delimited zone. Elemental map-
ping shows that there are regions mainly composed of Mg
and B which correspond to the MgB, phase. Oxygen in this
area is mainly found in the regions outside the MgB, and it
can likely be the result of the partial decomposition coupled
to oxidation of the LiH phase. This phase has been shown to
be unstable under the beam even at 5 kV as well as under
electron beam in TEM experiments.

In Fig. 11 results are presented for 2LiBH,+MgH,
+10 mol % Ti-iso after desorption. Regions rich in Mg and
with a high concentration of B are differentiated confirming
the presence of MgB, and LiH phases. Oxygen is detected in
all regions of the sample. The identification of separated
MgB, and LiH phases is more difficult in these samples be-
cause we are in the limit of lateral resolution of our EDX
analysis. The most important feature here is the localization
of Ti that appears uniformly dispersed in the sample.

Results for sample 2LiBH;+MgH, after one full
dehydrogenation-rehydrogenation cycle are presented in Fig.
12. In the secondary electron image large particles can be
clearly distinguished with a dark contrast. These particles
show in the elemental mapping to be mainly composed of
Mg. This confirms the micrometer particle size of MgH, af-

FIG. 12. (Color) SEM micrographs of 2LiBH,+MgH, after one cycle. Up-
left: image at 2 kV. Up-middle: image at 5 kV. Up-right: elemental mapping
of B (red), Mg (blue), O (green), and secondary electrons (white). Individual
distributions of each element in the sample are presented in the bottom.

Downloaded 31 May 2012 to 161.111.180.191. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



014913-9

Deprez et al.

FIG. 13. (Color) SEM micrographs of 2LiBH,+MgH,+10 mol % Ti-iso
after one cycle. Up-left: image at 2 kV. Up-middle: image at 5 kV. Up-right:
elemental mapping of B (red), Mg (blue), Ti (turquoise), O (green), and
secondary electrons (white). Individual distributions of each element in the
sample are presented in the bottom.

ter cycling as previously observed by TEM.? The MgH,
particle appears to be surrounded by a matrix of material
which elemental mapping shows a high concentration of B
and O as expected for the LiBH, phase. The re-charging
reaction appears, therefore, fully reversible as required for
hydrogen storage applications. The texture of the LiBH, ma-
trix shows a strong rugosity most probably due to the char-
acteristic decomposition of borohydrides under electron
beam irradiation.”***% Oxygen appears in most regions al-
though some MgH, particles are poorer in oxygen (as the
one showed in Fig. 12). This can be probably due to the
highest reactivity of LiBH, to oxygen as compared to MgH,.
Results for sample 2LiBH;+MgH,+10 mol % Ti-iso
after one cycle are presented in Fig. 13. Also in this case
micrometer range particles of MgH, are clearly identified in
the micrograph as confirmed by the high concentration of
Mg marked in blue. MgH, particles are covered with mate-
rials rich in B which corresponds to LiBH,. Compared to the
sample without additive the MgH, particles in 2LiBH,
+MgH,+10 mol % Ti-iso appears to be more oxidized what
can be explained by the oxygen contribution of the additive
itself. Titanium appears uniformly dispersed in the sample.

IV. DISCUSSION

XRD and volumetric data"> show that H, sorption reac-
tions in the LiBH,—MgH, RHC system are nearly complete
in the bulk and fully reversible in the conditions employed in
the present paper (400 °C and 5 bar for desorption and
350 °C and 50 bar for absorption). In previous works® % it
has been also demonstrated that the Ti based additive is
present after ball milling as Ti oxide like species whereas
upon cycling the additive migrates to the bulk as a mix of
TiB, and Ti,O5 species. It has been pointed out that the
Ti-boride active phase may play its main role at the
LiBH,—Mg interface in the bulk where it is promoting the
heterogeneous nucleation of the MgB,. The rate limiting pro-
cess, related to the observed plateau in dehydrogenation
measurements, appears to be, not the hydrogen diffusion
from the surface, but the nucleation of the MgB, phase to be
formed.

The XPS data in this paper also demonstrate the revers-
ibility of the system upon cycling. Although the desorption
reaction is not complete at the surface, the presence of the

J. Appl. Phys. 109, 014913 (2011)

additive is clearly favoring the formation of MgB,, and
therefore, the reaction kinetics in agreement with previously
proposed mechanisms.”** The presence of oxide species at
the surface does not allow detecting a complete transforma-
tion to MgB, by XPS. The additive by enhancing the hetero-
geneous nucleation of MgB, favors its dispersion what ex-
plain the increase in the XPS signal for this species and the
faster rehydrogenation kinetics.

The location and determination of chemical state of the
Ti-additive is a major question to understand the role of ad-
ditives in these systems. From the XPS data shown in this
work, it has been concluded that after ball milling oxidized
Ti(IV) species are present at the surface. The formation of
active TiB, species after first desorption could not be ob-
served as this phase migrates to the bulk. This is, however, a
very important result that confirms the role of the additive at
the interfaces in bulk material. No conclusions can be drawn
from sputtering experiments about chemical state of Ti due
to preferential sputtering effects. At that point the informa-
tion obtained by SEM/EDX elemental maps is very impor-
tant and complementary to surface analysis. The Ti phases
appear in all the samples for the three sorption steps well
dispersed and uniformly distributed in the material. This is a
main result from this paper showing that the use of the Ti
isopropoxide precursor as additive, together with the ball
milling processing, are very favorable conditions to produce
the high dispersion of the additive.

The interpretation of the quantitative XPS analysis indi-
cates that the Li-based phases are highly dispersed at the
surface while the Mg-based ones appear, either partially cov-
ered by the Li-based phases, or forming bigger grains. This is
particularly clear in the SEM/EDX images for the case of
milled and cycled samples. The MgH, phase shows particles
of hundreds of nanometer to 1 um size while the LiBH, is
well dispersed surrounding the magnesium hydride.

Both SEM/EDX and XPS analysis show some grain re-
finement in the presence of the additive. Specifically in
samples with additive the dispersion of the MgB, phase and
the reduction in particles size for MgH, after cycling are
clearly observed in our measurements. These effects, to-
gether with the enhancement of the heterogeneous nucleation
of MgB,, are the main factors improving the kinetic of the
sorption reactions.

V. CONCLUSIONS

An exhaustive surface characterization by XPS is re-
ported here for the LiBH,—MgH, RHC system with and
without the Ti-iso additive. SEM/EDX analysis coupled to
elemental maps are presented for the first time for this sys-
tem for all three stages: as milled, dehydrogenated and rehy-
drogenated. Complementarities between XPS and SEM/EDX
have been shown to be very useful to study both distribution
and chemical state of the elements particularly for the Ti-
based phases.

The study of the Li 1s, Mg 2p, and B 1s photoelectron
peaks show that sorption reactions are not complete at the
surface more likely due to the presence of oxidized species.
Nevertheless the XPS data show that the presence of the
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additive is clearly favoring the formation and dispersion of
MgB, in agreement with the previous proposed
mechanism.'®

The combined use of XPS and SEM/EDX elemental
mapping shows that the Ti-based additive is well dispersed
and uniformly distributed in the material migrating to the
bulk during the first desorption processes. The formation of
active TiB, species could not be detected by XPS as this
phase migrates from the surface to the bulk. The high disper-
sion of the Ti species (Ti-oxide and Ti-boride) at the bulk
phase boundaries is favoring the heterogeneous nucleation of
MgB, and thereby leading to smaller grains of the formed
phases, increasing interfacial area and improving the kinetics
in both charging and de-charging processes.

The quantitative XPS and SEM/EDX analyses show that
the LiBH, phase is highly dispersed and partially covering
bigger MgH, particles. These latter particles appear to have
sizes from hundreds of nm to 1 um in good agreement with
TEM results detailed in Deprez et al*?

All samples are found to be superficially oxidized. A
moderate decrease in the oxygen content is, however, ob-
served by XPS after one cycle what could be explained by
the absorption conditions. The Ti-isopropoxide additive is
also an additional source of oxygen in these samples.

In summary, the combined use of a surface characteriza-
tion technique, like XPS, with the microstructural analysis
undertaken in the SEM microscope, gave new data regarding
microstructural characterization, grain size, surface composi-
tion, and elemental distribution in the microscale for the
LiBH,+MgH, RHC system with Ti-iso additive.
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