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a b s t r a c t

Ultrafine Er2Ti2O7 was synthesized at 700 ◦C within 2 h by a soft-chemistry route named citric acid sol–gel
method (CAM). The obtained Er2Ti2O7 with high dispersibility was square-like and the average size was
about 70 nm. The prepared Er2Ti2O7 nanocrystals in 6 M KOH aqueous solutions were investigated as
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a hydrogen storage material. It was found that the Er2Ti2O7 powders would function as electrochemi-
cal hydrogen storage, showed fair electrochemical reversibility, and considerably high charge–discharge
capacity. The reversible discharge capacity of the Er2Ti2O7 electrode was found to exceed 320 mAh/g and
adsorption capability of hydrogen is up to 1.27% at a current rate of 100 mA/g. In addition, the cycling
ability and high rate capability of the Er2Ti2O7 electrode are fairly good with only 4% capacity decay after
25 cycles. Cyclic voltammograms (CVs) were carried out to further examine the electrochemical hydrogen
storage mechanism of Er2Ti2O7.
. Introduction

Recently, increasing efforts have been made in the search for new
aterials that allow hydrogen storage, including metal hydrides

1,2], metal alloys [1,3,4], carbon materials [1,5–8], semiconduct-
ng ceramics [1], perovskite-type oxides [8], etc. However, we
ound no report concentrating on the hydrogen storage property
f pyrochlore-type oxides.

The pyrochlores have the general formula of A2B2O7 where A is
he larger cation and B is the smaller one. To the best of our knowl-
dge, most of the pyrochlore oxides applications involved light,
agnetism, and electricity fields [9–11], few reports were about

yrochlore oxides used as a catalyst [12] especially in photocatalytic
ystem [13], but no papers related to its hydrogen storage property.
n particular, many of these pyrochlore oxides undergo a high-
emperature (1100–1400 ◦C) formation process and long-reaction
ime (1–2 d) [11,14], which is very energy and time consuming.
o, attempts to synthesize nanoscale pyrochlore oxides under mild

ondition have been carried out by several soft-chemistry tech-
iques, such as co-precipitation [15,16] and sol–gel methods [17,18].

n recent years, there have been some reports about how to fabri-
ate pyrochlore oxides below 900 ◦C [19,20]. The fabrication route
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consumed an organic reagent, such as ethylene glycol, ethanol, etc.
The fabricating temperatures were not so low; it was at least 800 ◦C.
The aim of this article is to explore another simple and economical
method to synthesize Er2Ti2O7 nanocrystals at quite mild condition
and study its electrochemical hydrogen storage property.

2. Experimental

2.1. Sample preparation and characterization

The synthesis route used in this research is named citric acid sol–gel method
(CAM). Tetrabutyl titanate (Ti(OBu)4) and Er2O3 were used as the precursors of Ti
and Er. The molar ratio of Er/Ti was fixed at 1/1 and the amount of citric acid (CA)
used was determined by nCA/(nEr + nTi) = 2.

Er2O3 (0.005 mol) was dispersed in a spot of water and then 5 mL concentrated
HNO3 was added to it drop by drop to dissolve the rare-earth oxide. Citric acid
(0.04 mol) was dissolved in 5 mL H2O, and then poured into the solution. The mixture
was thoroughly stirred by the magnetic mixer.

Then the appropriate amount of Ti(OBu)4 (0.01 mol) was added with vigorous
stirring. After 0.5 h, a homogeneous transparent solution was formed. The solution
was placed in an 80 ◦C liquid bath to vaporize water. Ten hours later, the mixture
solution changed from colorless solution to yellow solution and then to transparent
gel. The gel was then take out and calcined at 700 ◦C for 2 h in air.

The DTA–TG curves were evaluated on the Shimadzu DTA-50 thermal analysis
instrument in ambient air and the calefactive velocity was 20 ◦C/min. The crys-

talline phase structure was determined by ARL/X/TRA X-ray diffractometer using
Cu K� radiation. The Brunauer–Emmett–Teller (BET) surface area was evaluated
by N2 adsorption in a constant volume adsorption apparatus (Coulter SA 3100).
The morphology of product was determined by transmission electron microscopy
(TEM) using JEOL-2100 microscopy and scanning electron microscopy (SEM) using
LEO-1530VP SEM microscopy.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wxin@public1.ptt.js.cn
dx.doi.org/10.1016/j.jallcom.2009.02.146
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complete removal of all the citric acid and all the organic sub-
stance. No further weight loss was found up to 800 ◦C, suggesting
the Er2Ti2O7 can be fabricated at about 500 ◦C. The XRD patterns
were identical to these.
ig. 1. SEM micrographs of the surface of bare GC electrode (a) and Er2Ti2O7 modi-
ed on GC electrode (b).

.2. Electrochemical hydrogen storage

Hydrogen charge/discharge performance of each sample was estimated with a
hree-electrode electrochemical cell at room temperature. In order to make a testing
lectrode, 33% Er2Ti2O7 powder was mixed with 67% cuprum powder, pressed to a
ittle flake at a pressure of 20 Mpa for 10 min, and then the obtained flake was sealed
n a round copper disk. The charge/discharge capacity of Er2Ti2O7 was tested in a
hree-electrode compartment (CT2001A LAND) using Er2Ti2O7 electrode as cath-
de, a sintered nickel electrode as the counter electrode, and a Hg/HgO electrode
s reference electrode in 6 mol/L KOH electrolyte at room temperature and normal
tmosphere. The working electrodes were fully charged at constant current densi-
ies of 100 mA/g for 8 h and discharged at the current density of 50 mA/g after a rest
f 10 min in both charge/discharge curves. The discharge cut-off potential relative
o the Hg/HgO reference electrode was set to be −0.2 V.

The cyclic voltammetric (CV) experiments were performed on Autolab electro-
hemical analyzer (Eco Chemie, Holland) with a conventional three-electrode cell.
he Er2Ti2O7-modified glassy carbon (GC) electrode was used as working electrode;
Hg/HgO electrode as the reference and a platinum wire were used and the aux-

liary electrode. A glassy carbon electrode (GCE, 3 mm in diameter) was polished
o a mirror-like finish with fine emery papers and 1.0, 0.3, and 0.05 �m alumina
lurry (Beuhler) followed by thoroughly rinsing with doubly distilled water. The
lectrode was then successively sonicated in alcohol and doubly distilled water,
nd allowed to dry at room temperature. To get the best CV responses of Er2Ti2O7

lms, the concentration of Er2Ti2O7 was optimized at 2 mg/mL. Typically, 10 �L of
he solution containing 0.02 mg Er2Ti2O7 was spread evenly onto GC electrodes to
repare Er2Ti2O7 films. The small bottle was fit tightly over the electrode so that
ater evaporated slowly and uniform films were formed. The modified electrode

as rinsed twice with doubly distilled water to remove the non-firmly adsorbed

r2Ti2O7. The obtained electrode was named as Er2Ti2O7/GC-modified electrode.
hen the CV experiment was carried out in 6 mol/L KOH solution and room temper-
ture.

The SEM images of the GC electrode before and after the incorporation of
r2Ti2O7 are given in Fig. 1. It can be seen that Er2Ti2O7 was uniformly coated on the
Fig. 2. DTA–TG curve of Er2Ti2O7 precursor gel.

GC electrode surface. The Er2Ti2O7 film has some “holes” or “channels” which allow
the probe to go through the films and reach the electrode surface.

3. Results and discussion

3.1. Characterization of the Er2Ti2O7

In order to confirm the fabricating temperature of Er2Ti2O7 crys-
tal, DTA–TG experiment was employed. Fig. 2 shows the DTA–TG
curves of the precursor gel of Er2Ti2O7. It can be seen that the
DTA curve has four peaks. The first endothermic peak (211 ◦C) with
relatively large weight loss (69.31%) is caused by the evaporation
and burning of the organic substance. The second exothermic peak
(340 ◦C) is attributed to the combustion of remaining organic sub-
stance and the third exothermic peak (408 ◦C) is related to the
crystal lattice energy released during the formation of pyrochlore-
type structure. The last exothermic peak is from the final formation
of Er2Ti2O7. The measured overall weight loss is 81.68%, which is
quite consistent with the theoretical weight loss, and indicates the
Fig. 3. XRD patterns of Er2Ti2O7 calcined at 700 ◦C, 2 h by CAM.
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Fig. 3 shows the XRD patterns of Er2Ti2O7 powders prepared by
AM calcined at 700 ◦C (2 h). It is very clear that the crystallinity of
he product is quite high, and XRD patterns were quite consistent
o a single phase of pyrochlore Er2Ti2O7, the XRD pattern is indexed
ased on face-centered cubic lattice (a = 10.23 Å) as observed pre-
iously (JCPDS 18-0499). These results suggest that the Er2Ti2O7
yrochlore oxide, usually forms at high temperature in conven-
ional method (1100 ◦C) with a long reaction time (50 h) [5], can be
uccessfully synthesized at a relatively low temperature (700 ◦C)
ith shortened reaction time (2 h) by using CAM. This technique
as the benefit to reduce energy consumption and less environ-

ent pollution. It is a cheap and green route to achieve excellent

yrochlore oxide. Based on the Scherrer equation, the average size
f Er2Ti2O7 crystal was around 70 nm and this is quite consistent to
he TEM results.

Fig. 4. TEM images of Er2Ti2O7 (a) TEM and (b) HRTEM.
Fig. 5. Typical charge–discharge curves of Er2Ti2O7 electrode.

Fig. 4 shows the TEM results of Er2Ti2O7 prepared by CAM.
From Fig. 4a, we can see the product of Er2Ti2O7 crystalline is
quadrilateral and with good dispersibility and the average size is
about 70 nm, which is quite consistent to XRD results. In Fig. 4b,
high-resolution transmission electron microscopy (HRTEM) image
shows the clear and regular crystal lattice distance indicating that
highly crystalline Er2Ti2O7 was formed. The crystal lattice distance
measured from the HREM images was 0.62 nm, which corresponds
to (1 1 1)-lattice surface.

The BET surface area of Er2Ti2O7 calculated from N2 isotherms
at 196 ◦C was 48.62 m2/g, and is quite a bit larger than those of tra-
ditional solid-state reaction products (2–5 m2/g) [10,19] and other
soft-chemistry routes [11,17]. These good physical properties of
the obtained sample by CAM, such as more regular morphology,
higher dispersibility, and larger BET surface area may result in better
behavior in hydrogen storage.

3.2. Electrochemical hydrogen storage of Er2Ti2O7

To ensure the practical feasibility and cycling performance of
Er2Ti2O7 as a hydrogen storage electrode material, we constructed
an experimental cell and carefully studied its electrochem-
ical hydrogen storage behavior. Fig. 5 presents the typical
charge–discharge curves of Er2Ti2O7 electrode. As it is shown, the
charge–discharge curves of the cell are similar to that of con-
ventional hydrogen storage alloys [3], and the electrochemical
discharge capacity is about 400 mAh/g.

Fig. 6 shows the cycling performance of Er2Ti2O7 nanocrystals
at a constant current density of 100 mAh/g at room temperature.
The initial electrochemical discharge capacity of 345 mAh/g, cor-
responding to ∼1.27 wt% hydrogen, was obtained in the Er2Ti2O7
electrodes. During the 2nd to 10th cycle, the discharge capacities
fluctuated and ranged from 420 to 330 mAh/g. This phenomenon
may be caused by the interspaces between copper and Er2Ti2O7
powders that resulted from the pressing process. Since copper and
Er2Ti2O7 powders have quite different conductivity, it needed quite
some time to achieve the electric equilibrium, so the first 10 cycles
were not so stable. This process may also be called an electrochem-

ical activation process of Er2Ti2O7, taken to achieve the intrinsic
hydrogen storage capabilities of Er2Ti2O7 electrode. From the tenth
cycle and on, the reversible capacity was stabilized at ca. 320 mAh/g
and the reversible capacity was still kept up at 310 mAh/g even after
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Fig. 6. Cycling performance of the Er2Ti2O7 electrode at current densities of
100 mAh/g.
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ig. 7. Typical CV curves of the Er2Ti2O7/GC electrode in a 6 M KOH solution. Poten-
ial sweep rate was set at 5 mV/s.

5 cycles, corresponding to 4% decaying, showing Er2Ti2O7 powders
ossess quite good capacity retention.

Cyclic voltammograms (CVs) were carried out to further exam-
ne the electrochemical hydrogen adsorption–oxidation reactions
f Er2Ti2O7/GC electrode in 6 M KOH aqueous solutions. As shown
n Fig. 7, the anodic oxidation peaks of hydrogen in the CVs are in

potential range between −0.5 and −0.6 V compared to Hg/HgO,
nd the cathodic adsorption peaks of hydrogen are observed to
e around −0.8 V, which is quite similar to boron nitride nan-
tubes [21] and close to that of metal hydride electrodes and carbon
anotubes electrodes [22,23]. The desorption peaks of hydrogen
ppear near −0.7 V in the anodic process, indicating a slow des-
rption process of hydrogen at Er2Ti2O7 electrode. The desorption

eak of hydrogen appears prior to the electrochemical oxidation
eak of hydrogen, suggesting the possible existence of the strong
hemisorption of hydrogen [21].

At the same time, it was found that both the cathodic and anodic
urrent were gradually increased along with the increasing of cycle

[
[
[

[
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number and tend to be consistent. This result is consistent to its
charge/discharge property because of the electrochemical activa-
tion of Er2Ti2O7. The increase in positive current is clear proof
that water decomposition starts and produces hydrogen, which is
immediately adsorbed on the surface of Er2Ti2O7, and then electro-
oxidized during the anodic sweep if the potential is higher than the
equilibrium value.

Certainly, this description of the hydrogen storage mechanism
of pyrochlore oxides is quite broad-brush, and further investigation
will be concentrated on it.

4. Conclusions

Er2Ti2O7 nanocrystals were synthesized at a relatively low tem-
perature (700 ◦C) with shorten reaction time (2 h) by CAM. The
hydrogen storage property of the prepared Er2Ti2O7 was studied
by electrochemical methods. Result show that Er2Ti2O7 possess a
promising reversible adsorption capability (up to 1.27%) and some
charge/discharge capacity. The cycling ability of the Er2Ti2O7 elec-
trode is fairly good with only 4% capacity decay after 25 cycles.
Cyclic voltammograms (CVs) were carried out to further examine
the electrochemical hydrogen storage mechanism of Er2Ti2O7. This
research could be very helpful to develop new material in hydrogen
storage system.
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