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Abstract—Various mixed oxides having perovskite structure were prepared by co-precipitation and sol-gel methods.
The samples were calcined at 700 °C. The produced solids were characterized using X-ray diffraction analysis (XRD),
thermogravimetry (TGA), differential thermal analysis (DTA), high resolution transmission electron microscope (HRTEM),
nitrogen adsorption at —196 °C and hydrogen adsorption isotherms conducted at 100 °C. The results revealed the for-
mation of nanosized mixed solids, namely LaNiO;, LaFeO,, LaCoO,, LaCu,0, and LaCrO, compounds with crystallite
size within 27-37 nm. The hysteresis loop of nitrogen adsorption isotherms of different investigated adsorbents indicate
clearly the porous nature of different solids calcined at 700 °C. The most active candidate towards hydrogen uptake
is LaNiO, prepared via sol-gel technique. Its adsorption capacity measured at 100 °C and 20 bar hydrogen pressure
attained 1.7 wt%. So, LaNiO, prepared via sol-gel technique could be considered as very promising material for hydrogen

storage.
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INTRODUCTION

Technological advancement and growing world economies have
led to major improvements in the living conditions of people in the
hoped world, but oil, coal, and natural gas have caused a relatively
recent and dramatic buildup of greenhouse gases in the atmosphere,
most notably CO, [1,2]. This environmental imperative requires us to
quickly come to terms with the actual costs, including environmen-
tal externalities, of all of our energy use. Only then will the economic
reality of energy consumption be realized and renewable sources
expand through true market forces. Fossil fuels like oil, natural gas,
and coal do have a future in helping to meet this growing demand
[3], but the global demand for energy and call for tougher environ-
mental legislation have pointed to the need of developing eco-friend-
lier technologies that can meet the increased energy demand [4].

Hydrogen has been touted as the basis of a new and powerful
energy economy not reliant on fossil fuels. The use of hydrogen as
an energy carrier suitable to replace gasoline and other fossil fuels
has been widely discussed as a way toward sustainable fuel. The
design of hydrogen storage materials is one of the principal chal-
lenges that must be met before the development of a hydrogen econ-
omy. While hydrogen has a large specific energy, its volumetric en-
ergy density is so low as to require development of materials that
can store and release it when needed. While much of the research
on hydrogen storage focuses on metal hydrides, some of these mate-
rials are currently limited by slow kinetics and energy inefficiency.
Catalysis is one of the critical factors in the improvement of hy-
drogen sorption kinetics in these metal hydride systems. For exam-
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ple, the poor kinetics of MgH, was greatly improved by addition
of different oxide catalysts that enhance hydriding properties at rela-
tively low temperature, such as V,O; [5]. However, systems based
on these materials have an inherent heat problem. This problem is
due to the large hydrogenation enthalpy (typically greater than 33 kJ/
mol H,) characteristic of metal hydrides reversible at around 100 °C
[6]. Nano-structured materials with high surface area are actively
being developed as another option [1]. Hydrogen storage in nano-
porous material is a physical storage approach [4] that includes com-
pressed or liquefied molecular hydrogen and hydrogen adsorbed in
the pores of the material. Some of the most common materials con-
sidered for hydrogen storage include porous carbon [3], zeolites
[4], metal-organic frameworks [7,8] and perovskite [9-12].

A wide variety of solids that include metals and intermetallics
forming hydrides have been investigated for hydrogen storage [13,14].
Mandal et al. [14] showed that alkaline earth manganites, BaMnO,/
Pt reversibly adsorbs ~1.25 mass% of hydrogen in the temperature
range 190-260 °C at atmosphere pressure. Perovskite-type oxides
which are reported herein as hydrogen uptake materials could be
considered to be one of the valuable alternative materials. This is
because perovskite oxides are cheaper, thermally stable and com-
paratively active [15,16].

Also, perovskite have been considered as prototype material for
fundamental areas of solid state chemistry, physics and catalysis.
The advantages of perovskite catalysts are as follows [17]: (i) Wide
variety of composition and constituent elements keeping essentially
the basic structure unchanged. (ii) Bulk structure can be character-
ized well. The surface can be fairly well estimated taking advan-
tage of this well-defined bulk structure. (iii) Valency, stoichiometry
and vacancy can be varied widely so enhancing their catalytic activity.
(iv) Huge information on physical and solid-state chemical properties
has been accumulated. (v) Increasing the thermal stability of the
transition metal oxides.

The present work aimed at investigating the effect of methods
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of preparation on physicochemical, surface properties and hydrogen
uptake on different perovskite oxides. The techniques employed
were XRD, DTA, TGA, nitrogen adsorption at —196 °C, transmis-
sion electron microscope (TEM) and kinetics of hydrogen iso-
therms measured at 100 °C.

EXPERIMENTAL

1. Materials

The chemicals employed were of analytical grade as supplied
by Aldrich and Merck companies. LaNiO; has been synthesized
by sol-gel and co-precipitation methods:

1-1. Sol-gel Method

Lanthanum nitrate [La(NO,),-6H,0], nickel nitrate [Ni(NO,),"
6H,0], ferric, cobalt, copper, or chromium nitrate and citric acid
were mixed and stirred for 1 h. Water was evaporated from the mixed
solution at 100 °C, until a viscous gel was obtained. The gel was
kept at 110 °C over-night and the resultant mass was then calcined
at 700 °C for 5 h in air.

1-2. Co-precipitation Method

The co-precipitation process was applied at fixed pH and defi-
nite temperature using a certain volume of lanthanum nitrate, and a
certain volume of nickel, ferric, cobalt, copper, or chromium nitrate
with dropwise addition of NaOH solution (1 M). The rate of drop-
ping of mixed nitrates and sodium hydroxide solutions was con-
trolled to keep the pH of co-precipitation medium constant at a fixed
pH value. The carefully washed precipitate was dried at 110 °C till
constant weight, and then subjected to heating at 700 °C for 5 h in
air.

2. Techniques

X-ray powder diffractograms of investigated samples calcined
at 700 °C were determined using a Bruker diffractometer (Bruker
D, advance target) the scan rate was fixed at 8 in 20min™ for phase
identification and 0.8° in 2@min™" for line broadening profile analy-
sis, respectively.

The patterns were run with Cu Kel with second monochromator
(4=0.1545 nm) at 40 kV and 40 mA. The crystallite size of crys-
talline phases present in different solids investigated was calculated
from the line broadening of the main diffraction lines of these phases
using the Scherrer equation [18]:

k4
~ Bipcost

where “d” is the mean crystallite diameter in A, “4” the X-ray wave-
length, “k’ the Scherrer constant (0.89), “4,,” the full-width at half-
maximum (FWHM), of the main diffraction peak expressed in radian
of crystalline phases and “&” is the diffraction angle.

Differential thermal analysis (DTA) of the different un-calcined
samples was carried out using Perkin-Elmer DTA thermal analyzer.
An 8 mg solid specimen was taken in each experiment. The rate of
heating was kept at 10 °C min™'. Thermogravimetry (TGA) involved
a Perkin-Elmer (TGA7) thermogravimetric analyzer, with the rate
of heating kept at 10 °C/min.

The microstructure of the samples was examined for very dilute
suspensions in water using JEOL JEM-1230 transmission electron
microscope (TEM) with acceleration voltage of 80 kV. The micros-
copy probes of the sample were prepared by adding a small drop

of the water dispersions onto a Lacey carbon film-coated copper grid
and allowed to dry initially in air, then by applying high vacuum.

The different surface characteristics, namely specific surface area
(Ssz) and total pore volume (V,) and mean pore radius (1) of the
various adsorbents, were determined from analysis of nitrogen ad-
sorption-desorption isotherms measured at 196 °C using Quantach-
rome NOVA automated gas sorbometer. The values of V,, were com-
puted from the relation:

Solgel method

L

Coprecipitation method

1/1° (a.u.)

20, Degree

Fig. 1. X-ray diffractograms of LaNiQ; solids prepared by copre-
cipitation and sol gel being calcined at 700 °C.
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LaCrO,
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Fig. 2. X-ray diffractograms of LaCrQO;, LaFeQ;, LaCu,0, and

LaCoO; solids prepared by coprecipitation and being cal-
cined at 700 °C.

Table 1. Crystallite size of different oxides being calcined at 700 °C

Solids Crystallite size (nm)
LaNiO; (coprecipitation) 32
LaNiO; (sol-gel) 29
LaFeO, 33
LaCoO, 27
LaCrO, 37
LaCu,0, 34

Korean J. Chem. Eng.(Vol. 31, No. 10)
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V,=1545x107*xV,, cm’/g

where V,, is the volume of nitrogen adsorbed at P/P” tends to unity.
The values of 1~ were determined from Eq.

r=2V,/S,:<10* A

The hydrogen adsorption capacity of different solids was deter-
mined by the measurement of pressure-composition isotherms (PCI)
by volumetric method using AMC PCI-HP 1200 equipment. Tem-
perature was controlled with a precision of 0.1 °C. The accuracy
of hydrogen content measurements was +0.04 wt%. To minimize
contamination from air the material under investigation was degassed
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at 200 °C for 1 h under dynamic vacuum before test. Pressure-com-
position isothermal (PCI) plots were traced under the above-men-
tioned conditions.

RESULTS AND DISCUSSION

1. XRD and TEM Measurements

The XRD patterns of the prepared solids calcined at 700 °C are
depicted in Figs. 1 and 2. However, the crystallite size of different
solids was determined from Scherrer’s equation [18] and given in
Table 1. Examination of Figs. land 2 and Table 1 reveals (i) The
presence of rather well crystallized rhombohedral perovskite phase;
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Fig. 4. TGA-DTA Curves corresponding to various solids prepared by coprecipitation.
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Fig. 5. TGA-DTA Curves corresponding to LaNiO; prepared by
sol-gel.

(ii) the crystallite size of Perovskite phase prepared varied between
27-37 nm (c.f. Table 1); and (iii) LaCoO; and LaNiO, prepared by
sol-gel have the lowest values of crystallite size 27 and 29 nm, respec-
tively.

TEM micrographs in Fig. (3) show that the synthesis materials
are a nanospherical morphology about 200 nm long while diame-
ter ranges from 53-80 nm.

2. Thermal Analysis

The simultaneous DTA/TGA traces for uncalcined mixed solids
in static air are shown in Figs. 4 and 5 consisting of two endother-
mic peaks. The maxima of these peaks are located at 200-275 °C
and 325-350 °C. The first endothermic peak (located at about 200-
275°C) corresponds to the autocatalytic anionic oxidation reduc-
tion reaction between the nitrates and citric acid, yielding the mixed
oxide solids.

The second endothermic peak found at about 350 °C indicates
complete decomposition of the residual organic carbide. The two
endothermic peaks were accompanied by weight losses of about
15% and 40%, respectively. So, the total weight loss taking place
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Fig. 7. Isotherm of LaNiO, prepared by sol-gel.

at temperature between 100 and 1,000 °C measured 55%.
3. Surface Characteristics of Different Solids

The surface characteristics, namely specific surface area (S;),
total pore volume (V,) and mean pore radius (1), of different adsor-
bents calcined at 700 °C were determined from analysis of nitrogen
adsorption isotherms carried out at —196 °C. All isotherms belong
to type II of Brunauer classification [19] having hysteresis loops of
different shape and areas closing at P/P’ at about 0.7. Figs. 6 and 7
depict representative adsorption desorption isotherms of some inves-
tigated samples.

The computed values of S V, and 1~ are given in Table 2. Exam-
ination of Table 2 shows that (i) the S, of various solids varying
between 21-34 m*/g depending on the nature of the mixed oxides
and its mode of preparation; (ii) the smallest S, were measured
for LaFeO; and LaCoO;; (iii) the mixed solids sample prepared by
sol-gel (LaNiO,) measured the biggest S, value; (iv) the mean
pore radius () varies between 12.8-109 A; and (v) LaNiO; pre-
pared by sol-gel measured one of the smallest 1~ value. So, the small-
est pores and biggest surface area of LaNiO; prepared by sol-gel
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Fig. 6. Isotherms of some investigated samples prepared by coprecipitation.
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Table 2. Surface characteristics of variously mixed solids being

S. M. Ibrahim

might be expected to show the highest hydrogen adsorption capacity.
4. Hydrogen Storage

Hydrogen adsorption isotherms were measured at 100 °C for vari-
ous prepared solids calcined at 700 °C. The obtained isotherms are
illustrated in Fig. 8. It is seen from this figure that the amount of
uptake hydrogen increases progressively by increasing the applied
hydrogen pressure. The total amounts of adsorbed hydrogen over
each sample were calculated from the maximum amount taken up
at 20 bar of hydrogen pressure. The computed values are in Table
3. The amount of hydrogen stored in different solids increases ac-
cording to the following sequence:

calcined at 700 °C
S Total pore
Solids m’z;"" volume
& V,, cc/g
LaNiO; (coprecipitation)  29.0
LaNiO; (sol-gel) 34.1
LaFeO, 21.3
LaCoO;, 214
LaCrO, 26.6
LaCu,0, 27.6
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Table 3. Hydrogen uptake of different mixed oxide solids measured
at 100 °C and hydrogen pressure of 20 bar

Solids Hydrogen uptake (wt%)
LaNiO; (coprecipitation) 1.2

LaNiO; (sol-gel) 1.7

LaFeO;, 0.13

LaCoO; 0.09

LaCrO, 0.3

LaCu,0, 1.1

cipitation)<LaNiOj (prepared by sol-gel)

So, the sample that has the highest specific surface area measure
also has the highest hydrogen adsorption capacity at 100 °C and
20 bar, H, pressure.

It is clearly shown from the hydrogen adsorption measurement
that the increase in the pressure of hydrogen above 20 bar might
increase effectively the amount of hydrogen being uptaken. Fur-
thermore, measuring the decrease of hydrogen measurement below
100 °C should lead to an increase in the adsorption capacity of hydro-
gen. On the basis of this speculation, LaNiO, prepared by sol-gel
could be considered as a very promising material for hydrogen stor-
age maybe because LaNiO, has the highest S, The particles were
examined using XRD before and after, not given, hydrogenation
and the spectra showed no change in the structure, which ensured
that no chemical change occurred for prepared particles under testing
conditions. However, it is suggested that the layered platelet struc-
ture created interlayer spaces, which facilitates more hydrogen uptake.

CONCLUSIONS

The following are our main conclusions:

1. LaNiO,, LaFeO;, LaCoO,, LaCu,O, and LaCrO; were pre-
pared by co-precipitation. An additional sample of LaNiO; was pre-
pared by sol-gel. All samples were calcined at 700 °C.

2. All prepared solids exist as homogeneous nanosized phases
with crystallite size between 27-37 nm.

3. All adsorbents are mesoporous solids with (1) values varying
between 12.8-109 A.

4. LaNiO, prepared by sol-gel method displays the highest spe-
cific surface area.

5. LaNiO; prepared by sol-gel and calcined at 700 °C exhibits
the highest hydrogen adsorption capacity at 100 °C and hydrogen
pressure of 20 bar.
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