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Abstract
A highly active and stable catalyst for hydrogen-iodide decomposition reaction in sulfur-iodine (SI) cycle has been
prepared in the form of Pd-CeO2 nanocatalyst by sol-gel method with different calcination temperatures (300°C, 500°C,
and 700°C). XRD and TEM confirmed a size around 6-8 nm for Pd-CeO2 particles calcined at 300°C. Raman study
revealed large number oxygen vacancies in Pd-CeO2-300 when compared to Pd-CeO2-500 and Pd-CeO2-700. With
increase in calcination temperature, the average particle size increased whereas the specific surface area and number of
oxygen vacancies decreased. Hydrogen-iodide catalytic-decomposition was carried out in the temperature range of 400°C550°C in a quartz-tube, vertical, fixed-bed reactor with 55 wt % aqueous hydrogen-iodide feed over Pd-CeO2 catalyst
using nitrogen as a carrier gas. Pd-CeO2-300 showed hydrogen-iodide conversion of 23.3 %, which is close to the
theoretical equilibrium conversion of 24 %, at 550°C. It also showed a reasonable stability with a time-on-stream of 5 h.
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1. Introduction
Sulfur-iodine (SI) cycle is considered as a promising technology for the production of large quantities of
hydrogen by thermochemical water splitting. Hydrogen is a viable alternative to fossil fuels, since it is a
cheap, renewable, and clean source of energy. Researchers have fully realized the utility of SI cycle [1-3]. The
SI cycle consists of the following three reactions:
SO2(g) + I2(s) + 2H2O(l) ↔ 2HI(aq) + H2SO4(aq) (T= 20°C-120°C; ∆H= -75±15 kJ mol-1)…(1)
H2SO4(g) ↔ H2O(g) + SO2(g) + ½ O2(g) (T= 800°C-900°C; ∆H= 186±3 kJ mol-1)…(2)
2HI(g) ↔ H2(g) + I2(g) (T= 300°C-500°C; ∆H~12 kJ mol-1)…(3)
The overall reaction is the splitting of water into hydrogen and oxygen, without emission of any
greenhouse gases, and hence it is a potentially sustainable means to a clean fuel. The iodine and sulphur
dioxide produced in hydrogen-iodide decomposition reaction (3) and sulphuric-acid decomposition reaction
(2), respectively, are recycled back to Bunsen reaction (1). Thermodynamically, hydrogen-iodide
decomposition is a limiting reaction step, being a reversible reaction. A considerable amount of energy is
required in this step along with a highly active and stable catalyst for the production of hydrogen in the highly
corrosive hydrogen-iodide environment.
Different types of monometallic catalysts (precious Pt, Au, Pd, Ru, and Ir metals and non-precious
Ni, Mo, and Co metals) [4-7], and bimetallic catalysts (Ni-Pt, Ni-Pd, Pt-Ir, Pd-Ir, and Pt-Ru) [8-11] have been
reported in the literature for hydrogen-iodide decomposition reaction. Various support materials such as ceria,
zirconia, γ-alumina, activated carbon (AC), carbon nanotubes (CNTs), carbon molecular sieves (CMS), and
graphite [12-16] have also been reported. O’Keeffe et al. [6] presented an overview of different catalysts used
for hydrogen-iodide decomposition reaction and revealed that Pt supported catalysts possessed a high activity.
Precious metal based catalysts (supported Pt, Pd, and Ir catalysts) have also been studied extensively for this
reaction [11, 17, 18]. Few reports have shown that the activity of Pt supported catalyst was influenced by the
support [19]. Some results showed that Pt catalyst showed agglomeration, and was not stable in the corrosive
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hydrogen-iodide environment [19-21].
Ceria has frequently been used for hydrogen-iodide decomposition as it is non-toxic, cheap,
abundant, and has some interesting physicochemical properties. Ceria is attractive as catalyst or as support
(especially at nanoscale) due to the presence of a large number of lattice defects (oxygen vacancies,
dislocations, and grain and interphase boundaries) [22]. It has been used in various applications such as gas
sensor, automotive catalyst, solid electrolyte, and catalyst/ support [23-25]. It is used mainly because of its
oxygen storage capacity and its interaction with precious metals [26, 27]. Lot of research has focused on
interaction between precious metals and pure ceria [22]. Zhang et al. [26] and Fan et al. [27] reported the
insertion of precious metal ions into ceria lattice with the help of sol-gel method which brings a different
synergistic effect (high oxygen mobility in support, and larger reducibility of precious metals). Thus, insertion
of precious metals might result in an increase in oxygen vacancies and oxygen mobility and improve the
catalytic activity.
In this paper, palladium is chosen an active catalytic ingredient with ceria because it is much cheaper
than Pt (Pt: 975 USD per oz, and Pd: 799 USD per oz) [28]. Ni is also a cheaper option to Pd, and has been
explored by us earlier, but stability is an issue with Ni for hydrogen-iodide decomposition reaction [6]. PdCeO2 can be prepared by different synthesis methods such as sol-gel [29], reverse micellar [30], sonochemical
[31], hydrothermal [32], combustion [33], and precipitation routes [26]. As far as the authors are aware, this is
the first time that the combination of Pd and CeO2 nanocatalysts has been used for hydrogen-iodide
decomposition reaction in the thermochemical SI cycle. The idea is to investigate the performance of Pd-CeO2
catalysts, synthesized by sol-gel method with different calcination temperatures, for hydrogen-iodide
decomposition. Furthermore, the characterization data of Pd-CeO2 catalysts by BET, XRD, TEM, ICP-AES,
and RAMAN spectroscopy have been reported here.

2. Experimental Work
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2.1. Catalyst preparation
For the preparation of Pd-CeO2 catalysts by the sol-gel technique, citric acid and cerium nitrate hexahydrate
were maintained in a ratio of 1.5. Required amount of ethylene glycol (15 wt % of citric acid); 0.5 g was taken
in a beaker containing mixture of cerium nitrate hexahydrate, palladium chloride (mass ratio of Ce:Pd = 98:2),
and citric acid, and stirred at 60°C until spongy yellow gel formed. The spongy-gel was then dried at 90°C for
12 h. The product was then calcined at different temperatures, namely, 300°C, 500°C, and 700°C, each for 4
h. The Pd-CeO2 catalysts prepared by this method are denoted by Pd-CeO2–300, Pd-CeO2–500, and Pd-CeO2–
700, respectively. The measurement by ICP-AES confirmed that the mass percentage of Pd in the catalyst was
2%.

2.2. Catalyst characterization
BET instrument was used to measure the specific surface areas of the prepared catalysts (Micrometrics, ASAP
2010). XRD data of Pd-CeO2 catalysts calcined at different temperatures were collected on a Rigaku X-ray
diffractometer (DMAX IIIVC) in the range of 2θ = 20°-70°. TEM micrographs of synthesized catalysts were
produced on Tecnai G2-20 Twin (FEI) transmission electron microscope operated at 200 kV. Raman spectra
were obtained on a Horiba JY Lab RAM HR 800 Raman spectrometer with a 514 nm excitation laser source
and a spectral resolution of 0.3 cm-1. The amount of Pd in Pd-CeO2 catalysts was confirmed using ARCOS,
Simultaneous ICP-AES spectrometer.

2.3. Catalytic experiments
The heterogeneous catalytic gas-phase hydrogen-iodide decomposition experiments were performed
in a quartz reactor (tube of 16 mm diameter) under atmospheric pressure as shown in figure 1. 1 g of prepared
nanocatalyst was used in each experiment conducted at different constant temperatures ranging from 400°C550°C. The 55 wt % aqueous hydrogen-iodide was allowed to flow at a weight-hourly-space velocity
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The specific surface areas of the prepared Pd-CeO2 catalysts were measured by BET technique,
based on nitrogen adsorption (table 1). The specific surface area is 91.2 m2 g-1 for Pd-CeO2–300, 54.5 m2 g-1
for Pd-CeO2–500, and 18.9 m2 g-1 for Pd-CeO2–700, respectively; thus with an increase in the calcination
temperature the specific surface area of the Pd-CeO2 catalyst decreases.
The powder XRD patterns of the prepared Pd-CeO2 catalysts calcined at different temperatures are
shown in figure 2. All the diffraction patterns showed sharp peaks of cubic fluorite structure of CeO2 at 28.6°,
33.1°, 47.5°, 56.4°, and 59.1° corresponding to (111), (200), (220), (311), and (222) planes, respectively [22].
No peaks of Pd are however observed in the diffraction patterns of any of the catalyst samples indicating the
formation Pd-Ce solid solutions. The average crystallite sizes of the prepared Pd-CeO2 materials were
calculated from X-ray data using Debye-Scherrer equation:
Average crystallite size, 𝐷 = 0.9𝜆/𝛽𝑐𝑜𝑠𝜃

(4)

,where β is the full-width at half-maximum (FWHM) measured in radians, λ the X-ray wavelength of Cu-Kα
radiation, and θ, the Bragg’s angle.

Figure 2. Powder XRD patterns of (a) Pd-CeO2-300; (b) Pd-CeO2-500; and (c) Pd-CeO2-700.
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The lattice parameters were calculated to be around 5.412 Å, 5.411 Å, and 5.410 Å for Pd-CeO2-300,
Pd-CeO2-500, and Pd-CeO2-700 with the help of Bragg’s law. The ionic radii of Pd2+ and Ce4+ are 0.86 Å and
0.97 Å. This indicates that Pd2+ ions have dissolved into ceria lattice instead of Ce4+ ions through sol-gel
method. The calculated average crystallite sizes of Pd-CeO2-300, Pd-CeO2-500, and Pd-CeO2-700 were found
to be 6.1, 14.6, and 45.1 nm, respectively, with the help of Debye-Scherrer equation applied to (111) plane
(table 1). With an increase in the calcination temperature, the peak intensity and sharpness increases which
indicate a decrease in FWHM values, i.e. increase in crystallite sizes. This is in a good agreement with the
BET surface area values which also showed a decrease in the surface area with an increase in the calcination
temperature.
The TEM micrographs of Pd-CeO2-300, Pd-CeO2-500, and Pd-CeO2-700 catalyst samples are shown
in figures 3(a) to 3(c). TEM analyses of all the catalysts revealed the spherical nanosized particles. It is
observed that the particle size of the catalyst also increased with an increase in the calcination temperature.
The average particle size of Pd-CeO2-300, Pd-CeO2-500, and Pd-CeO2-700 are 8.3, 15.2, and 48.6 nm. These
results are again in agreement with the powder XRD and BET results.

Figure 3. TEM micrographs of (a) Pd-CeO2-300; (b) Pd-CeO2-500; and (c) Pd-CeO2-700.

Raman spectroscopy is an important characterization technique to confirm the phases and defects
present in the materials. Figure 4 represents Raman spectra (200-1600 cm-1) of Pd-CeO2 catalyst materials
calcined at different temperatures. Raman spectra of all the materials exhibit a cubic fluorite structure with an
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F2g Raman active vibrational mode at 464.5 cm-1 [34]. A small Raman band at around 588 cm-1 corresponds to
the defect mode, D bond (oxygen vacancy). The intensity ratio, ID/IF2g gives the degree of defects present in
Pd-CeO2 [35]. The intensity ratio follows the order: Pd-CeO2-300 > Pd-CeO2-500 > Pd-CeO2-700. This
implies that Pd-CeO2-300 possessed a larger number of oxygen vacancies when compared to Pd-CeO2-500,
and Pd-CeO2-700. The smaller intensity and larger broadening (larger FWHM in the Raman spectra) of PdCeO2-300 sample indicate smaller nanosized particles in it as compared to those in Pd-CeO2-500 and PdCeO2-700 catalysts. Thus, the results of Raman spectra are consistent with those of XRD and TEM results.

Figure 4. Raman spectra of (a) Pd-CeO2-300; (b) Pd-CeO2-500; and (c) Pd-CeO2-700.

3.2. Catalytic activity
The results of hydrogen-iodide decomposition experiments at different temperatures over synthesized PdCeO2 nanocatalysts are shown in figure 5. The hydrogen-iodide conversion on Pd-CeO2-700 is about 12.3 %
at 400°C. With the increase in temperature, the hydrogen-iodide conversion on Pd-CeO2-700 increased. It
showed a conversion of 19.1 % at 550°C. Pd-CeO2-300 and Pd-CeO2-500, on the other hand gave very high
conversions at 550°C, reaching about 23.3 % (close to the theoretical equilibrium value of 24 % at 550°C)
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and 21.7 %, respectively. At 400°C, the latter two catalysts showed conversions of around 17.7 % and 15.5 %,
respectively. It is thus observed that the hydrogen-iodide conversion decreased with the increase in the
catalyst-calcination temperature. Pd-CeO2-300 HI conversion of 23.3% showed greater catalytic activity than
the other catalysts at 550°C (Pt-CeO2 (22.0%) [26], Ni-CeO2 (21.0%) [36], and CeO2 (19.4%) [22]).

Figure 5. Hydrogen-iodide conversion over Pd-CeO2 catalysts at different decomposition temperatures (HI-55 wt %).

These catalytic performance results are supported well by those from characterizations using BET,
XRD, TEM, and Raman spectroscopy. With an increase in the calcination temperature, the average particle
size increased and the specific surface area and oxygen vacancies decreased, and thus the catalytic activity for
hydrogen-iodide decomposition reaction decreased. The oxygen vacancy plays the dominant role in surface
reactions of hydrogen-iodide decomposition [16]. According to Zhang et al. [16] new reaction mechanism for
hydrogen-iodide decomposition over CeO2 catalyst, HI is adsorbed first and activated on the surface of PdCeO2 through the oxygen vacancy causing the cleavage of H–I.
The time-on-stream stability test is also conducted for Pd-CeO2-300 catalyst for 5 h. Figure 6 shows
the time-on-stream stability test data for Pd-CeO2-300 catalyst. For this purpose, 1 g of catalyst, at a
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temperature of 500°C, and WHSV of 12.9 h-1, was used. A nearly constant hydrogen-iodide conversion of
22.0 % was observed during the whole time-on-stream of 5 h at 500°C. No deactivation of the catalyst was
observable at all, which indicates its good stability at the operating temperature of interest in practice.

Figure 6. Time-on-stream stability test of Pd-CeO2-300 catalyst for hydrogen-iodide conversion (Operating conditions: Catalyst-1
g, temperature-500°C, WHSV-12.9 h-1, time-on-stream-5 h, HI-55 wt %).

4. Conclusions
Pd-CeO2 catalysts were successfully synthesized by sol-gel method and by employing different calcination
temperatures. BET, XRD, TEM, and Raman studies revealed that an increase in the calcination temperature
resulted into smaller specific surface areas, larger average particle sizes, and smaller numbers of oxygen
vacancies. Pd-CeO2-300 possessing a high specific surface area, smaller average particle size, and larger
number of oxygen vacancies, achieved near-equilibrium conversions at 550°C and a WHSV of 12.9 h-1. Also,
this Pd-CeO2-300 nanocatalyst showed reasonable stability for the time-on-stream of 5 h at 500°C without
any observable deactivation.
Further work is in progress to test the activity of Pd-CeO2 catalyst for much longer times-on-stream
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of 50 h – 100 h.
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