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Pd-TiO; catalysts with five Pd loadings were synthesized using a flame aerosol reactor. Studies of the initial and spent

catalysts demonstrate that Pd loading impacted the size of Pd sub-nano clusters/nanoparticles and the fraction of Pd

(metallic Pd, PdO, PdOy). Increased size of Pd on catalysts’ surface due to sintering, and the reduction of PdO to metallic Pd

and/or PdOx were observed during the reaction. Fractions of the total surface area of different Pd species and correlations

to the apparent reaction rate constants were evaluated. Apparent kinetic constants are linearly proportional to fractions of

total surface areas of metallic Pd and/or reduced Pd oxide, representing the intrinsic active site. The linear correlation

between the O: reaction rate and the CO, concentration in the initial gas stream was also observed exhibiting the possible

autocatalytic effect or a surface coverage effect.

Introduction

The emission of CO, from fossil fuel combustion in power plants is
one of the dominating contributors to global warming. Oxy
combustion is a promising technique that has improved combustion
efficiency and produces a flue gas with a high concentration of CO,,
which can be effectively captured.!- 2 The captured CO; can be either
sequestered3 or reused for enhanced oil recovery (EOR).# Although a
high concentration of CO, (~63%) in the flue gas can be achieved, it
cannot be directly applied for EOR or sequestration because the
residual concentration of O, (~3%) is higher than the requirement for
EOR (<100 ppmv).5 Therefore, O, must be removed from the flue gas
before reuse.

Catalytic O, removal with hydrocarbons is one promising
solution. Up until now, studies have focused on catalytic CH,
combustion for generating energy in gas turbine combustors, and on
using metal doped catalysts to decrease emissions.®8 There has been
progress toward effective CH, oxidation at low temperature (<773 K)
and considerable work in studies of this system at different
compositions, temperatures, and pressures over different metal
doped catalysts.” ° However, there is a significant difference
between prior catalytic CH, combustion studies and this work. Most
previous studies on catalytic CHs combustion used a relatively high
O, concentration with N, or He, as the balance of the gas, or
relatively low concentrations of CO, (<20%) to investigate their
effects on the reaction. The challenge of this work is to decrease
oxygen levels in low concentration O, streams (from 3% to less than
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100 ppmv) in a highly concentrated CO, stream. Recent studies have
shown the catalytic O, removal with CH4 as a promising technique
and reported high O, conversions (>95%) by using noble metal doped
catalysts.10- 11 Even though high O, conversion was achieved, two
important aspects affecting the catalytic activity for O, removal were
not fully investigated. First, active sites of the catalysts were not
clearly elucidated. Noble metals are known to have high catalytic
activity for various applications.”- 12 However, there is still an ongoing
debate on the active phase of noble metals for catalytic
performance. The catalytic CH; combustion with noble metal
supported catalysts strongly depends on the oxidation state of noble
metal: Schmal et al.12 reported that the coexistence of PdO and
PdO%* played a crucial role in the enhanced CH4 combustion. Yang et
al.13 showed that PdO/PdO, (0<x<1) was the active phase for CH,
combustion. Recently, Murata et al.14 revealed mixed Pd/PdO phases
to be active for the reaction. To design a catalyst with higher catalytic
activity for O, removal, it is necessary to fully understand the active
phase of noble metal. Second, the effect of excess CO, in the initial
gas stream on the catalytic performance for O, removal has not been
explored. Therefore, additional efforts are required to develop
effective O, removal from oxy combustion systems.

Metal oxide catalysts doped by noble metals have been
extensively researched for oxidation studies.”> 1> To synthesize these
catalysts, several methods, e.g., wet impregnation, sol-gel, and
precipitation, have been widely utilized. However, these methods
require additional processes, such as drying and calcination.® Unlike
these methods, flame synthesis is a continuous one-step process.”
Furthermore, many researchers have reported higher catalytic
activity of flame-made catalysts due to their excellent dispersion of
metal clusters on a metal oxide support.18 19 Recently, Fujiwara et
al.20 synthesized sub-nano scale metal clusters on a metal oxide
support by controlling the residence time in a flame and reported a
much higher fraction of metal atoms on the catalyst surface and
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strong metal-support interaction, both of which enhanced the
catalytic activity. Also, Wang et al.2 developed size-controlled Pt (<2
nm) doped TiO; films and found that the size of the Pt particles plays
a crucial role in CO, photoreduction. Niu et al.1® synthesized a well-
dispersed Pd doped TiO, catalyst by using a premixed stagnation
swirl flame and obtained an enhanced efficiency of CH4 combustion
compared to the one synthesized via a wet impregnation method.
These previous studies demonstrated a promising application of the
catalyst by an aerosol route for an effective O, removal via the CHy
combustion reaction. However, despite these studies, there is still
insufficient information about the fate of the nanoparticle catalysts
and its correlation to the active phase of materials during the
oxidation reaction.

In this study, Pd-TiO, catalysts were synthesized by using a
diffusion flame aerosol reactor. A detailed evaluation of kinetic
characteristics of the synthesized catalysts for O, removal were
conducted. Pd-TiO, catalysts were synthesized with five different Pd
loadings to investigate their catalytic properties. The properties of
the catalyst after reaction (spent catalyst) were also investigated.
The total surface area of different Pd species (metallic Pd, PdO and
PdO, (0<x<1)) in the as-prepared and the spent catalysts was
calculated for every loading, and the relationship between the
fraction of the total surface area of different Pd species and apparent
reaction rate constant was established. In kinetic experiments, the
effect of different initial gas compositions on O, removal was
investigated. The goal of this paper is to develop an efficient
correlation between structural characteristics and steady-state
kinetic characteristics that characterize the prepared catalysts. This
relationship can be used as an important tool for primary kinetic
characteristics of the catalyst and further catalyst design.

Experimental section

The synthesis method is described first, followed by characterization
methods, and finally, a test plan is presented.

Synthesis of Pd-TiO; catalysts using a flame aerosol reactor (FLAR)

The experimental setup for synthesizing Pd-TiO, catalysts is shown in
Fig. S1la and described in previous study by Tiwari et al.17 Briefly,
titanium tetra-isopropoxide (TTIP, 99.7%, Sigma-Aldrich) and
Palladium acetylacetonate (Pd(acac),, 97%, Sigma-Aldrich) were
used as a support and a dopant precursor. TTIP vapor and Pd
precursor droplets were generated by a bubbler and a three-jet
Collison nebulizer and then, introduced into a central port of a
diffusion flame burner. CH; and O, were introduced through the
second and the outer port of the burner, respectively, with flow rates
of 0.35 L min-1 and 2.5 L min-1. In this study, five different Pd-TiO,
catalysts were synthesized by controlling the concentration of the Pd
precursor solutions (0.5 mM ~3.0 mM). The synthesized catalysts
were collected using an isopore membrane filter. Details are
illustrated in Supporting Information.

Characterization of synthesized and spent Pd-TiO; catalysts

The elemental analysis was conducted by both inductively coupled
plasma mass spectroscopy (ICP-MS, Elan DRC ii, PerkinElmer) and
field scanning electron microscopy (FESEM, JEOL 7001LVF FE-SEM,
JEOL Ltd.) coupled with energy disperse X-ray spectroscopy (EDS). X-
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ray diffraction (XRD, Bruker d8 advance, Bruker) was utilized to
investigate the crystallinity of the synthesized Pd-TiO, catalysts by
using CuKa radiation (A = 1.5418 &) and a step size of 0.02°. The
morphology and size of the synthesized catalysts were determined
by scanning transmission electron microscopy (STEM) (TEM, JEOL
2100F, Jeol) coupled with energy disperse X-ray spectroscopy (EDS).
The oxidation state of Pd was evaluated by X-ray photoelectron
spectroscopy (XPS, Versa probe ii, Physical Electronics). Analyses for
ICP-MS, XRD, and XPS were performed in triplicate. FESEM-EDS and
STEM analyzed more than 150 spots for representative data.

To investigate the changes in the structural properties during the
reaction, catalysts were collected after the tests. It has been
reported that the structural properties of the catalyst were changed
as the temperature was increased during the reaction.18 22 pd
nanoparticles, especially smaller than 3 nm, are sintered on a
support under the methane oxidation reaction due to Ostwald
ripening,'8 23 and the sintering of nanoparticles could be accelerated
with the existence of H,0,2* 25 which is a product of the oxygen
removal reaction in this study. According to the preliminary data, a
maximum O, conversion was obtained at near 773 K and the plateau
was also reached. Therefore, 773 K was chosen as the standard
temperature in this study. Hereafter the collected samples after the
tests are denoted as spent catalysts. They were further characterized
by using the same analytical tools mentioned above.

Experimental setup and procedure

Fig. S1b shows a differential fixed-bed reactor system. The feed gases
are supplied from gas cylinders, and the gas composition is
controlled by mass flow controllers. The differential fixed-bed
reactor has three indentations in the middle to hold catalysts with
glass fiber. Due to the low flowrate (~ 3 mL min), the glass fiber
supports the catalyst well. A thermometer and temperature
controller (Econo Temperature Controller, ACE Glass Inc.) are used
for temperature control. To perform an experiment, 10 mg of the
catalyst was loaded into the reactor. The experiment was conducted
at temperatures ranging between 298 K and 773 K and under
atmospheric pressure. The gas feed stream consisted of O, and CH,
in balance CO,, with a total flow rate of 3.2 mL min-1. In this study,
three different CO, concentrations (i.e., 0%, 53%, and 95% in balance
He), and three different ratios between O, and CH4 concentrations
(i.e., O7 rich composition: 0,/CH,4 = 2.4, stoichiometric composition:
0,/CH4 = 2.0, O, lean composition: O,/CH; = 1.6) were used. The
concentration of CH, was fixed at around 1.45%. The compositions
of the gas streams were sampled through an automatic gas valve and
measured by gas chromatography (GC, 7890B, Agilent Technologies,
Inc.), using helium as a carrier gas. The GC was equipped with a
porous layer open tubular (PLOT) capillary column (Supelco
Carboxen-1010) and a thermal conductivity detector (TCD).

Results and discussion

Flame synthesis of the catalysts and their structures’
characterization

During the synthesis process, TTIP vapors generated from the
bubbler and Pd precursor acetylacetonate salts decompose at the

different temperature regions in the flame.l7 In the lower

This journal is © The Royal Society of Chemistry 20xx
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temperature region of the flame, TTIP vapors first form TiO,
monomers, which subsequently undergo particle growth by collision,
coalescence, and sintering. In the higher temperature region of the
flame, Pd acetylacetonate salts decompose to form Pd vapor
molecules, which can either condense or nucleate and subsequently
be deposited on the surface of the created TiO, nanoparticles.l” The
condensed or deposited Pd molecules on the surface further diffuse
and coalesce.?’ Varying the Pd concentrations can change the
possibility of colliding with other molecules on the surface, which
results in different sizes of Pd clusters/particles on the TiO, surface,
and a previous study reported increasing sizes of Pd clusters on the
TiO, surface with increasing Pd loading.2° Also, under the flame
synthesis conditions, different Pd species (e.g., metallic Pd and PdO)
can be expected. At high temperature, some oxidation of Pd can
occur due to the presence of excess oxygen.23 For the same residence
time in the flame, the oxidation extent of metal might depend on the
metal concentration. In this study, five different Pd-TiO, catalysts
were synthesized by varying the concentration of Pd precursor
solution from 0.5 mM to 3.0 mM. The synthesized Pd-TiO, catalysts
were characterized by different analytical tools, as described below.
Determining Pd loadings (ICP-MS and FESEM-EDS). ICP-MS
confirmed the existence of Pd in the Pd-TiO; catalysts, and the
specific Pd loading was determined by the same instrument
(Table 1). The Pd loading values (wt%) obtained from ICP-MS
increased with increasing concentrations of Pd precursor
solution. It is worth noting that similar Pd loadings were
obtained by FESEM-EDS, which reveals that most Pd particles
were distributed on the catalyst surface, not in the bulk
structure. As addressed in above section, TiO, and Pd
precursors have different decomposition temperatures, and
thereby, they are created in the different temperature regions
during the flame synthesis.1” The STEM-EDS mapping image (Fig.
S2t) supports the hypothesis that the Pd nanoparticles are on the
TiO; particle surface, which is consistent with the previous study.? It
should be also noted that the spent catalysts showed similar Pd
loadings (Table S1t), which implies that most Pd particles were
still dispersed on the catalyst surface. The values obtained by
ICP-MS were used for clarification of catalysts and further
calculations. The five different Pd-TiO, catalysts are hereafter
denoted as catalyst 1 (0.24 wt% Pd), catalyst 2 (0.45 wt% Pd),
catalyst 3 (0.76 wt% Pd), catalyst 4 (1.08 wt% Pd), and catalyst
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5 (1.25 wt% Pd), respectively. Based on the ICP-MS analytical
results, the total Pd masses in 10 mg of Pd-TiO, catalyst
(M7otar pa), the mass used for all experiments, were calculated
(10,000 (pg) x Total Pd loading (wt%)/100) and are shown in
Table 1. As the concentrations of Pd precursor solution are
increased, Mr,¢q1 pq also increases, from 23.98 pug to 125.25 pg.

Distinguishing crystallinities of the catalysts and phase
transformation (XRD). The crystal structures of the synthesized fresh
and the spent Pd-TiO, catalysts were evaluated by XRD, and Fig. 1
shows their XRD spectra in the 20 range of 20° to 60°. In the case of
the fresh catalysts, a distinct peak of anatase (101) TiO, was obtained
at a 26 angle of 25.3°, and low-intensity of anatase (004), anatase
(200), and anatase (211) peaks were observed at 26 angles of 37.8°,
48.1°, and 55.1°, respectively. The XRD patterns revealed that the
fresh catalysts have only TiO, anatase crystal structure, which
correlates well with the JCPDS patterns of anatase (00-021-1272). In

addition, the peak intensities for all crystal structures of Pd-TiO;
catalysts were very similar to each other and similar to that of the
pristine TiO; catalyst, which indicates that the addition of Pd did not
change the crystal structure of the TiO,. On the other hand, distinct
peaks for Pd metal and PdO were not observed, which might be due
to the extremely low Pd loading or to the very small sizes of the Pd
clusters/particles.

In the case of the spent catalysts, distinct peaks of anatase and
rutile TiO, were obtained like the fresh catalysts. In addition to these
anatase peaks, low-intensity of rutile (110) and rutile (101) peaks
were obtained at a 26 angle of 27.3° and 36.1°, respectively, which
match with rutile phase of TiO, (JCPDS 75-1753). A small peak was
observed at approximately 54.2° which may be defined as anatase
(105) TiO; or rutile (211) TiO, or Ti,05 (116) referring to the JCPDS
00-021-1272, JCPDS 88-1175 and JCPDS 10-0063. In this study, this
peak is more likely Ti,O3 (116) because there was no or much less
intensity of the peak at near 54.2° was observed with fresh catalysts
(Fig. 1a). This observation could be explained by the thermal
transformation of the anatase phase of TiO; to Ti,0324 and could be
supported by XPS analytical results (Section of Distinguishing
oxidation states of components in fresh and spent catalysts (XPS),
Fig. S51). In Fig. 1b, all spent catalysts showed the peaks at the same
20 angles, which indicates that they contain the mixed crystalline
structures of TiO, (anatase and rutile) and Ti,Os;. However, the
intensities of the observed peaks were different. To clearly see the

Table 1 Total Pd loading, total Pd mass in 10 mg of Pd-TiO; catalyst (Mr,¢q; pa), @and the average size of Pd-TiO; particle (dqy pa—1i0,)s
and the average size of Pd subnano-cluster/nanoparticle (d,,, p4) as determined from ICP-MS, FESEM-EDS and STEM analyses

Pd precursor feed Total Pd loading’  Total Pd Ioadingb M (ug) dav,pa-rio, c
concentration (mM) (Wt%%) (Wt%%) Total pd (M8 (nm)’ dgy,pa (NM)

catalyst 1 0.5 0.24 0.21 23.98 7.57£2.19 <0.5
catalyst 2 1.0 0.45 0.44 45.30 7.18 £2.07 0.51+0.12
catalyst 3 1.3 0.76 0.75 75.96 7.61+2.11 0.66 £0.16
catalyst 4 2.1 1.08 1.00 107.91 7.14 +1.04 0.85+0.17
catalyst 5 3.0 1.25 1.25 125.25 7.34+1091 1.04 +£0.18

a Total Pd loading was determined by ICP-MS.
b Total Pd loading was determined by FESEM-EDS.
¢ Sizes were determined by STEM (see Fig. 2).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 XRD patterns of a) fresh catalysts and b-d) spent catalysts.

differences, two magnified versions of figures are shown in Fig. 1c
(the pink-colored region at a 26 angle ranging from 25.5° to 30° in
Fig. 1b) and Fig. 1d (the grey-colored region at a 26 angle ranging
from 50° to 60° in Fig. 1b). It can be noted that the intensities of peaks
of rutile (110) and Ti,0; (116) were decreased as the Pd loading was
increased from catalyst 1 to catalyst 5, while the peak intensity of
anatase did not change much. Based on the obtained results, the
intensity ratios between anatase (101) (lai01, the strongest peak of
anatase) and rutile (110) (lri10, the strongest peak of rutile) and
between Ia101 and Ti,Os (116) (lti203116) Were calculated. The
calculated intensity ratio between la101 and Ir110 was decreased from
0.168 to 0.112 as the Pd loading was increased from catalyst 1 to
catalyst 5. The calculated intensity ratio between lai01 and lyizo3116
also showed the same decreasing trend from 0.184 to 0.166 with
increasing the Pd loading. The previous study by Tiwari et al.l?
reported that the phase transformation of TiO, can be suppressed
under a high temperature condition by incorporating a noble metal
dopant due to its surface modification. Our current result was
consistent with this previous study. On the other hand, the low-
intensity peak of PdO was observed with the spent catalyst 5. This
sudden appearance of PdO in spent catalyst 5 can be attributed to
the sintering effect of Pd on the TiO; surface, which will be discussed
more in the following sections.

4 | J. Name., 2012, 00, 1-3

Investigating similarities and differences of morphology and size of
Pd and Pd-TiO, between fresh and spent catalysts (STEM). The
surface morphology and size of the fresh and spent Pd-TiO, catalysts
were investigated by STEM (Fig. 2 and all images found in Fig. S37).
In each case, we counted more than 200 particles to evaluate the
particle size distribution of the Pd-TiO, particles, and the results are
shown in the first column of Fig. 2 and in Table 1. In the case of the
fresh catalyst, the Pd-TiO; catalysts had similar size distributions of
their bulk structure, and similar average particle sizes (dgy pa—ri0,
approximately 7 nm) (red-colored bars in the first column of Fig. 2)
(Table 1). The fresh catalysts also had similar spherical shapes. These
results reveal that the addition of Pd did not change the particle
morphology and size of the bulk structures. It was confirmed that
there were no noticeable Pd subnano-clusters at the lowest Pd
loading (catalyst 1) (Fig. S3at). On the other hand, extremely small
Pd subnano-clusters/nanoparticles (bright dots in the yellow circles
in the second column of Fig. 2), were observed. To confirm the
existence of Pd subnano-clusters and nanoparticles, EDS mapping
was performed with the fresh catalyst 4 (Fig. S21) and it shows
uniformly distributed Pd subnano-clusters and nanoparticles on TiO,
surface. Pd subnano-clusters (<1 nm) were detected in catalysts 2
and 3, while both Pd subnano-clusters and Pd nanoparticles (>1 nm)
were observed in catalysts 4 and 5 (Table 1). The size distributions of
Pd subnano-clusters/nanoparticles in all cases were evaluated, and
the results are shown with red-colored bars in the fourth column of

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 and in Table 1. The average size of Pd subnano-
clusters/nanoparticles (d,,, pg) increased with increasing Pd loading,
which demonstrates that Pd loading affects the size of Pd subnano-
clusters/nanoparticles on the TiO, surface.

In the case of the spent catalysts, the average particle sizes of Pd-
TiO, were slightly increased to ~9 nm with the Pd loading was
increased (blue-colored bars in the first column of Fig. 2). The result
shows that the sintering of the Pd-TiO, was not severe at the high
temperature condition. Compared to the fresh catalysts, the spent
catalysts showed larger nanoparticles and their average sizes were
increased as the Pd loading was increased. Previous studies have

reported the increased size of dopants on the support materials
under methane oxidation reaction due to Ostwald ripening,!8 22, 23
and it could be accelerated with the existence of H,0,24 25 which is a
product of the oxygen removal reaction in this study. Our
observation showed a similar trend. It is interesting to note that the
spent catalyst 5 contains aggregates of Pd nanoparticles on the TiO,
surface as well as the larger Pd nanoparticles, which is confirmed by
EDS mapping of the spent catalyst 5 (Fig. S4¥). It has been known that
the morphology of the nanoparticle can be affected by both the time
for particle-particle collisions and the time for inter-particle
coalescence.z> When the time for particle-particle collisions is larger

Table 2 Fractions of metallic Pd, PdO and intermediate PdOy as determined from XPS analysis, masses of metallic Pd (M,¢tq11ic pa), PdO
(Mpgp) and intermediate PdOx (Mpyo, ), and total surface area of metallic Pd (TSApetquic pa), PAO (TSApgo) and intermediate PdO

TSAPde).

I S T = R s
catalyst 1 33.34+1.23 32.83+3.44 33.83+2.19 8.00 9.06 8.72 - - -
catalyst 2 34.93+2.70 32.75+1.19 32.32+1.51 15.82 17.07 15.74 156.44 241.91 183.37
catalyst 3 42.32+4.01 26.35+3.09 31.34+1.92 32.14 23.02 25.59 245.56 252.17 230.37
catalyst 4 36.40 +£1.89 28.07 £1.03 35.52 £0.90 39.28 34.85 41.21 233.01 296.35 288.03
catalyst 5 35.78 +2.89 25.26+4.80 38.96+1.91 44.81 36.39 52.46 217.26 252.97 299.68

a The molecular weight of PdOy was assumed to be the average of the molecular weights of the metallic Pd and PdO.
b The density of PdOy was assumed to be the average of the densities of the metallic Pd and the PdO.

This journal is © The Royal Society of Chemistry 20xx
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than the time for inter-particle coalescence, the particle coalesces
before it collides with another particle, which results in the larger
spherical particle. In the opposite case, the particle collides with
another particle before it coalesces, which causes the aggregates of
the particles.> In this study, with the largest Pd loading (catalyst 5),
the Pd nanoparticles could have more opportunity to collide with
other Pd nanoparticles on the TiO; surface. Thereby, the time for
colliding can be smaller than the time for inter-particle coalescence,
resulting in the aggregates of Pd nanoparticles on the TiO, surface
(the third column of Fig. 2c). It should be noted that the size of non-
spherical aggregates of Pd particles was excluded and not used for
further calculation in the following sections.

Distinguishing oxidation states of components in fresh and spent
catalysts (XPS). To investigate the effect of different Pd loadings on
the Pd species in the synthesized Pd-TiO, catalysts, the Pd oxidation
state in the fresh catalysts was evaluated by XPS, with the results
shown in the left column of Fig. 3, (all spectra found in Fig. S5t), and
summarized in Table 2. Three Pd species were identified based on
different characteristic Pd 3ds/, core level binding energies: metallic
Pd (335.7 eV), intermediate PdOy (0O<x<1) (336.42 eV), and PdO
(337.4 eV).18 26 Pd species in the XPS data were validated by
comparing with those of Pd metal powder (Sigma-Aldrich) and
reduced catalyst 3 (see Fig. S61 and additional explanation under Fig.
S6t). The XPS spectra confirm that all the Pd-TiO, catalysts contained
three Pd species, but the percentages of the three Pd species
changed as the Pd loading changed. The amount of metallic Pd
increased from 33.34 + 1.23% to 42.32 + 4.01% as Pd loading was
increased from 0.24 wt% to 0.76 wt% (catalyst 1 to catalyst 3). The
amount of metallic Pd decreased to 35.78 + 2.89% as Pd loading was
further increased to 1.25 wt% (catalyst 5). On the other hand, the
amounts of intermediate PdO4 and PdO showed opposite trends to
that of metallic Pd. As mentioned earlier in the section of Flame
synthesis of the catalysts and their structures’ characterization, the
extent of the oxidation of Pd could be varied with different Pd
loadings at the same flame-synthesizing condition. The results with
the fresh catalysts here are in line with this hypothesis. To study the
change in the Pd species at the high temperature under the same
experimental condition, the Pd oxidation state in the spent catalysts
was also characterized by XPS, and the results are shown in the right
column of Fig. 3, (all spectra found in Fig. S3t), and Table S2t. The
spent catalysts also contained three Pd species. Compared to the
fresh catalysts, the proportions of metallic Pd and PdOy were
increased, while the percentage of PdO was decreased as the Pd
loading was increased. Previous studies revealed that the Pd2* was
reduced into Pd® and/or Pd* at the high temperature during methane
oxidation reaction.13. 18 Qur analytical results were consistent with
these previous findings.

Furthermore, the changes in other species, Ti and O, were
evaluated by XPS for both the fresh and the spent catalysts, and the
results are shown in Fig. S7t, S8, Table S3t, and Table S4t. The Ti 2p
spectra in both fresh and spent catalysts were deconvoluted into
four peaks at approximately 456.7 eV, 458.5 eV, 460.3 eV, and 464.2
eV, which are denoted as Ti3* (2ps/2), Ti** (2ps/2), Tid* (2p1/2), and Ti**
(2p1/2).27- 28 This observation implies that Ti in both fresh and spent
catalysts was mainly in TiO; phase, and the small amount of Ti was in
Ti,O3 (Ti3*) phase. Compared to the fresh catalysts, an increasing
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(red, 335.7 eV), PdOx (gold, 336.42 eV), PdO (green, 337.4 eV).

amount of Ti3* was obtained. In addition, the percentage of Ti3* was
slightly decreased as the Pd loading was increased. These findings
demonstrate the slight phase transformation of TiO, toward Ti,0O3
and the suppressing effect of Pd on the phase transformation, which
were matched with the XRD results in the section of Distinguishing
crystallinities of the catalysts and phase transformation (XRD). It
should be noted that the intensity of Ti was not different much
among samples. For comparison, the XPS spectra of O is in both fresh
and spent catalysts are shown in Fig. S8t and Table S4t. The XPS
spectra of both fresh and spent catalysts showed three noticeable
peaks, at approximately 529.9 eV, 531.3 eV, and 532.2 eV, which can
be assigned respectively to (1) lattice oxygens in a fully-coordinated
environment with metal ions (Ojattice), (2) oxygen deficient regions of
the metal oxide (Ogeficient region), and (3) adsorbed oxygen species, such
as 0, H,0, or M(metal)-OH on the surface,2® which might be
produced during the catalyst synthesis process. We can term these
species intrinsically adsorbed oxygen, or Oadsorbed. There was no
significant change in Ojattice in the fresh and spent catalysts. On the
other hand, an increasing amount of Ogeficient region and a decreasing
amount of Oa,dsorbed, Which indicates the desorption of the adsorbed
oxygen species at high temperature and the reduction of Ti and/or
Pd.

In the previous sections and this section, it was confirmed that
(1) most Pd was deposited on the TiO; surface, (2) size of Pd-TiO, was
not changed much, and (3) the intensity of Ti was not different much
among fresh and spent catalysts. Based on these results, the
dispersion or sintering of Pd on the TiO, surface can be determined
by comparing the ratio between the intensity of Pd 3d (I(Pd)) and Ti
2p (I(Ti)) in fresh and spent catalysts. The ratios were calculated, and
they were compared (Table S2t). The calculated values were
decreased as the Pd loading was increased, which could imply the
decreased Pd coverage on the TiO; surface due to sintering of Pd.

This journal is © The Royal Society of Chemistry 20xx
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This is consistent with our STEM and XRD results showing the
increasing size of Pd.

Total surface area of different Pd species. Based on the M;,¢41 pa
(Table 1) and XPS analytical results, the masses of metallic Pd
(Minetaitic pa), PAO (Mpgo) and intermediate PdOx (Mpgo ) were
calculated by

Metallic Pd (%)

Mmetallic Pd (#g) = MTotal Pd X 100 ] (1)
PdO (%) MWy,
Mpao (49) = Mrotar pa X 100 X MV;P:, 2
PdO, (%) MWpqgo,
Mpao, (9) = Mrorar pa X 2 (3)

100 MWpy '

where MWpq, MWpqo and MWpg,, represent the molar weights of
Pd, PdO and PdOy, respectively. It should be noted that most Pd
subnano-clusters/nanoparticles were distributed on the catalyst’s
surface, which was demonstrated by ICP-MS and FESEM-EDS.
Therefore, XPS analytical results could be combined here to calculate
the masses of different Pd phases. MWpyo was assumed to be an
average of MWp; and MWp ;. The calculated values based on the
fresh catalysts are summarized in Table 2, showing that the mass of
each Pd species does not depend on the fraction of Pd species, but
instead depends on the Pd loading. The total surface area (TSA) of
each Pd species was further calculated based on

A
M (ug) = N x =xd* xp, 4)
6M
TSA (sz) = p_d =NXmX dz, (5)

where N, d, and p represent the number, diameter, and density of
each Pd species, respectively. For the calculation, the Pd species
were assumed to have the same size and spherical shape of Pd
subnano-clusters/nanoparticles, and an average density of metallic
Pd and PdO was used for the density of PdO,. Because of different
masses and densities of the three different Pd species, different
volumes and areas of them were expected. The calculated values are
summarized in Table 2. It is worth noting that the TSA values of
metallic Pd, PdO and PdOx show different trends. TSAetatiic Pd
increases with increasing Pd loading (catalyst 2 to 3) and reaches the
largest value of 245.56 cm2. Then, it decreases as the Pd loading is
further increased (catalyst 3 to 5). In the case of TSApgg, a similar
trend is found, but the peak value of 296.35 cm? is found with
catalyst 4. The TSApgp, increases with increasing Pd loading
(catalyst 2 to 5) and reaches its largest value of 299.68 cm? with the
highest Pd loading (catalyst 5). However, for any Pd phase (metallic
Pd, PdO and PdOy), the sample-by-sample TSA dependence exhibits
the same trend as the percentage of this phase. In the case of the
spent catalysts, the comparison was done among catalysts 2, 3 and
4, and the results are shown in Table S2t. According to STEM
analytical results, there were aggregates of Pd nanoparticles in the
spent catalyst 5, and thereby the calculation based on the spherical
shape of primary Pd particles could not be applied. In Table S2T,
TSApctattic pa Of the spent catalysts followed a similar trend to
TSApctatlic pa Of the fresh catalysts: TSA,etaitic pa Was increased

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 (a) O, and (b) CH4 conversion vs. temperature with TiO,,
catalyst 1, catalyst 2, catalyst 3, catalyst 4, and catalyst 5.

from 85.68 cm? to 124.70 cm? as the Pd loading was increased
(catalyst 2 to 3), and then it was decreased to 105.61 cm? as the Pd
loading was further increased (catalyst 3 to 4). On the other hand,
unlike the fresh catalysts, TSApgo and TSApgp, of the spent
catalysts show a similar trend to TSA,ctanicpa ©f the spent
catalysts: Both were increased to 70.78 cm? and 131.74 cm? as the
Pd loading was increased from catalyst 2 to catalyst 3, and further
decreased to 64.75 cm? and 120.12 cm? as the Pd loading was
increased to catalyst 4. It should be noted that all TSA of the spent
catalysts were smaller than those of the fresh catalysts because Pd
subnano-clusters/nanoparticles were sintered on the TiO; surfaces
at the high temperature. The TSA of metal could play a crucial role
in the catalytic activity by providing active sites for the reaction, and
thus higher catalytic activity is expected with the larger TSA of
metal. Because the TSA of all Pd species showed different trends,
the important Pd species on the catalytic activity in O, removal could
be demonstrated, which is discussed in the following section.

Catalytic activity of the synthesized Pd-TiO; catalysts in O, removal

Catalytic activity evaluation in O, removal. The synthesized Pd-TiO,
catalysts were evaluated for O, removal. The experiments were
conducted under initial O, rich composition (O,/CH, = 2.4, ~1.45% of
CH,), with excessive CO, (¥95%) as the balance of the gas. The
experiments under other initial conditions are shown in the following

J. Name., 2013, 00, 1-3 | 7
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section of Influence of reactants and products. The O, and CHy
conversions were calculated based on:
) C;—C
Conversion (%) = . %X 100,
i

(6)

where C; and Cy represent the initial and final concentrations of gas,
respectively. Data on “conversion-temperature” dependencies are
presented in Fig. 4 and Table S57.

All reactants and products were analyzed by using a GC. The
concentrations of both O, and CH,; decreased as the temperature
was increased. CO, gas was detected, but in our typical experiment
the CO, concentration was comparatively high, and its change was
hard to monitor. On the other hand, there was no CO and H,
observed. To confirm the generation of CO, as a product and the
major reaction, a separate experiment was performed with He gas as
the balance of the gas instead of CO,, with the results shown in Fig.
S6t. Decreasing trends were found in the O, and CH4 concentrations.
Only CO, (no CO) was observed as a product, and the total
concentration of C remained constant during the reaction.
Furthermore, the reaction rate of CHy is half the reaction rate of O,
via complete CH,4 oxidation reaction (CH, + 20, = CO, + 2H,0)
(Rcu, = 1/2Ry,). The reaction rate of both CH, and O, at 723 K and

773 K were summarized in Table S5%. Table S6t indicates
stoichiometry: the reaction rates of CH, are close to the half of the

1
Rchy “IRo,
R

reaction rates of O, at both 723 Kand 773 K ( X 100 <

CHy

6 %). Therefore, complete CH, oxidation was the single overall
reaction in this system. In addition, there was no CO, generation
without O,, which confirmed that CO, generation was not from the
catalyst body, but from the provided O, stream. All catalysts showed
the same trends of reactant and product concentrations.

Fig. 4 and Table S5t show an enhanced O, and CH4 conversions
with Pd-TiO, catalysts compared to those with only TiO, (~30.9% for
0,, and ~50.7% for CH4 at 723 K). This result emphasizes the
importance of Pd in effective O, removal. In addition, O, conversion
increased from 55.8% to 77.0% at 723 K with increasing Pd loading
(catalyst 1 to 3). However, it decreased when the Pd loading was
further increased (catalyst 3 to 5). This volcano-shaped dependency
could imply that total Pd loading might be insufficient to reveal the
active phase of Pd for the O, removal reaction. Because different Pd
species (metallic Pd, PdO and PdO,) could participate in the reaction,
it is necessary to perform special studies for understanding the
relationship between the reaction rate and the active phase of Pd. It
is described in the next section. CH4 conversion was enhanced from
64.4% 10 92.4% as Pd loading was increased (catalyst 1to 3), and then
no significant difference was observed as Pd loading was further
increased.

Apparent reaction rate constant and total surface area of Pd
species. Our preliminary experiments at different temperatures
proved that the O, removal reaction with Pd-TiO; catalysts followed
an apparent first order reaction (R2>0.92) in Fig. S10t. Therefore, the
apparent reaction rate constant (kg;,,) can be determined by

dc

E = _kapp C, (7)

8 | J. Name., 2012, 00, 1-3

where C and T represent the concentration of O, and residence time
(min). The calculated k,,,, values at 723 K are summarized in Table
S5t. It should be noted that when the plot of k), and the total Pd
loading was expressed (Fig. 5a), an optimal total Pd loading was
observed. A similar volcano-shape of the reaction rate of CH; with
the size of Pd was widely observed and one example can be found in
the previous study by Willis et al.3° Because different Pd species
(metallic Pd, PdO and PdOy) could be involved in the O, removal
reaction, the relationship between k,,,, and total Pd loading might
not be sufficient to understand the active phase of Pd for the
reaction. To reveal the active phase of Pd, it is necessary to
distinguish the contributions of different Pd species on the O,
removal reaction. Also, it must be understood the change in the
catalytic properties during the reaction and corresponding catalytic
activity. In the interpretation of kinetic data, the hypothesis of
additivity can be formulated. In accordance with this hypothesis, the
reaction occurs on different Pd phases (i.e., metallic Pd, PdO and
PdO,). Previously, Kannisto et al. and Murzin3® 32 analyzed
contributions of different geometric sites into the whole catalytic
activity. Similar to their additive approach, k4, can be presented as
a sum of different contributions:

kapp = kapp,metallid paQ + kapp,PdOB + kapp,Pdova (8)

o= TSAmetatiic Pa _ TSApao y = TSApgo, 9)
TSAtotal ’ TSAtotal ’ TSAtotal'
a+f+y=1, (10)

where  Kopp metattic par Kapp,pao and kapppao, represent the
apparent reaction rate constants on metallic Pd, PdO and PdO,
respectively. The obtained kg, is presented as a function of
fractions of the total surface area of each Pd species (&, f andy). In
this study, three different types of @, § and y were obtained based
on the analytical results of (1) fresh and (2) spent catalysts, and (3)
averages of them: @ ¢on, Brresn and Vrresy represent the fraction of
the total surface area of metallic Pd, PdO and PdOy, respectively, and
those in the spent catalysts were denoted as @gpents Bspent and
Yspent, respectively. In addition, a4y,g, Bavg and Yqyg Were obtained
by averaging the analytical results of fresh and spent catalysts. The
relationships between the calculated k,,, and @, § and y were
further investigated: The plots of k,, and fractions in the fresh
catalysts (Xfresns Brresn and Vpresn) were expressed with
temperatures near at which the catalytic activity was initiated. The
plots of kg, and fractions in the spent catalysts (aspent, Bspent and
Yspent) Were displayed with the high temperatures. The moderate
temperatures were used for the plots of k,,,, and average fractions
(@avgs Bavg and Vayg) as well. In the case of the fresh catalysts, a
linear increase was observed with kg, and afrs, (metallic Pd)
(R2>0.91) (Fig. 5b), while as for the dependencies between k,,, and
Brresn (PdO) and between k,,, and ¥¢yeq, (PAOx), no correlation was
found (Fig. S11t). Therefore, it can be concluded that for the fresh
catalysts, the apparent catalytic activity is governed by metallic Pd
and the contribution of Pd oxides is insignificant.

In the cases of the spent catalysts and the averaged values, like
the plot of Kpp, and @ fresp, (metallic Pd), kyyp, was generally linearly
increased as both &g,epns and @ g,y Were increased with R2>0.85 and
R2>0.90, respectively (Fig. S12t). No correlations between kg, and
Y spent (PdOy) and between k,,, and ¥ 4,4 were observed (Fig. S137).

This journal is © The Royal Society of Chemistry 20xx
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Itis interesting to note that unlike the plot of k,pp, and B fresp (PAO),
kapp was linearly decreased as both Bgpen; and B, Were increased
(Fig. S147). These results could indicate the metallic Pd is the active
catalytic phase. However, it is risky to conclude that only metallic Pd
plays a crucial role in the reaction. The catalysts generally go through
a complex process during the reaction in which Pd oxides are partially
reduced to metallic Pd or/and PdOy (O<x<1) species, experimentally
distinguished (see previous section of Distinguishing oxidation states
of components in fresh and spent catalysts (XPS)). The calculated
kupp exhibited the linear dependence regarding the combined
fractions of the total surface area of metallic Pd and PdOx (@spen; +
Vspent and A gqyg + Vang) (Fig. 6¢ and Fig. S15%). The results based on
the current calculations may contain a systematic error because the
cross-section difference between Pd species was not taken into the
calculations and the role of the interface between Pd particles and
TiO; surface was not considered. However, we note that our finding
from the current calculations was consistent with the previous
studies by Yang et al.13 and Murata et al.1%: The previous study by
Yang et al.13 reported the reduced form of Pd (Pd® and PdO (0<x<1))
was preferential for the effective methane oxidation reaction. The
recent study by Murata et al.1* described the important role of the
mixed phases of Pd and Pd oxide in the methane oxidation reaction.
A theoretical study by using density functional theory (DFT)
calculations also revealed the lower activation energy barrier for
methane decomposition, which is widely accepted as the reaction
rate limiting step, on the reduced PdO surface.33 Therefore, it could

This journal is © The Royal Society of Chemistry 20xx

be concluded that metallic Pd mainly controls the O, removal
reaction and the reduced Pd phase, metallic Pd or/and PdO,, at high
temperature also generates an active phase for the reaction (Fig. 5d).
Our interpretation of results of physico-chemical analysis and kinetic
studies emphasizes that the Pd loading itself does not affect the
intrinsic catalytic property of the synthesized catalyst, but the
fraction of active Pd phases, which are metallic Pd or/and reduced
Pd (PdOy), significantly determines it. A linear dependency between
the kg, and the fraction of the total surface area of active Pd phases
(metallic Pd or/and reduced form of Pd) results in the constant
catalytic activity per unit area of metallic Pd or/and reduced form of
Pd. Calculated apparent turnover frequencies of catalyst 3 to 5 were
close each other (~¥8x104 mmol hrl cm2). It means that we observe
the case of so-called structure insensitive catalytic system defined by
Boudart.34 For such systems, the catalytic activity per unit of area is
related to the specific active component and does not depend on the
preparation method providing a guidance for the catalyst design.34-36
Also, the negative effect of water on the CH4 oxidation reaction has
been widely studied, and it correlates to the structure of Pd.37. 38

Influence of reactants and products. The previous experiments
were conducted under O, rich composition (0O,/CH; = 2.4). In this
section, two different initial compositions were considered: first,
different CO, concentrations (0% and 53%, He as the balance of the
gas) under O; rich composition in the initial gas stream were applied.
Second, different ratios between O, and CHs concentrations

J. Name., 2013, 00, 1-3 | 9
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Fig. 6 (a) O, and (b) CH4 conversion vs. temperature with catalyst 3
under different initial compositions (0%, 53%, and 95% of CO, in
balance He).

(stoichiometric composition: O,/CH4 = 2.0 and O, lean composition:
0,/CH, = 1.6 with excessive CO; as the balance of the gas) were
tested.

To investigate the effect of CO, concentration in the initial gas
stream on the O, removal, experiments with different CO;
concentrations (0% and 53%, He as the balance of the gas) under O,
rich composition (0,/CH4 = 2.4, ~1.45% of CH,) were conducted, and
their results and the previous result with 95% of CO, are shown in
Fig. 6. Complete CH4 oxidation was the main reaction between CH,4
and O, which was proved by the closed values between the reaction
rates of CH,4 and the half of reaction rates of O, (Table S71). It should
be noted that both O, and CH, conversions were enhanced as the
CO; concentration was increased. The plot between the O, reaction
rate versus the initial CO; concentration in Fig. S161 shows that the
0O, conversion rate (mmol ger? hrl) versus the concentration of
initial CO2 (mol m3) at different temperatures could be
approximately explained by a linear dependence (R2>0.88). It may be
explained by an autocatalytic effect of CO, or a coverage effect of
CO;. Previously, the autocatalytic effect on different applications has
been reported and the accelerated reaction rates were mostly
supported by the lower activation energy via new intermediates (e.g.
new CO,-bonded intermediates).3% 40 On the other hand, the
coverage effect of surface species on various applications have been
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also reported in previous studies.*! 42 The lower activation energy
was reported with surface coverages of gas molecules due to the
modification of the surface electronic structure.*! 42 According to
these previous studies, it could be assumed that CO; is itself involved
in the O, removal reaction and causes the enhanced reaction rate via
the autocatalytic effect of the surface coverage effect (Fig. 5d). The
application of DFT calculations will be useful for understanding these
effects.

Results under second initial composition were compared with
the previous one which was performed under O, rich composition
with excessive amount of CO; as the balance of the gas (95%) in Fig.
7. Fig. 7 demonstrates: as the ratio between O, and CH; was
decreased from the O, rich composition to the O, lean one, the
conversion of O, was increased. This result indicates that more
reaction source (CHg4) can enhance the O conversion. It should be
also noted that there was a sharp increase in the CH4 conversion at
around 723 K under O; lean condition (Fig. 7b). This sudden increase
in the CH4 conversion could be due to the CO generation at high
temperature (Fig. S177). A previous study reported the same trend
which shows the decreasing CO; selectivity due to the formation of
CO under O, lean composition 0,/CHs = 1.5 and 1.75).1! This
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experimental result implies that excessive CH; could cause a
nonpreferred reaction product.

Conclusions

Pd-TiO; catalysts with varying Pd loading were synthesized by
using a flame aerosol reactor, and the material and kinetic
characteristics of the fresh catalysts and spent catalysts were
evaluated. Our study contributes to three major findings: (1) In
the case of the fresh catalysts, the addition of Pd did not change
the crystal structure and the size of the Pd-TiO; particle, but the
size of Pd subnano-clusters/nanoparticles and the oxidation
state of Pd (metallic Pd, PdO and PdOy) was affected by Pd
loading. In the case of the spent catalysts, increased size of Pd
nanoparticles on the catalyst’s surface was observed due to the
sintering effect. With the highest Pd loading, aggregates of Pd
nanoparticles on the catalyst’s surface were obtained. Also,
some amount of PdO was reduced to either metallic Pd or
intermediate PdOy. (2) The total surface areas of different Pd
species in the fresh and spent catalysts were evaluated based
on the size distribution of Pd and fractions of Pd species. For the
fresh catalysts, the apparent reaction rate constants were
proportional to the calculated fraction of the total surface area
(TSA) of metallic Pd. For the spent catalysts, a linear correlation
between the apparent reaction rate constants and the
combined fraction of TSA (metallic Pd and reduced Pd oxide, i.e.
PdOyx (0<x<1)) was obtained as well. Different catalytic
characteristics on Pd loading exhibit the volcano-shaped
dependencies. However, behind these dependencies, a linear
proportionality between apparent kinetic constants and
fractions of total surface areas of metallic Pd or/and reduced Pd
oxide is revealed using distinguishing different Pd phases, which
represents the intrinsic activity of the active site. (3) CO was
generated at high temperature under O, lean condition. And
the reaction rate of O, had a linear dependency on the initial
CO; concentration, which could be explained by an
autocatalytic effect or a surface coverage effect. This study
provides structural and kinetic investigation on O, removal with
flame-synthesized Pd-TiO; catalysts and emphasizes the kinetic
role of metallic Pd and reduced Pd oxide. This study also
proposed a positive effect of initial CO, concentration on O;
removal. Detailed role of the excessive amount of CO; in the
feed stream on O; removal will be addressed in our further
study.
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