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ABSTRACT

Bimetallic Ni-Pt nanoparticles supported on four different supports (activated carbon (AC))I, Y-

alumina, zirconia, and ceria) were prepared by modified impregnation-reduction technique for

decomposition of hydrogen iodide to hydrogen and iodine, in the thermochemical water- splitting
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sulfur-iodine (SI) cycle. The catalysts were characterized by powder X-ray diffraction (XRD),
transmission electron microscopy (TEM), and Brunauer—-Emmett-Teller (BET) method to find
their structure, morphology, and surface area, respectively. High metal dispersions (Ni-Pt) were
obtained with particle sizes of the order of 10 nm or lesser, in the high-surface-area supports. The
hydrogen iodide-decomposition results showed the following catalytic activity order of Ni-Pt
nanoparticles on different supports: Ni(2.5%)-Pt(2.5%)/AC > Ni(2.5%)-Pt(2.5%)/y-alumina >
Ni(2.5%)-Pt(2.5%)/Zirconia > Ni(2.5%)-Pt(2.5%)/Ceria. Bimetallic Ni(2.5%)-Pt(2.5%)/AC also
showed excellent stability for 100 h in the hydrogen iodide-decomposition reaction, and with a
higher performance relative to the corresponding Pt supported catalyst under the same operating

conditions.

Keywords: SI thermochemical cycle, Nickel, Platinum, Hydrogen iodide-decomposition,

Hydrogen production

1. Introduction

Hydrogen is probably an ultimately vital energy carrier for the future, where fossil fuels are
expected to be scarce [1-3]. While there are exciting possibilities in the manufacture of hydrogen
from renewable sources, primarily water and biomass, there are also non-electrochemical
pathways to achieve hydrogen production, notably by the use of cyclic pathways that can tap into
very high quality heat, available in nuclear power plants. The sulfur—iodine (SI) thermochemical
cycle is one such method for hydrogen production [4]. Over the past few decades, many

researchers have studied the potential of the SI process for large-scale hydrogen production [5—



11], although the process still remains considerably un-optimized. The SI cycle consists of the

following reactions [12].

SO, + I + 2H20 — 2HI + H,S04 (T= 20-120°C; AH= -75%15kJ mol™') (1)
H2S04 — Ha0 + SOz + % O3 (T= 800-900°C; AH= 186+3kJ mol™') 2)
2HI — H, + I (T= 400-550°C; AH~12kJ mol™) 3)

The net advantage of this cycle is the decomposition of water into hydrogen and oxygen
without emission of any greenhouse gas. The iodine and sulfur dioxide produced in the hydrogen
iodide-decomposition and sulfuric-acid decomposition reactions, respectively, are separated and
recycled to the Bunsen reactor. Since two of the three reactions are considerably endothermic and
require very high temperature, this type of thermochemical splitting of water is achievable only
when waste heat is available at temperatures of about 1000°C, i.e. in nuclear power plants. Thus,
nuclear power plants may be used effectively to produce large quantity of hydrogen which can be
bottled, stored, and supplied for a variety of applications including transportation and clean backup

power for telecom applications.

Hydrogen iodide-decomposition, in addition to being highly endothermic, is strongly
equilibrium limited under desirable reaction conditions of about 400°C to 600°C. As per the
reaction stoichiometry, the equilibrium yields are independent of pressure. A highly active and
stable catalyst is targeted for the production of hydrogen from hydrogen iodide in the SI cycle.
The principal aim of catalyst development is such that the reaction achieves near-equilibrium
conversions at commercial space velocities and at temperatures, where corrosion by hydrogen
iodide and iodine is minimal, and where expensive materials of construction (MoC) are not
necessary. A reaction temperature of no higher than 550°C is therefore optimal, so that the

appropriate MoCs can be used. A review of MoCs and ‘usable’ temperatures for hydrogen iodide
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reaction is shown in the following table 1 which lists the MoC candidates with their stand-up

temperatures.

Table 1. MoC candidates with their stand-up temperatures for hydrogen iodide reaction.

Materials Tested Stability Remarks on General
temperature Costing/ usage

SiC and Borosilicate 200°C Stable up to 200°C

glass [13]

Zr [14] 310°C Not stable at 310°C

Ta and Ta-Nb based 310°C Stable up to 310°C Very high cost as compared

alloys [14] to Hastelloy and Alloy 617
[16] — Not useful

C-276 [14] 310°C Not stable up to 310°C

Mullite [14] 310°C Not stable up to 310°C

Hastelloy [15] 450°C Stable up to 450°C Less as compared to Alloy
617 and Ta-Nb based alloys
[16]

Alloy 617 [16] 850°C Stable up to 850°C High as compared to

Hastelloy [16]

With the above information, a target design temperature for operating the reactor appears to be

around 450°C, and possibly up to 550°C. At very low temperatures where MoCs like SiC and

borosilicate glass are applicable, the kinetics are very slow, and at 850°C, where kinetics are very



rapid, the MoCs are very expensive. Therefore, the operating temperatures of the reaction are
limited to the range of 450°C-550°C, where Hastelloy can be used as the MoC.

Different catalysts, including noble metal catalysts (Au and Pt [17-19], Ni, Pd, and
bimetallic catalysts [20-25]) have been reported in literature along with a variety of support
materials (activated carbon (AC), ceria, y-alumina, carbon nanotubes, graphite, carbon molecular
sieve [26—29]) for catalytic hydrogen iodide-decomposition. A very good review was given by
O’Keeffe et al. [6] on the studies of catalysis research in SI process in which Pt supported catalysts
showed good catalytic activity. Noble metal based catalysts (supported Pt-catalysts) have been
extensively studied for hydrogen iodide-decomposition reaction as they show very good catalytic
activity for the reaction [26-28]. Some results have indicated that performances of Pt supported
catalysts were indeed influenced by the support [26]. Among the different supported Pt catalysts,
Pt/AC was found to give excellent catalytic activity for hydrogen iodide-decomposition reaction.
Favuzza et al. [30] also reported the high stability of AC for 140 h during hydrogen iodide-
decomposition. Wang et al. [31] reported the overview of catalyst development at Institute of
Nuclear and New Energy Technology, Tsinghua University, (INET), and also concluded that the
future choice of catalysts for the hydrogen iodide-decomposition could either be “inexpensive
catalyst (with a large quantity of AC) with large reactor” or “expensive catalyst (small quantity of
supported Pt) with small reactor”. Bell [32] suggested that with approaches based on nanoscience
and nanotechnology, the catalyst activity can be further enhanced by modifying the support. He
explained that the catalyst activity depended on its size, shape, and structure along with the use of
nanoporous supports. By controlling the size and shape of nanoporous supports, the catalyst

performance can be increased.



Bimetallic catalysts have been studied for various catalytic reactions such as catalytic
reforming, oxidation-reduction organic reactions, hydrogen generation, and fuel-cell
electrocatalysis [33—41]. Various methods are available for the production of supported bimetallic
catalysts such as co-precipitation [42], sol-gel [43], hydrothermal [44], impregnation—calcination
[21], and electroless deposition [45].

The supported Pt-catalysts were found to be not stable at high temperatures during
hydrogen iodide-decomposition and showed agglomeration of Pt nanoparticles (Pt/AC = 5.1 nm
and used Pt/AC = 16 - 22 nm) [26-28]. Further, the addition of second metal atoms along with Pt
metal into supported Pt-catalysts resulted into high sintering resistance of Pt nanoparticles during
hydrogen iodide-decomposition [23-25]. Ni is a very good option along with Pt metal, as it is not
only cheap but also active for hydrogen iodide-decomposition reaction [20,21]. It has been
confirmed that bimetallic catalysts have better activity and stability than monometallic catalysts in
many other catalytic reactions also [46-48]. Wang et al. [23] described that the stability of Pt based
bimetallic catalysts was due to alloying of Pt and other transition metals like Pd, Rh, and Ni (Pt/M
= 2, where M = Pd, Rh or Ni) at 500°C. Wang et al. [24] explained that the stability of Pt-Ir
bimetallic catalysts might be due to alloying of Pt and Ir (Pt/Ir = 0.5, 0.9, 2) at high temperatures
(500°C).

In the present paper, we have reported the synthesis of a well-known bimetallic Ni-Pt
catalyst but on the surface of different supports (AC, y-alumina, zirconia, and ceria) and their
catalytic activity towards hydrogen production from hydrogen iodide. Here, we have reported a
modified impregnation-reduction method for loading of bimetallic Ni-Pt on different supports with
the intent of generating stable nanoparticles with a high catalytic activity. This paper has also

reported the results of the catalyst characterization using powder X-ray diffraction (XRD),



transmission electron microscopy (TEM), and Brunauer—Emmett-Teller (BET) technique, and
correlated the catalyst performance as a function of various supports used, in a bid to isolate an
effective support which is thermally and chemically stable under the highly corrosive environment

of the decomposition reaction.

2. Experimental

2.1. Catalyst preparation

AC, y-alumina, zirconia, and ceria were each used as a support. Nickel nitrate hexahydrate and
hexachloroplatinic acid hexahydrate were used as Ni and Pt precursors. Sodium borohydride,
sodium hydroxide, and hydrazine hydrate were used as nucleating, precipitating, and reducing
agents in this method. The Ni-Pt supported catalysts were prepared by a modified impregnation-
reduction method [49,50]. No protecting agent was used in this preparation method. Figure 1
shows the schematic diagram of preparation procedure of Ni-Pt catalyst loaded on different
supports. Appropriate amounts of nickel nitrate hexahydrate and hexachloroplatinic acid
hexahydrate were added to 150 ml of deionized water containing support. Few drops of 0.0001M
sodium borohydride were added for nucleation of bimetallic Ni-Pt particles. After the addition of
sodium borohydride, a few drops of 1M sodium hydroxide and 1ml of hydrazine hydrate were
added to the above solution. Then, the solution was vigorously stirred at 70°C for 4 h. The
suspended solid was subjected to washing 4-5 times with deionized water and then filtered off.

The product catalyst was dried at 80°C in an oven for 6 h. The loading amounts of both Ni and Pt



were 2.5 %w/w. Similarly, monometallic Pt catalysts on different supports were also prepared by

the above-mentioned impregnation-reduction method.
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Figure 1. Schematic diagram of preparation procedure of Ni-Pt catalyst loaded on different

supports.

2.2. Catalyst characterization

The specific surface area of the all the catalysts were estimated by BET technique using N as

adsorbate (Micrometrics, ASAP 2010). The powder XRD data of Ni-Pt supported catalysts were

collected on a Rigaku X-ray diffractometer (DMAX IIIVC) which was equipped with a Ni-filtered



Cu-Ka radiation (A\=1.542A) and a graphite crystal monochromator. The powder XRD data were
collected with a step size of 0.05° and a scan rate of 2°/min. TEM micrographs were obtained on
Tecnai G2-20 Twin (FEI) transmission electron microscope, operated at 200 kV. The samples were
dispersed in ethanol and after 30 minutes of ultrasonication, these were deposited and dried on

carbon-coated Cu grids.

2.3. Catalytic activity test

The catalytic hydrogen iodide decomposition reaction was performed in a quartz tube [ 16mm L.D.].
1 g of prepared catalyst was properly homogenized with sufficient quantity of quartz particles and
allowed to feed into the quartz reactor to check the performance of the catalyst. The hydrogen
iodide decomposition reaction was tested at temperatures ranging from 400°C to 550°C. The
hydrogen iodide (HI-55 wt%) was allowed to flow at a weight hourly space velocity (WHSV) of
12.9 h'!. Nitrogen was used as a carrier gas maintained at 40 ml/min. The undecomposed hydrogen
iodide, water, and product iodine were trapped using a condenser and scrubbers as shown in figure
2. The mixture of hydrogen and nitrogen gases was passed into the gas chromatograph. Hydrogen
was analyzed with the help of gas chromatograph (Nucon-5765) which was equipped with a
thermal conductivity detector (TCD), and in this chromatograph Molecular Sieve SA column was
used. The gas chromatograph was properly calibrated with the help of pure hydrogen gas before
hydrogen iodide reaction to identify the decomposed hydrogen. Each run was conducted for 90
min. to obtain steady-state HI conversion. Figure 2 shows the schematic diagram of the

experimental facility for testing of catalytic activity of prepared catalysts.
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Figure 2. Schematic diagram of experimental facility for testing of catalytic activity.

3. Results and discussion

3.1. Catalyst characterization

Table 2 shows the specific surface area of all the catalysts measured by BET instrument. The
specific surface area of Ni1(2.5%)-Pt(2.5%)/AC catalyst is very high as compared to those of other
prepared catalysts. The Ni(2.5%)-Pt(2.5%)/AC showed a specific surface area of 901.1 m?g’,

whereas  Ni(2.5%)-Pt(2.5%)/y-alumina,  Ni(2.5%)-Pt(2.5%)/Zirconia, = and  Ni(2.5%)-
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Pt(2.5%)/Ceria showed a specific surface area of 223.8 m’g!, 10.5 m’g!, and 4.7 m’g’,
respectively. Ni(2.5%)-Pt(2.5%)/Ceria thus showed the lowest specific surface area. The
deposition of Ni-Pt on the surface of AC reduced the specific surface area from 924.2 m?g™! to
901.1 m?g™!, respectively. This may be due to the blocking of some of the pores of support AC by

Ni-Pt catalyst.

Table 2. BET sample characterization.

Sample code Specific Surface area
(m’g™)

AC 924.2

y-alumina 245.0

Zirconia 18.6

Ceria 13.0

Ni(2.5%)-Pt(2.5%)/AC 901.1

Ni(2.5%)-Pt(2.5%)/y-alumina ~ 223.8
Ni(2.5%)-Pt(2.5%)/Zirconia  10.5

Ni(2.5%)-Pt(2.5%)/Ceria 47

Figure 3 shows the characteristic powder XRD patterns of prepared samples. AC and y-
alumina have an amorphous structure. The XRD patterns showed highly crystalline nature of
zirconia and ceria supports which is evident from the sharp peaks (figure 3). In XRD patterns of

all the bimetallic catalysts, no sharp peaks corresponding to Ni or Pt crystals were found, which
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shows that the metal particles are highly dispersed on the supports. Also, it is to be noted that the

XRD technique is not sensitive if the amount of the catalyst phase is too low (less than 5%) [49].
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Figure 3. X-ray diffraction patterns of Ni(2.5%)-Pt(2.5%) catalysts loaded on different

supports.

TEM micrographs of bimetallic Ni(2.5%)-Pt(2.5%) supported catalysts are shown in figure
4. The bimetallic Ni-Pt particles are homogeneously dispersed on support AC in the range of 4-8
nm (see figure 4a). Figure 4b revealed bimetallic Ni-Pt catalyst particles distributed on y-alumina

in the range of 5-8 nm. Figure 4c and 4d showed Ni-Pt particles supported on zirconia and ceria in
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the ranges of 5-9 nm and 4-10 nm, respectively. The TEM micrographs showed spherical particles

(encircled white).

Figure 4. TEM micrographs of (a) Ni(2.5%)-Pt(2.5%)/AC, (b) Ni(2.5%)-Pt(2.5%)/y-

alumina, (c¢) Ni(2.5%)-Pt(2.5%)/Zirconia, and (d) Ni(2.5%)-Pt(2.5%)/Ceria.

3.2. Catalytic performance and discussion

The effect of different supports (AC, y-alumina, Zirconia, and Ceria) on hydrogen iodide

conversion is presented in figure 5. Here, the thermodynamic-equilibrium conversions are also
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shown at different temperatures in the range of 400°C-550°C. The conversion of hydrogen iodide
increases on increasing the temperature, as this reaction is endothermic. Four different
temperatures (400°C, 450°C, 500°C, and 550°C) were selected to test the catalysts performances.
The catalytic performance for different supports alone followed the order: AC > y-alumina >

Zirconia > Ceria.
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Figure 5. Catalytic activity of different supports (Ceria, Zirconia, y-alumina, and AC),

without the metallic loading, on hydrogen iodide conversion (HI-55 wt %).
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Figure 6. Activity of different supported Pt(2.5%) catalysts for hydrogen iodide-

decomposition reaction (HI-55 wt%).

Figure 6 shows the activities of different supported monometallic Pt catalysts.
Pt(2.5%)/AC showed the highest hydrogen iodide conversion among all the monometallic Pt
catalysts. It showed conversions of 16.2% and 22.2% at 400°C and 550°C, respectively.
Pt(2.5%)/Ceria showed the lowest hydrogen iodide conversions. The catalytic activities of
different supported monometallic Pt followed the order: Pt(2.5%)/AC > Pt(2.5%)/y-alumina >

Pt(2.5%)/Zirconia > Pt(2.5%)/Ceria.
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The catalytic activities of bimetallic Ni-Pt catalysts deposited on different supports are
shown in figure 7. The bimetallic Ni(2.5%)-Pt(2.5%)/Ceria showed a low hydrogen iodide
conversion of 8.9% at 400°C, and this hydrogen iodide conversion was increased to 19.5% at
550°C. The Ni(2.5%)-Pt(2.5%)/Zirconia, Ni(2.5%)-Pt(2.5%)/y-alumina, and Ni(2.5%)-
Pt(2.5%)/AC gave hydrogen iodide conversion of 13.4%, 16.2%, and 18.1% at 400°C. As
expected, with increase in reaction temperature, the conversion also increased, giving hydrogen
iodide conversion value of 22.1%, 23.4%, and 23.9% (very close to the theoretical equilibrium
value of 24%) at 550°C. Due to the high dispersions of the Ni-Pt bimetallic phase, (particle sizes
of ~ 10 nm or less), the catalytic activity is significant, even at 400°C, which is well within the
stability of Hastelloy MoCs.

As seen clearly, Ni(2.5%)-Pt(2.5%)/AC exhibits a higher catalytic activity than the other
three catalysts. This is likely due to the high surface area of Ni(2.5%)-Pt(2.5%)/AC catalyst. The
catalytic activities of Ni-Pt catalysts on different supports followed the order: Ni(2.5%)-
Pt(2.5%)/AC > Ni(2.5%)-Pt(2.5%)/y-alumina > Ni(2.5%)-Pt(2.5%)/Zirconia > Ni(2.5%)-
Pt(2.5%)/Ceria, which may be correlated to the surface area of the support. As the temperature
increases, the conversions for all catalyst-support combinations tend to merge after a certain
temperature. Here, the equilibrium is approaching and the reaction rate approaches zero. The data
also indicate that the reaction is kinetically controlled with the metallic dispersion playing a key
role in determining the kinetics. The activity results of bimetallic (Ni-Pt) catalysts also showed
that these have a higher catalytic activity as compared to the monometallic (Pt) catalysts. Possible
synergistic interactions between metal and support will be investigated further in ongoing work,

in a bid to understand clearly the role of the metal vis-a-vis the support.
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Figure 7. Activity of different supported Ni(2.5%)-Pt(2.5%) catalysts for hydrogen iodide-

decomposition reaction (HI-55 wt%).

3.3. Stability of catalyst

The Ni(2.5%)-Pt(2.5%)/AC catalyst, which showed a very high dispersion, was run under
steady state for 100 h. For this purpose, 2 g of the catalyst was put inside the reactor, and heated
to 500°C. The Ni(2.5%)-Pt(2.5%)/AC exhibited a high catalytic activity, and an excellent stability
up to a time period of 100 h. The measured HI conversion was constant (23.9%) for 100 h. No
deactivation was observed during this time-period. Figure 8 shows time on stream (TOS) stability

test of bimetallic Ni(2.5%)-Pt(2.5%)/AC for a time-period of 100 h.
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Figure 8. Time on stream (TOS) stability test of Ni(2.5%)-Pt(2.5%)/AC catalyst for hydrogen

iodide conversion (Operating conditions: WHSV-12.9 h'!, Temp.-500°C and TOS-100 h).

The average particle size of Ni-Pt particles in the spent-Ni(2.5%)-Pt(2.5%)/AC catalyst is
about 5-11 nm (encircled white in figure 9) which indicates that the change of Ni-Pt particle size
is not significant. From the TEM results, it could be deduced that the Ni-Pt bimetallic catalyst,
demonstrates a high stability to sintering during hydrogen iodide decomposition, and appear to be
resistant to corrosion, although advanced characterization experiments will be needed to observe

the onset of corrosion over long times.
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Figure 9. TEM micrograph of spent Ni(2.5%)-Pt(2.5%)/AC.

4. Conclusions

Bimetallic Ni(2.5%)-Pt(2.5%) catalyst nanoparticles supported on four different kinds of supports
(AC, y-alumina, Zirconia, and Ceria) were prepared successfully by a modified impregnation and
chemical reduction technique. High levels of metallic dispersion were achieved with particle sizes
being of the order of 10 nm or less, in the high surface area supports, and also verified by TEM
micrographs. The catalytic activity of Ni-Pt catalyst on different supports showed the following
order: Ni(2.5%)-Pt(2.5%)/AC > Ni(2.5%)-Pt(2.5%)/y-alumina > Ni(2.5%)-Pt(2.5%)/Zirconia >
Ni(2.5%)-Pt(2.5%)/Ceria. Bimetallic N1(2.5%)-Pt(2.5%)/AC catalyst showed the highest catalytic
activity and excellent stability. The hydrogen iodide conversion of Ni(2.5%)-Pt(2.5%)/AC

increased from 18.1 to 23.9%, over a temperature range 400°C to 550°C which is very close to the
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equilibrium value. The catalyst performance was steady and stable for over 100 h, which appears
to suggest that the particle size/ dispersions were sustainable at the reaction temperature.
Therefore, bimetallic Ni(2.5%)-Pt(2.5%)/AC nanoparticles, synthesized by the method suggested,
are a viable catalyst system which can operate at temperatures of 450°C as well, where MoCs like
Hastelloy can be used. Further studies are in progress to explore higher Ni:Pt loadings, examining
the synergistic effects of Ni-Pt bimetallic and the viability of transition metals like Ni, over a range
of space velocities. A study of the kinetics and the hydrogen iodide-decomposition mechanism on

transition metal catalyst is in progress, as well.
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Figure 1. Schematic diagram of preparation procedure of Ni-Pt catalyst loaded on different
supports.

Figure 2. Schematic diagram of the experimental facility for testing of catalytic activity.
Figure 3. X-ray diffraction patterns of Ni-Pt catalysts loaded on different supports.

Figure 4. TEM micrographs of (a) Ni(2.5%)-Pt(2.5%)/AC, (b) Ni(2.5%)-Pt(2.5%)/y-

alumina, (¢) Ni(2.5%)-Pt(2.5%)/Zirconia, and (d) Ni(2.5%)-Pt(2.5%)/Ceria.

Figure 5. Catalytic activity of different supports (ceria, zirconia, y-alumina, and AC),
without the metallic loading, on hydrogen iodide conversion (HI-55 wt %).

Figure 6. Activity of different supported Pt(2.5%) catalysts for hydrogen iodide-
decomposition reaction (HI-55 wt%).

Figure 7. Activity of different supported Ni(2.5%)-Pt(2.5%) catalysts for hydrogen iodide-
decomposition reaction (HI-55 wt %).

Figure 8. Time on stream (TOS) stability test of Ni(2.5%)-Pt(2.5%)/AC catalyst for hydrogen
iodide conversion (Operating conditions: WHSV-12.9 h'!, Temp.-500°C and TOS-100 h).

Figure 9. TEM micrograph of spent Ni(2.5%)-Pt(2.5%)/AC.
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