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Abstract

Zirconia nanoparticles were prepared by the precip-
itation and ageing methods. The precipitation
method was performed by adding ammonium solu-
tion to the aqueous solution of zirconium chloride at
room temperature. The ageing method was per-
formed by leaving the precipitate formed in the
mother liquor in the glass beaker for 48 hours at
ambient temperatures. The nanoparticles from both
methods were further sulphated and phosphated to
increase their acid sites. The materials prepared
were characterised by X-ray diffraction (XRD), ther-
mo-gravimetric analysis (TGA), Brunauer-Emmett-
Teller (BET), transmission electron microscopy
(TEM) and scanning electron microscopy (SEM)
methods. The XRD results showed that the
nanoparticles prepared by the precipitation method
contained mixed phases of tetragonal and mono-
clinic phases, whereas the nanoparticles prepared
by ageing method had only tetragonal phase. The
TEM results showed that phosphated and sulphated
zirconia nanoparticles obtained from the ageing
method had a smaller particle size (10-12 nm) than
the nanoparticles of approximately 25-30 nm pre-
pared by precipitation only. The BET results
showed that the ZrO, nanoparticles surface area
increased from 32 to 72 m?/g when aged.
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1. Introduction

In the last three decades there has been increased
interest in alternative energy research, given that
fossil fuels are not going to be with us forever.
Among alternative energies, fuel cell technology is
one of the most studied because of its potential use
in automobiles, electronics and power plants (Wang
et al., 2000). The interest in fuel cells has led to an
extensive investigation of proton-conducting mem-
branes (e.g. polymeric and organic/inorganic nano-
composite membrane) (Stoychev et al., 2000).

A proton-conducting membrane is the key com-
ponent of a fuel cell system. Perfluorosulphonated
membranes are widely used as proton conductors,
including Nafion series (DuPont) with Nafion 117
as the preferred membrane for direct methanol fuel
cells. Nafion is the state-of-the-art commercial
membrane and performs well in a hydrated envi-
ronment; its proton conductivity has a strong
dependence on water content, but if it is not prop-
erly hydrated, proton conduction becomes slow
(Zawodzinski, et al., 1995). At higher temperatures,
the PEM will dehydrate and lose proton conductiv-
ity, and may result in irreversible mechanical dam-
age. However, higher working temperatures are
favourable for the kinetics of a platinum Pt catalyst
and improve its tolerance to carbon monoxide poi-
soning (Costamagna et al., 2002). A Nafion mem-
brane has an osmotic swelling problem and is also
potentially dissolved in methanol solution when the
methanol concentration and temperature are
increased (Kleina, et al., 2005).

The efforts to improve membrane properties,
e.g. increasing the working temperature above
100 °C, increasing water content and mechanical
strength as well as organic and inorganic nanocom-
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posite membranes are extensively investigated.
Nanoparticles of metal oxides are used to modify a
Nafion membrane in order to improve its water
retention, thermal stability, proton conductivity and
methanol permeability (Savadogo, 2004). It has
been demonstrated that the incorporation of metal
oxides in the form of nanoparticles improves water
retention and the thermo-mechanical stability of the
membranes (Savadogo, 2004). These modified
Nafion nanocomposite membranes with inorganic
nanoparticles have been designed to run at temper-
atures above 100 °C because higher temperature
operation reduces the impact of carbon monoxide
poisoning, allows attainment of high power density
and reduces cathode flooding as water is produced
as vapour (Hara and Miyayama, 2004).

Among metal oxides, zirconium oxide (ZrO,)
nanoparticles have been widely studied because of
their high thermal and chemical stability, mechani-
cal strength, chemical inertness, wear and corrosion
resistance as well as high water retention (Ranjbar
et al., 2012). The ZrO, nanoparticles can exist in a
number of polymorphs at atmospheric pressure and
are monoclinic, tetragonal and cubic (Navarra et
al., 2008). The tetragonal phase of ZrOy nanoparti-
clesis considered to be the one that is highly catalyt-
ic, with low thermal conductivity and thermal
expansion coefficient compared with the others,
rendering them suitable for use as oxide ion con-
ductors in higher temperature sensors (Adjemian et
al., 2006; Adjemian et al., 2002,; Adjemian et al.,
2002,; Costamagna et al., 2002). This tetragonal
ZxO, is also used as a catalyst and catalyst support
for various gas phase reactions (Casciola et al.,
2008; Jian-Hua et al., 2008).

One of the disadvantages of zirconium is its low
surface area, acidity and conductivity. This problem
can be solved by modifying zirconium nanoparticles
with acids such as sulphates (Shao et al., 2006; Xu
et al.,, 2005; Adamski et al.,2008; Mekhemer &
Ismail, 2000; Jiao et al., 2003) and phosphates
(Ray et al., 2000) to yield solid acids of a wide
range of strengths. This acid-modified zirconia has
been found to increase water retention, improve
proton conductivity and reduce the methanol
crossover in the membrane (Zhou et al., 2006;
Bondars et al., 1995; Chuah et al., 2001) and be
more stable than other solid super acids (Wang et
al., 2006).

This aim of the current work is to modify zirco-
nium nanoparticles in order to make them suitable
as additives to Nafion membranes, by adding sul-
phates and phosphates and by also increasing their
pore volume and surface area in order to increase
water retention in the membrane.

2. Experimental methods
2.1. Reagents
Zirconium diammonium hydrogen phosphate

((NHg4)oHPO,), Zirconium oxychloride hydrate
(ZrOCly .8H50), silver nitrate (AgNOs3), sulphuric
acid (HoSO4) and ammonia solution (NH3) were
purchased from Merck. All the chemicals were used
as received.

2.2. Preparation of zirconium oxide by
precipitation.

The ZrO, nanoparticles were prepared by the pre-
cipitation method; zirconium oxychloride hydrate
(ZrOCl,.8H,0) and ammonia (NHj3) were used as
starting materials. Zirconium hydroxide’s precipita-
tion (Zr(OH)4) was obtained by adding an NHj
aqueous solution drop-wise to the aqueous solution
of 0.2M ZrOCl,.8H,0 at room temperature while
vigorously stirring until the desired pH of 10 was
reached. The precipitate was divided into two parts.
The one part of the precipitate was washed with
deionised water until the chlorine ions (Cl) were
not detected by the silver nitrate (AgNO3) test and
filtered to obtain a wet powder of Zr(OH)4. The wet
powder was dried in an oven at 100 °C overnight.
Zirconium oxide nanopowder was obtained
through the calcination of the dried zirconium
hydroxide at 600 °C for 6 hours.

2.3. Preparation of zirconium oxide by
ageing method

The remaining part of the precipitate formed as
described in Section 2.2 was aged in the mother
liquor by leaving it in the glass beaker for 48 hours
at ambient temperature. The precipitate was fil-
tered, then washed and calcined according to the
procedure described above.

2.4. Preparation of sulphated zirconia
Sulphated zirconia (S-ZrOy) nanopowder was pre-
pared by vigorously stirring the dried aged or un-
aged ZrO, nanopowder obtained from section 2.2
and 2.3 in 0.5 M HySO,4 for 30 minutes at room
temperature. The resulting solid was filtered and
dried at 100 °C for 48 hours. The dried S-ZrO,
nanopowder was then calcined at 600 °C for 2
hours and the resulting particles were ground to an
ultra-fine powder using a mortar and pestle
(Roberts et al, 2015).

2.5. Preparation of phosphated zirconia

The phosphated zirconia (P-ZrOs) nanoparticles
were prepared from aged and un-aged ZrO,
nanoparticles (obtained as described in Sections
2.2 and 2.2) using diammonium hydrogen phos-
phate ((NHg4)oHPQO,) solution. A portion of the ZrO,
nanopowder was dissolved in an aqueous solution
of (NHg)oHPOy. The solution was stirred for 30
minutes using a magnetic stirrer at room tempera-
ture for 30 minutes. The P-ZrOy nanoparticle sus-
pension obtained was filtered and dried at 100 °C
for 48 hours, followed by calcining at 600 °C for 2
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hours. The resulting particles were ground to an
ultra-fine powder using a mortar and pestle.

3. Characterisation

The XRD analysis was performed using a Philips X-
ray automated diffractometer with Cu K radiation
source. The analysed material was finely grounded
and homogenised. Samples were scanned in a con-
tinuous mode from 10-90° (2 theta) with a scan-
ning rate of 0.026°s. The thermal properties of the
samples were studied by thermal gravimetric analy-
sis (TGA) under nitrogen flow. The TGA experiment
was carried out using Model 1500 Simultaneous
Thermal Analyser (made by Rheometric Scientific
limited, United Kingdom), in an inert atmosphere
supplied by nitrogen gas at a heating rate of 10
°C/min from 50 °C to 1000 °C.

A BET surface area instrument (Micromeritics
Accelerated SA and Porisimetry 2010 system) was
used to determine information such as gas uptake,
micropore volume (t-plot method), and pore size
distribution from adsorption and desorption
isotherms. In BET surface area analysis, a dry sam-
ple was evacuated of all gas and cooled to 77 K
using liquid nitrogen. The particle size was calculat-
ed by using Equation 1.

6x 103
pDger

= (1)
where p is the theoretical density of the materials
which equal to 6.27 g/cm?® (Parera, 1992) and Dggrt
is the particle size in nm.

The matrix surface and cross-section of the syn-
thesised nanopowder morphology were investigat-
ed by means of SEM. Scanning electron micro-
scope images were obtained on a Hitachi x650.
This technique involves the interaction of the sam-
ple with electrons, which results in a secondary
effect that is detected and measured. High-resolu-
tion transmission electron microscopy (HRTEM)
was used to estimate their particle size and observe
the morphology.
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3. Results
3.1. The X-ray diffraction analysis of ZrO,,
S-ZrOy and P-ZrOy nanoparticles
Figure 1(i) shows the diffraction patterns of the (a)
ZxrO,, (b) S-ZrOy, and (c) P-ZrOy nanoparticles pre-
pared without ageing. The crystallinity of materials
in Figure 1(i) is evidenced by sharper diffraction
peaks at respective diffraction angles. The XRD did
not show any significant difference between ZrO,
(Figure 1(i)(a)) and other modified ZrO, (Figure
1(i)(b) and Figure 1(i)(c)). All the samples exhibited
the mixture of monoclinic and tetragonal phase.
The major peaks appeared at 24.4°, 28.2°, 30.5°,
34.5° and 62.3° (2theta). The strongest diffraction
peak of monoclinic structure which appeared at
28.2° (2theta) was due to the (111) plane, and the
major peak for the tetragonal structure seen at 30.5°
(2theta) was attributed to the (101) plane. The
obtained structures are comparable to the JCPDS
data (Card No.37-1484) (Jiao et al., 2003; Ray et
al., 2000) for the monoclinic and standard JCPDS
data (Card No.17-0923) (Zhou et al., 2006) for the
tetragonal structure. Comparing the intensity of the
monoclinic and tetragonal peaks shows that the
monoclinic peaks are more intense than tetragonal
peaks and it can be concluded that the samples
contain more monoclinic structure than tetragonal.
The XRD patterns of the samples synthesised by
aging method are shown in Figure 1(ii). All the sam-
ples showed similar diffraction patterns at 30.2°,
50.2° and 60.2° (2theta) which are characteristics of
zirconium in a tetragonal phase and can be indexed
to the standard pattern of the tetragonal phase of
ZrO,, which is in good agreement with reported
data (JCPDS No.81-1544) (Chuah et al.,
2001). The peaks at 30.2°, 50.2° and 60.2° corre-
spond to the planes at 101, 112 and 211 respective-
ly. These XRD patterns show that these materials
are amorphous, as evident by peaks and humps.
From these results it can be deduced that the slow
ageing of samples favoured the tetragonal structure
growth, the monoclinic peaks completely disap-
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Figure 1: XRD patterns of (a) ZrO,, (b) S-ZrO, and (c) P-ZrO, nanoparticles (i) un-aged and (ii) aged
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Figure 2: Thermogravimetric analysis of (a) S-ZrO,, (b) P-ZrO, and (c) ZrO, nanoparticles
(i) un-aged and (ii) aged

peared. This ageing method can be used for single
phase zirconium at ambient temperature, whereas
other researchers (Hsieh, 1996) find that the single
phase can be achieved at temperatures of 950—
1230 °C.

3.2. Powder thermo-gravimetric analysis

The ZrOy P-ZrO; and S-ZrO, nanopowder were
evaluated by means of thermo-gravimetric analysis
(TGA). Figure 2 indicates that the thermal decom-
position process occurs in two weight-loss stages.
The TGA curve in Figure 2(i)(a) indicates that the
thermal decomposition occurs initially between 40
°C and 200 °C, with mass loss of 0.4 % associated
to dehydration. The second stage of thermal
decomposition is related to decomposition of sul-
phate and carbonaceous phase decomposition,
respectively. The total weight loss of original mate-
rial reaches about 3.2%. For the phosphated zirco-
nia, Figure 2(i)(b) shows the initial weight loss from
20-300 °C, which can be attributed to the loss of
moisture (Smitha et al., 2003). No further weight
loss could be detected up to 900 °C, indicating the
thermal stability of the phosphate species incorpo-
rated. The TGA curve 2(i)(c) indicates that pure
ZxO, has little loss of its original weight on heating
up to 600 °C. This may be due to the dehydration
occurring through the loss of water molecules from
adjacent -OH groups. Figure 2(ii) also shows two
weights loss stages which are the same as in Figure
2(i) except that in Figure 2(ii) the weight losses are
more stabilised.

3.3 Brunauer-Emmett-Teller

The BET specific surface areas of ZrO,, S-ZrOy and
P-ZrO, nanoparticles materials calcinated at 600 °C
temperature are listed in Table 1 and Figure 3. The
specific surface area of ZrOy nanoparticles materials
was found to be 33 m?%/g which is larger than the 23

Table 1: BET surface area for ZrO,, S-ZrO,
and P-ZrO, nanoparticles calcinated at 600 °C

Samples  BET surface Particle Pore volume
area ( m?/g) size (nm) (cm®/g)
ZrO, 33 29 0.08
S-ZrO, 39 24 0.09
P-ZrO, 37 26 0.07
ZrOy(aged) 72 13 0.13
S-ZrO,(aged) 79 12 0.16
P-ZrO,(aged) 77 12 0.08
80 <

BET surface area | méfg)

o

o)
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Figure 3: BET surface areas of the
nanoparticles calcined at 600 °C

m?/g obtained by Chuah et al. (1996). The specific
surface area of ZrOy nanoparticles increased from
33 to 39 m?g when they were modified by sul-
phuric acid. This indicated that the presence of
suphate strongly influences the surface acidity of
ZrO, nanoparticles (Tanabe & Yamaguchi, 1994).
Zirconia modified with sulphates exhibits superior
catalytic activity. The presence of sulphates increas-
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es the stability of zirconia as well as the content of
the tetragonal crystal phase, which is the one
believed to be catalytically active (Zarubica et al.,
2009). It has been reported that S-ZrOy exhibited a
Hammett acid strength Hj of -16.03, whereas for
100% sulphuric acid it is only -11.99 and shows
higher strength (Yadav & Nair, 1999). The modifi-
cation with diammonium hydrogen phosphate acid
also increases the specific surface areas to 37 m?/g,
which is high in comparison with unmodified ZrO,,
as has also been observed by other researchers
(Abbattista et al., 1990). Figure 3 shows that the
nanoparticles obtained from the ageing method
had an enhanced specific surface area, which is
necessary for the application of zirconia nanoparti-
cles as catalyst support in fuel cells. The results
show the specific surface area doubled when the
aging method was used, going from 33 to 72, 39 to
79 and 37 to 77 m?%/g for ZrOy, S-ZrO, and P-ZrO,
respectively. Our results are in agreement with the
results obtained by other researchers (Jakubus et
al., 2003). This indicates that by aging ZrO, nano-
particles the surface area also increases, which
make them suitable for fuel cell application. The
particle size of nanoparticles was reduced by half
when the ZrO, nanoparticles were aged. A slightly
increase of pore volume was observed upon the sul-
phated zirconia with pore volume ranges of 0.09—
0.16 cm®/g when compared to the un-sulphated zir-

conia with pore volume ranges of 0.08-0.13 cm?/g.
These properties are good for the application of
ZrOy in fuel cell membranes.

3.4. Scanning electron microscopy

Figure 4 shows SEM images of aged (Figure 4(a-c)
and Figure 4(d-f) un-aged nanoparticles. It is
observable that all nanoparticles are aggregated
into clusters and their morphology is mostly spheri-
cal. This has also been observed elsewhere
(Ranjbar et al., 2012; Lim et al., 2013). These
nanoparticles are in the form of agglomerates but
close inspection reveals that in Figure 4(b) and (c)
they are less agglomerated than in Figure 4(a),
which might be due to acid solutions in nanoparti-
cles reducing their agglomeration. The aged
nanoparticles are more agglomerated than un-aged
ones. This might be due to their small size, which
was a results of ageing. It was not possible to esti-
mate the particle size, but it can be observed that
agglomerates from aged nanoparticles are made up
of clusters of smaller nanoparticles. This was con-
firmed by our BET results, which showed that the
aged nanoparticles were half the size of unaged
ones.

3.5. Transmission electron microscopy
The morphology and size information of the ZrO,
nanoparticles was further investigated by TEM

respective aged nanoparticles (d) ZrO,, (e) S-ZrO, and (f) P-ZrO,
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analysis (see Figure 5). All nanoparticles exhibited a
spherical morphology with a particle size diameter
which is narrowly dispersed. The un-aged nanopar-
ticles have a particle size distribution of 20-30 nm.
The aged nanoparticles had a particle size of 10-13
nm. These results are in agreement with the BET
results. Figure 5 (g-i) shows that the nanoparticles
are crystalline, which was also confirmed by XRD
results.

4. Conclusion

The ZrO, nanoparticles were successfully synthe-
sised with varying sizes. The ageing method shows
that the single phase of ZrOy nanoparticles can be
obtained by a simple ageing method at ambient
temperatures, which will reduce costs, given that
previous researchers have synthesised this single
phase at temperatures above 950 °C. This tetrago-
nal phase is useful in catalysis and makes these
nanoparticles suitable for use in the Nafion mem-
branes used in fuel cells. The sulphated and phos-
phated ZrO, has been found by other researchers to

be suitable for the fuel cell membrane due to their
acidic sites. The nanoparticles produced in this
work had large pore volume and smaller particle
size, which is also useful in fuel cell membrane due
to their high capacity for water retention. The age-
ing method has shown that it is possible to produce
small particle size with a higher surface area and
single phase (tetragonal) zirconia which is suitable
in the fuel cell membrane application.
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