CHAPTER IV
EFFECT OF SUPPORT COMPOSITION AND METAL LOADING oN
Au CATALYST ACTIVITY IN STEAM REFORMING OF METHANOL*

41 Abstract

Gold (Au) supported on Ceo2-Fe203 catalysts prepared by the deposition-
coprecipitation technique were investigated for steam reforming of methanol (SRM).
The 3 wt% Au/Ceo2-Fe203 sample calcined at 400 °c achieved 100 % methanol
conversion and 74 % hydrogen yield due to a strong Ce-Fe interaction in the active
solid solution phase, CexFel-w2. The sintering of All particles was observed when
the highest metal content of 5 wt% was registered, which worsened the SRM
activity. According to the TPR and TPO analysis, it was found that the
transformation of the a-FcaGJ structure in the mixed oxides and the coke deposition
were the main factors for the rapid deactivation of the catalyst.

Keywords: Steam Reforming; Methanol; Flydrogen; Au catalyst; CeCh; FepOi
4.2 Introduction

Due to the demand for new energy carriers worldwide, many methods for
efficient hydrogen production are still being investigated to find the best candidate
[1-3]. Methanol (CHsOH) is widely acknowledged as a good reactant for the high-
purity of hydrogen due to its low boiling point and high H/C ratio, which reduces the
soot and coke formation [4-7]. Normally, hydrogen production based on a methanol
source can e classified into three main reactions: methanol decomposition (DM),
steam reforming (SRM), and partial oxidation (POM). SRM is also an endothermic
reaction which obtains the highest Hz yield (3 moles FF/I mole CH3OH) with lower
amounts of CO and low temperature operation (200-400 °C), as shown in Eq (4.1).

CFIsOH + HA) -> CO2 + 3FF AH(298 K) = 50 k) moF1 (4.1)

*International Journal of Hydrogen Energy, 37 (2012) 14072-14084.
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However, the activity of SRM reaction depends on the type of catalyst used,
Accordingly, it is necessary to produce high Hz purity which follows the requirement
in PEM fuel cells (CO < 10 ppm) [8-10],

Many previous investigations mainly focused on Cu-based catalysts due to
their high activity for SRM reaction. Unfortunately, the pyrophoric characteristic
seems to be a crucial issue, which causes the rapid deactivation and sintering of these
catalysts when the catalyst is carried out at high temperatures (> 270 °C) [11-13]. To
avoid this problem, there has been significant activity to develop a new catalyst for
this in recent years. Only a few studies related to hydrogen production from
methanol over Au-hased catalysts are reported; however, this catalyst is well known
as an active catalyst in many reactions including preferential CO oxidation (PROX)
[14] and water-gas shifted reaction (WGSR) [15]. Yi et al found that the Au/CeO:
catalyst could obtain full methanol conversion at 300 °c over the SRM reaction with
no deactivation [11]

The activity of gold catalysts strongly depends on the All dispersion. Au
natural site, All particle size, and interaction hetween All and support (or by itself)
[16]. Our previous work found an improvement in Au-Au interaction of 5 wt%
Au/Ceo2 catalysts, which facilitated extreme catalytic activity in the oxidative
methanol reforming (OSRM) [17]. Ceria (CeUs) is defined as an interesting support
because it has high oxygen storage capacity (OSC) or oxygen vacancy, which allows
itself to store and release active oxygen to provide good performance in SRM
reaction [18,19], In further studies, the chemical properties of ceria were
successively developed by the incorporation of triple cations, M3+(M = Fe, La, etc),
into the ceria lattice [20-22]. This incorporation can enhance the formation of
vacancies in the anion sublattice during the charge balancing, where the redox
properties in ceria can be improved. The addition of another interesting support,
Feo()., with CeCL has been receiving much attention due to the creation of an active
solid solution phase (CexFei 0 2), which could be beneficial for many applications
[20,23.24], The Au/Ceo2-Fezos showed high activity for the PROX and WGSR
when the strong Ce-Fe interaction was formed in solid solution [25,26], Based on
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previous studies, there are a number of possibilities for catalyst modification by
creating oxygen vacancies on the support [21].

In this study, a series of Au/CeQj-FejCh catalysts prepared by the
deposition-precipitation technique (DP) were investigated for SRM in the
temperature range 0f200 to 400 c.

4.3 Experimental

431 Catalyst preparation

Various ratios of mixed oxides (CeCh-FeiCh) supports—Ce:Fe = 8.1,
11, and 1:8—were prepared by a co-precipitation method, while the pure CeCh and
Fe:03 supports were prepared by a precipitation method. The Au/CeCE, AulFezos,
and AuCeC>-Feaos catalysts were prepared by the deposition-precipitation
technique.  For support preparation, ~ cerium  (IIl) nitrate  hexahydrate
(Ce(No3)s.6Hzo ) (Aldrich), ‘iron (Il) nitrate nonahydrate (Fe(Noa)s9Hz0)
(Aldrich), and Na:Cos (Riedel-de Haen) were mixed under vigorous stirring
condition at 80 °c and pH 8 Afterward, the precipitate was washed, dried, and
calcined inair at 400 °c for 4 h in order to obtain the Ceo2 “Fe203 supports.

Gold was loaded on the supports (CaC>, FeaCs, and CeCrt-FejCh). An
aqueous solution of HAuCla.3 H20 (Alfa AESAR) was heated at 80 ¢ and adjusted
to pH 8 with Na2C03 After the resulting solution was stirred for 1h, the suspension
was washed with warm deionized water to eliminate the residue ions. The deionized
precipitate was dried at 110 ¢ and calcined in air at various temperatures (200-400
°C) for 4 h. The Ce02-Fe2C>3 support at each composition (Ce:Fe atomic ratio) was
designated as CeXFeY, where X and Y are the atomic ratio of Ce and Fe,
respectively.

4.3.2 Catalyst characterization
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The XRD measurement was carried out on a JEOL X-Ray
diffractometer system (JDX-3530) with a Cuka (15406 A) X-ray source operating at
40 kv and 30 mA.

The size and distribution of the All particles deposited on the supports
were directly observed by a transmission electron microscope (JEOL, JEM 2010) at
an accelerating voltage of 200 KV in bright field mode. Before being transferred into
the TEM chamber, the samples were dispersed in ethanol and were then dropped
onto a copper grid. The volume-area average Au particle size diameter (diem) was
calculated from the following formula: gjem = (njdjs)/(njdj2), where , is the number
of All particles of diameter .

DRIUV-vis spectroscopy experiments checked for the presence of
different states of oxidation of the contained metals (which were recorded on a
Shimadzu uv spectrophotometer 2550). The measurements were performed on air-
exposed samples between 200 and 800 at ambient temperature. The absorption
intensity was expressed using the Kubelka-Munk function, F(Roo) = (I-Rco)2(2Rco),
where Roo is the diffuse reflectance from a semi-infinite layer. An X-Ray
Fluorescence Spectrometry, XRF (AXIOS PW4400) was used to determine the
actual surface (Au, Ce, and Fe) composition.

Temperature-programmed  reduction (TPR) was utilized for the
evaluation of the reducibility of the catalysts and was employed by using 10 % FL in
Ar at 30 mL/min as a reducing gas in a conventional TPR reactor equipped with a
thermal conductivity detector. The reduction temperature was raised from 30 to 850
°c at aramp rate of 10 °c/min,

The amount of carbon formation of the spent catalysts was measured
by means of temperature-programmed oxidation (TPO). Approximately 50 mg of the
powdered samples was packed in a quartz tube reactor before being heated from 100
°C with a heating rate of 12 ¢/minto 900 ¢ under a flow of 2 % Ch/He using a gas
flow rate of 30 mL/min.

433 Catalytic activity measurements
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The SRM reaction was carried out in a fixed-bed reactor with 80 to
120 mesh holes containing 100 mg of the Au/CeCh-FeiCf catalysts under
atmospheric pressure with a reaction temperature of 200 to 400 °c. A mixture of
distilled water and methanol in a syringe was injected continuously by a syringe
pump at a rate of 15 mL hr1to a vaporizer to produce a vapor of methanol and
steam, which was mixed with the He carrier gas before entering the catalytic reactor.
The H20/CH3s0H molar ratio was fixed constantly at 2/1 since it has been defined as
the suitable feed composition for the high catalytic activity of Au catalyst [17], The
All contents and calcination temperatures were varied from 1to 5 % and 200 to
400 °c. respectively. Finally, the stability of the prepared catalysts was tested for 10
h. The gas hourly space velocity (GHSV) was kept at 21 000 mL/g-cat. h. The
product gases (e.g. IT, CO, COz, and CHs) from the reactor were analyzed both
qualitatively and quantitatively by auto-sampling in an on-line gas chromatograph,
Agilent 6890N, with a packed carbosphere (80/100 mesh) column (10 ft x 1/8 inch)
and a thermal conductivity detector (TCD). The selectivity of each product gas was
defined by the mole percentage in the product stream. No methane formation was
observed from this stuay.

44 Results and discussion

44.1 Catalyst characterization

The chemical and physical properties of the series of Au/Ceo2-Fe2os
catalysts are summarized injable 4.1 The lattice constant of CeC in Ceo2-Fezos
(0.540-0.543 run) is smaller than that of CeCx2 (0.544), indicating that the presence of
FeaUs resulted in the incorporation of Fe3+ (0.064 um) into the Ces+ (0.101 nm) to
form a solid solution [25]. However, with high Fe contents (Ce:Fe = 1.8). these
values increased since the segregation of Fe3+ from the Ce+ lattice might be more
favorable than the Fes+Ce+ combination [25], suggesting that high Fe content might
prevent solid solution formation.



Table 4.1 Chemical-physical properties of the Au/CeCL-FeoCb catalysts

Catalyst Calcination Temperature Au Ce Fe Crystallite size3  Lattice constantof Ce02 Au crystallite size (nm)

(°C) (Wt%) (Wt%)  (wt%) (nm) (nm) dut 420 42

3Wt% AulCe0? 400 274 9726 7.65 0.544 <5 _

3 W% Au/Ce8Fel 400 221 9200 573 6.78 0.543 7.7

Lwt% AulCelFel 400 159 61.02  37.39 6.18 0.540 10.4

3wt% AulCelFel 400 249 6188 35.63 6.25 0.540 11.9

3wt AulCelFel 300 260 6130 36.10 6.82 0.540 116

3 wt% AulCelFel 200 259 6446  32.95 6.09 0.540 21 .

5 wi% Au/CelFel 400 469 5800 3731 6.68 0.540 139 121 66
3 W% AulCelFe8 400 259 76.09  21.32 1196 0.542 113

3wt AulFe 3 400 251 - 97.43 : 10.4

“Mean crystallite sizes were calculated from the average values of Ce02plane (111), (220), and (311).
bUnit cell parameter calculated from CeOi (220) with the Bragg’s equation.
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The XRD patterns of all studied catalysts are shown in Fig. 41A. The
strongest diffraction peak of Ce02 at 20 = 28.5° represented the fluorite structure
[24], Other positions of weak peaks were also detected, at 33.08, 47.47, 56.33, 59.08,
69.40, 76.69, and 79.07°, corresponding to (200), (220), (311), (222), (400). (331),
and (420) for the CuKa (1.5406 A) radiation, respectively [28,29], The diffraction
patterns of Fe203 at 24.1, 33.1, 35.6, 408, 494, 54.0, 575, 626, and 64.0° (20)
were due to the presence of hexagonal a-Fe2Cs phases that were, respectively,
assigned to hematite crystallite planes of (012), (104), (110), (113), (024), (116),
(018), (214), and (300) [30,31]. At 3 wt% All loading, compared to the Au/Ce02 the
intensities of the Ce02 decreased with increasing Fe content into the mixed oxides
(Ce:Fe = 8:1), while the presence of very weak hematite intensities could be
associated with the well-dispersed Fe3t incorporating inside the ceria lattice to form
Ce02Fes or Cexreix0 2 solid solution [25,32], It can be seen that the peaks of the
solid solution supports become broader and less intense, suggesting the existence of
mixed phases, which dominated the reduction of crystallite sizes [20], The intensities
of hematite peaks became well-defined after increasing the Fe content (Ce:Fe of L:1),
while extreme amounts of Fe added (Ce:Fe = 1.8) provided the sharp peaks of o
Fe) s . As can be seen from curve e in Fig. 4.1A, the peaks attributed to the spinel
structure, appeared in the sample of Ce:Fe = L1 and 18. This correlated to the
crystallinity improvement of the free hematite particles without incorporation of Ces+
Inside [25], Indeed, the insertion of Fe caused a shifting of ceria peaks toward higher
diffraction angles, whilst no shifting in hematite phases toward lower diffraction
angles was ohserved in this experiment. Especially for highly concentrated Fe (Ce:Fe
= 1.8), in the ranges of 47.5-50° and 56-58°, the intensities of hematite peaks
became more pronounced and started to shift away from the overlapped regions of
mixed phases, evidenced by the segregation of Fe3t from the ceria lattice to form the
pure hematite phase. Consequently, the lattice constant was increased with the excess
Fe, which exhibited more segregated or free a-Fe20 3,

Interestingly, the significant difference in peak intensities of Au (111)
at 38.5° became detectable at high Fe contents probably due to the variation in gold
dispersion affected by Fe concentration. Based on the Scherrer equation, the
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crystallite sizes of the Au (111) were detectable in the high Ce concentration (Ce:Fe
= 8:1).Moreover, high Fe amounts could enlarge the All crystallite sizes (10-11nm),
leading to speculation that the strong intermetallic bonding of Au-Fe could form the
Au cluster (Aun 1< < 10) which enhanced the Au crystallinity [33,34], When the
amount of All loading reached 5 wt%, a significant increase in crystallinity of the All
(111) was clearly observed in Fig. 4.1B, including the appearance of Au (200) and
All (220) reflections at 20 = 44.4° and 64.6° [35], respectively. This result suggested
that an agglomeration of the gold particles occurred, and then resulted in larger Al
particle size. The All crystallite size increased from 104 nm to 139 nm with an
increasing of All loading from 1to 5 wt%, indicating the growth of All nanoparticles
[36].

In Fig. 4.1C, the high crystallinity of both Au (111) and CeCh peaks
were observed when the calcination temperature was lower than 400 °c. In addition,
the appearances of high a-Fe2Cs inteusities were also observed at these low
temperatures. A possible explanation could be the generation of free a-FeiCh
particles separating from the solid solution phase and then becoming soluble with All
to facilitate more All clusters or All crystallinity, as reported previously. As a result,
the calcination temperature of 400 °c seemed to broaden the ceria diffraction peaks,
including lowering crystallinity, representing the best incorporation of Felt in Cedt
for homogeneous solid solution creation. The similar explanation of broaden peaks
was also reported in mixed oxides, such as CeCb-Zr0? [37], In addition, the
broadening of the ceria is attributed to either a decrease of ceria crystallite size or
0Xygen vacancies.
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Figure 41 XRD patterns of the Au/Ceo2-Fezos catalysts: (A) Effect of support
compositions calcined at 400 C; (a) CeCx, (b) 3 wt% Au/CeOQi, (c) 3 wtd
Au/CesFel, (d) 3 wt% Au/CelFel, (e) 3 wt% Au/CelFes, (f) 3 wt% Au/Fe203, and
(q) FeaUs. (B) Effect of Au loadings; (a) 1wt% Au/CelFel, (b) 3 wt% Au/CelFel,
and (c) 5 wt% Au/CelFel. (C) Effect of calcination temperatures on 3 wt%
Au/CelFel; (a) calcined at 200 °c, () calcined at 300 °c, and (c) calcined at 400
°. (D) Comparison between (a) fresh catalyst and (b) spent catalyst.

442 Catalytic activity
4.4.2.1 Effect ofsupport composition

Fig. 4.2 (A, B) presents the catalytic activities of supports and
supported Au catalysts. In the absence of Au deposition, the pure CeCs2 and FezUs
supports showed low catalytic activities in the reaction temperatures studied, whilst
CeC»-Fe203 (Ce:Fe = L1 significantly enhanced either methanol conversion or
product gases concentrations. Focusing on the supported All catalysts with 3wt% Au,
an increase of methanol conversion as the functional reaction temperature was
observed in all samples. Interestingly, All catalysts demonstrated much better
catalytic performance than those of the supports without Au loading, indicating that
the presence of the active Au metal was necessary to efficiently promote catalytic
activity. Il terms of product composition in the All catalysts, it was found that the Hz
and CO concentration (%) increased with reaction temperature, where the methanol
decomposition could appear at high temperatures during the SRM reaction. The mole
percentage of CO was still quite low in the range of 0-3.2 %, while the FE
concentration seemed to have the same trends as the methanol conversion, and its
maximum value of 38 % was observed at the highest temperature.

Interms of gas selectivity (Fig. 4.2 bar graph), the roles of Al
loading was clearly ohbserved in decreasing CO selectivity and increasing FR
selectivity in the entire range of reaction temperatures. Indeed, when compared to
another catalyst, CuO-Ceoz2 [1], our catalysts were considered as more active
catalysts with less CO formation. This could be implied that the All catalyst plays an
important role in CO reduction in SRM. The support composition (Ce:Fe) directly
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influenced the SRM activity as ordered: 11 >8:1 > 1.0 > 1.8 > 0:1. High catalytic
activity was observed when the amounts of Fea-3 were initially registered, denoted
as Ce:Fe (1:1) and (8:1). For the catalysts with a high amount of FejCF (Ce:Fe = 18
and pure Fe"Oa), the catalytic behavior was suppressed when the Fe concentration
was higher than the optimum value, AulFezUs displayed the lowest activity. The
results obtained from the prepared catalysts agree perfectly with the trends reported
by Yonggang et al.1 who concluded that its high activity could be attributed to the
solid solution formation and good dispersion of Fe2Us on the catalyst surface [38].
As mentioned above, the Au/Ceo2-Fe2os (1:1) was the best catalyst, which obtained
100 % methanol conversion, 74 % hydrogen Yield, and 38 % mole Hz at 400 C.In
this experiment, the hydrogen yield was not shown since it followed the same trend
as the methanol conversion.
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Au/CelFes, (f) 3 wt% Au/Fe23, and (g) Fezos-

According to the TPR profiles of the supports (Fig. 4.3A), the
ceria presented a broader peak situated close to 489 °c, which is typically related to
an oxygen surface reduction process, and the other at a higher temperature (around
850 °C), which is linked to the bulk reduction from the ceria structure (Ce02 to
Cesoa) [39711], In the two-step reduction of Fexos, the first peak at 432 °c was
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associated with the hematite-to-magnetite transformation (Fe2Gs -> FejOA, which
then transformed to metallic iron (FCCh 4 FeO  Fe) at 698 °c [42-44]. In
comparison to the pure CeCx and Fe2Cs, the mixed oxides showed three reduction
peaks; the first peak was related to the hematite-to-magnetite state or the reduction of
Fe3+ located on the surface [45]; the second peak was possibly associated with the
overlapping of the reduction of Ce4+and the reduction of Fe2t; and the last peak was
attributed to the reduction of bulk CeCs [46],

It is well known that the generation of oxygen vacancies
could result in active oxygen releasing. The presence of Fe could enhance
reducibility of the catalysts by shifting reduction peaks toward a lower temperature,
when compared to the pure CeCh. This shifting behavior was evidenced by the strong
Ce-Fe interaction where the hematite-like solid solution could be formed [25,47],
Besides, the intensity of the peak at 400 °c gradually strengthened with increasing
Fe content, implying that the more free a-FejCh generated in the rich-Fe samples, the
more Fe3t reductive species were created, & evidenced in the increased intensity of
Fe2Us diffractions in the XRD [45], According to the TPR and XRD results, the
coexistence of solid solution and free a-FezUs particles in Ce:Fe of 1:1 could indicate
the interaction hetween the free a-Fe203 particles and solid solution, which exhibited
the best redox properties. Some authors also found a similar interaction between NiO
particles and Ce-Ni solid solution, playing a significant role in the reducibility
improvement of the catalyst [48]. In contrast, the Ce:Fe of the 1.8 sample had no
solid solution (according to the high lattice constant), but it was reduced faster than
the pure CeC>, and the intensity of the Fe3+peak at 390 °c became pronounced. This
infers that the interaction between free a-FeaUs particles or free Fe3 species and
CeC is still possible for the reduction behavior in the Ce-Fe system [45],

From the TPR profiles of AuCeC>-Fezos catalysts (Fig.
4.3B), the Traxat very low temperatures (117-142 °C) illustrated the reduction of the
AuxQy species (or All hydroxide) to Au metal (Au°) [49,50], The deposition of All
particles could improve the reducibility of all supports where the shifting reduction
peaks toward lower temperatures correlated to the strong metal-support interactions
(Au-Fe and Au-Ce) [304451], The improvement in reducibility of Au/Fezos
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catalysts has been proposed by the kinetic mechanisms [42,52];furthermore, some
authors signified that the weakening of the Fe-0 bond by another metal as the main
reason for simple reduction [53]. The simplest reducibility of Au nanoparticles
belonged to the Au/CeCh catalyst with the highest quantity of 2 consumption (or
area under its reduction peak), when compared with Au/CeCf-Fe"Ch. According to
small amount of hydrogen consumed, it has been suggested that All could form very
strong intermetallie bonds with Fe due to the shight solubility of Fe in gold
[33,34] Therefore, the gold clusters (Aur) with less reducibility than AuS+ might be
favored [33] and possibly increase the Au crystallite size. This was in ling with the
appearance of Au (111) at high Fe concentrations in the XRD patterns. Apparently,
the trends of Ce-Fe interaction were similar to those without All deposited, implying
the similarity of solid solution form. The optimal ratio of Ce:Fe at L1 still gave the
three closest reduction peaks; hematite-to-magnetite reduction (317 °C); the likely-
combination between Fe2t and Ce+ reduction (578 C); and magnetite-to-metallic
iron (779 °C) where the strongest Ce-Fe interaction in Cei-rexCz solid solution
occurred [25]

When focusing on the Au-support interaction, the AuxQy
peak shifted toward higher temperatures with increasing Fe content, and stayed
closer to the Fe3treduction (316-325 °C), as shown in the Ce:Fe sample of 1.1, 1§
and pure FeoQj. This suggested an improvement in the interaction between the
Ay and CeOi-"WOj support. However, the Au/CeCh-FeiO] (1:1) catalyst
obviously indicated a stronger interaction between the AuxQy and the Fe3t in the
solid solution phase, which strongly facilitated the catalytic activity. Although the
strength of the Au-Fe3tinteraction in Ce:Fe of 1.8 and pure FctO; were still high, the
Fe3t interaction mainly came from the free a-Fe203, as evidenced in the increasing
intensity of the Fe3t reduction, which was less active than the solid solution.
Consequently, the strongest Au-free Fe3+interaction in Ce:Fe of 18 and pure Fes
did not always enhance SRM activity since All sintering and the lack of solid
solution phase dominated the activity instead. The evolution of free Fe2Gs particles,
via XRD, has been identified as Fe segregation from the solid solution, which
reduced the active catalysts by weakening the Ce-O-Fe interaction [54], We
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postulated that the strong Au-Fe3t interaction in the solid solution, not free Fe3t
seemed to increase the reaction in this case.

To provide a uniform solid solution, the limitation of Fe3t
doping must be considered [55,56]. It was strongly noted that the solubility limit of
iron in the ceria lattice depends on many conditions, such as the preparation
technique [54], calcination temperature [45], and precursor [54], However, our
optimal catalyst conditions, with a Ce:Fe ratio of 1:1 calcined at 400 oC, prepared by
the coprecipitation technique demonstrated the solubility limit of iron in the ceria
matrix, while the excess Fe caused Fe3tsegregation from the ceria lattice.
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UV-vis spectra measurements were used to identify the All
species, which were responsible for the catalytic activity, as shown in Fig. 4.4A. The
plasma band that centered at around 340 nm could be related to the CeC>2, and the
Fe2Css that typically shows two plasma hands at 345 nni and 564 nnr [31]. For the
mixed oxide, the broaden CeCb peak and the shifting in Fe20s3 peak with low
intensity at 541 run indicated the incorporation of Fe3t in the Ce4+ for solid solution
creation. A similar observation of this mixed phase has been recorded with the same
technique [23]. Normally, the plasma band in the range of 500-600 lira and < 250
nm are defined as the gold plasmon or All metallic (All0) species [57] and All3'
species, respectively [58], and Au clusters (Aun) can be observed at 280-380 nm
[59]. Only the AllLspecies in the Au/Ceo2 catalyst was detectable, whereas those of
Au/Fez203 and Au/Ceoz2-Fe203 catalysts were impossible to detect due to the
interference of supports and the resonance band of various gold species.

4.4.2.2 Effect ofAlt content

It is well known that the amount of All content causes a
strong effect on catalytic activity. In this experiment, catalytic activity increased
significantly with increasing amounts of All from 1wt% to 3 wt%, while the highest
Au content (5 wt%) conversely exhibited lower activity, as illustrated in Fig. 4.5. The
mole percentage of CO was still observed in the minute values 0f 0-3.2 %, while the
gap difference of % mole FT became larger, the same as in the methanol conversion,
after increasing the Au loading to 3% and 5%, respectively. These results revealed
that the active All metal is very effective in SRM activity. The 3 wt% All sample was
determined to be the most suitable content for SRM reaction, which promoted high
dispersion, including optimum gold particle size. It is not in good agreement with
recent findings with 1 wt% All in our previous work, which exhibited the highest
activity for PROX [60].
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As illustrated in Fig. 4.6A, TPR profiles of All catalyst with
different Au loadings revealed that the hematite reduction shifted toward lower a
temperature (275 °C), while two remaining reduction peaks shifted toward higher
temperatures (591 and 805 C) after depositing the lowest All content. This could be
referred to either weaker support-support (Ce-Fe) interaction in free a-Fe203 or less
dispersed Fe in the mixed oxides, resulting in insufficient sites of solid solution. A
similar kind of free metal oxide with less interaction on the catalyst surface was also
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reported [37]. Only a slight change in Au reduction temperature was observed when
the Alt loading was higher than 1%. With-the decrease in the amount of FF which
was consumed in Au reduction peak, the quantities of various Au species could be
correlated with increasing All loading. The amount of Au°® species was high in the
presence of 3 wt% and 5 wt% Au, while 1 wt% Au contained many All6Yspecies.
Our speculation is that 3 wt% Au created suitable Allo and Aufitcontent to form the
optimum All particle size. When the amount of 5 wt% All was deposited, the
diminution of FF consumed indicated the depletion of the concentration of Au/CeCb-
Fe203 interphase sites because an agglomeration of All nanoparticles (promoting
ultra Au® content) possibly inhibited the catalytic activity of Au catalyst [41], This
explanation also followed the trends of XRD patterns. Nevertheless, the variety of
Aust, Au°, and Aun appearances is regarded as the key parameter for PROX, while
WGS reaction has not been yet clarified [16]. Some authors mention that the co-
existence of Auzand Allo has no more .active than only the Allo specie [61]. It has
been suggested that the activity of the catalysts strongly depend on the Au°® presented
on the surface and the strength of each interaction type as well.

Based on the UV-spectra shown in Fig. 4.4B, this technique
can be used to analyze qualitatively the All sintering by considering the increase Il
intensity (or area) of the Au® plasma band in 5 wt% Au. Additionally, the TEM
images were also used to estimate the All particle size—the dark spots on the
supports— and their distributions, as imaged in Fig. 4.7 (a-c). The mean Au particle-
sizes at 1,3, and 5 wt% All loadings were 23.53, 43.07, and 62.57 nm, respectively.
The results agreed with many previous characterizations, where 5 wt% All presented
the largest All particle sizes, attributing to complete sintering. It should be noted that
the suitable Au particle size forthe SRM activity was approximately 43 nm.
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4.4.2.3 Effect of calcination temperature

As reported in Fig. 4.8, the high activity with % mole FF of 3
wt% Au/CeOi-FeiCh (1:1) was not observed when the calcination temperature was
lower than 400 °C. In addition, the lowest percentage of mole CO was found in the
catalyst calcined at 400 °C, while the higher CO concentrations were observed at
lower the calcination temperatures. However, the highest % mole CO was still less
than 5 %. It could also be implied that the performance during the production of Ht
gas and the reduction of CO during the SRM reaction was possibly affected by the
thermal treatment. The suitable condition for thermal treatment should be 400 °C
since this temperature provided sufficient interaction and crystallization for solid
solution. We postulated that higher calcination temperatures were significant for the
catalyst solid solution properties in the SRM reaction.

The TPR profiles, presented in Fig. 4.6B, show two more
separation peaks of free a-Fe2Css reduction, corresponding to two types of free a-
FeiCf particle, at low calcination temperature. The first type could be classified as
larger free FctCF particles that have less support-support interaction (or strong Fe-Fe
interaction), which then require the lower reduction temperatures (253 and 246 °C).
Another type at a higher reduction of temperature (319 and 311 °C) has small FctCT
particles associated with a stronger interaction. Conversely, the strong metal-support
interaction between Au and the large free FejOj particles corresponded to the
overlapping of the reduction peaks at a low calcination temperature. Accordingly,
more Aun might be generated as well. Interestingly, the 200 °c treatment gave the
sharpest peak of the large free a-FeiCh particles compared with the broader peak at
the calcination temperature of 300 °C. This might be due to the lack of homogeneous
dispersion of the hematite phase in the mixed oxide support, which can be estimated
from the width of the hematite peak [37], so the chance of free u-feTOj generation
would be higher with decreasing calcination temperature. It should be noted that the
broader the reduction peak the free a-Fe203 has, the better the dispersion and
interaction of homogeneous free a-Fe2Us becomes. In conclusion, the increase in
calcination temperature led to the fully developed solid solution phase homogeneity
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Figure 48 Effect of calcination temperature on methanol conversion and product
compositions over 3 wt% Au/CelFel. (Reaction condition: FI20/CH3OH, 2/1)

As mentioned above, the XRD patterns (Fig. 4.1C) signified
the dispersion of homogeneous a-FczCh on the ceria lattice where the intensities of
ceria peaks were broadened with increasing calcination temperature. In particular,
one diffraction angle of a-FeiCb at 40.8° appeared at the lowest calcination
temperature because the fact that the large free a-Fezo 3 particle was favored and
easily detected on the surface of the catalyst. This kind of observation has been
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reported in free NiO catalysts [37]. On the other hand, the intensity and crystallite
size of All (111) was the most pronounced at the lowest temperature, corresponding
to the larger Au particle sizes which might come from the combination between Aun
and Au° species.

Focusing on the V-spectra in the Fig. 4.4C, the shifting in
spectrum peaks (from D41 to 564 nm) were observed for low calcination
temperatures. This represented the creation of free a-Fe203 without homogeneous
solid solution fomi, Cei_xFexo2. From TEM results in Fig. 4.7(b, d, and e), the mean
particle sizes of the Au, with calcination temperatures of 200, 300, and 400 °C, were,
respectively, 46.87, 44.71, and 43.07 nm. Although All catalysts calcined at 300 and
400 °C were a similar particle sizes. The largest Au particle calcined at 200 °C
showed slight agglomeration, which was in line with the Au, formation originating
from the strong interaction of Au-Fe (large free a-FciCh particle). We, therefore,
elucidated the homogeneity of solid solution phase and the All sintering as the main
factors for lowering the catalytic activity.

4.4.3 Stability testing

As illustrated in Fig. 4.9, the stability of 3 wt% Au/Ceoz2-Fe203
calcined at 400 °c without Cs2 pretreatment was tested for SRM at a H20/CH30H
molar ratio of 2/1 at 400 °C for 10 h. The methanol conversion and hydrogen yield
were found to drop rapidly from 100 % and 74 % (at the initial time) to the average
values of 25.9 % and 19.3 %, respectively, after 96 minutes. The selectivity of Flz,
CO, and CO2 gases were 75.5, 20.5, and 5 %, respectively. The decline in conversion
could be attributed to the coke formation [29] via the carbon monoxide
disproportionation reaction or the rapid consumption of surface-adsorbed oxygen
during the experiment. In addition, it is well known that gold-based catalysts are
more susceptible to thermal sintering than other commonly used catalysts, resulting
in the sintering ofthe gold crystallites, and consequent loss of catalytic activity.
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To analyze the amount of coke deposited on the catalyst surface, the
TPO profiles of spent catalysts, as illustrated in Fig. 4.10, show two distinct peaks of
coke formed: i) low-temperature oxidation at 285, 312, and 320 OC assigned to the
oxidation of the poorly polymerized coke deposited on the metal particles and ii)
high-temperature oxidation at 492, 512, and 593 °c attributed to highly polymerized
coke deposited near the metal-support interphase [62]. The types of coke formed on
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the catalyst surface have been classified based on the reaction temperature and the
type of reaction [63-65]. In this work, the results revealed that the amount of coke
deposited on the metal was higher than that on the support, and the coke percentage
in the spent catalyst was 2.60 wt%. However, the fresh catalyst showed the lowest
temperature at 100 °C, which was related to the oxidation of carbonate species, not
the coke [11].

312

— Spent Catalyst
~=—= Fresh Catalyst

carbon deposited = 2.596 wt%

Signal (a.u.)

carbon deposited — 0129 wi

" V| 1 "

0 100 200 300 400 500 600 700 800 900

Temperature (°C)
Figure 410 TPo profiles of spent 3 wt% Au/CelFel catalyst after exposure to
reaction compared with the fresh catalyst. (Reaction conditions: H20/CH3OH, 2/1;
reaction temperature, 400 C; and time-on-stream per sample, 10 h)

The XRD patterns of the spent catalysts are presented in Fig. 4.1D.
The unchanged CeCh diffraction peaks were detected and some diffraction peaks of
a-FeiCb disappeared, implying that the coke partially covered the a-Fe203 surface.
In addition, some angles of a-Fe2Cs (35.6° and 62.6°) seemed to lead to improved
crystallinity, which possibly came from the sintering of Fe2o3 particles during the
stability test. On the other hand, this might represent the segregation of the free
Fe20s particles from the solid solution phase, indicating the lack of solid solution
during the SRM reaction. Particularly, the peak of carbon iron chemical compounds



(FexC) was also visible. This appearance could confirm that coke remained on the
spent catalyst surface. To support the above explanation. Knogzhai &t al. also defined
the FesC as massive carbon depositions on the spent catalyst, detected by an XRD
machine [20]. Accordingly, the formation of F&X in our work might be the
consequence of the reduction of Fez03 via the deposited carbon, or via the H2
product gas, followed by the carbon interaction during the reaction. In conclusion,
we speculated that the factors for the Au/Ceo 2-Fe203 deactivation were mainly from
the lack ofthe homogeneous solid solution phase and coke deposition.

45 Conclusions

The Au/Ceo 2-Fe203 catalysts have been developed for SRM to produce
high purity Ha in the temperature range of 200 to 400 °C. Initial catalytic activity was
successfully achieved by mixing Fe2Csand Ce02 equally with the Ce:Fe atomic ratio
of 1:1 to form the active solid solution phase. Moderate amounts of Au deposited (3
wt%) on the mixed oxides support calcined at 400 ¢ seemed to be the optimum
condition without providing Au sintering. Nevertheless, the sintering of hematite
particles was further considered as one of the parameters for the loss in activity of the
AulCeo 2-Fezo3 catalyst, while Au sintering was not involved in this case. Our
findings suggest that the reducibility of the support may affect the catalyst properties
and the catalytic activities for SRM.
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