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ABSTRACT

With increasing vehicle population and concern over environmental issue, emission
standards for hydrocarbon, carbon monoxide, and nitrogen oxides are established and
tensed world widely. To meet the stringent standards, catalysts that can effectively
remove pollutions from the vehicle exhausts in a relative low temperature while
reducing the costs of the catalyst became a hot topic of research in recent years. In this
research, using proton conductive material Sngglnp1P.O7 as a novel support, ultra low
loading Pt/Sngglng1P.0O7 and PtRh/Sngglng1P,O7 electrochemical catalysts were
developed and tested, and the involved an innovative mixed potential mechanism was
carefully examined with other proton conductive materials.

Firstly, the two way catalysis has been investigated on the propane oxidation reaction
in Chapter 2. Sngglng1P,0O7 was used as the electrolyte in the electrochemical cell; the
cell performance showed that an EMF of 332mV and a short-circuit current of
17mAcm were achieved even when the concentration of propane and
O, concentration was at ppm levels. The electrochemical activation of oxygen aso
occurred under open-circuit conditions when both H,O and O, were present in the
reaction system, which is interpreted as a mixed potentia mechanism. This
phenomenon was then applied to Pt/Sngglng1P,O7 catalysts. Compared with the Pt/ y
-Al,03 catalysts, Snpglnp1P.O; catalysts showed higher catalytic activity at low
temperatures and smaller quantities of Pt. The loading amount of Pt was significantly
reduced by the impregnating Pt on the Sngglng1P,O7, while remaining high activity for
propane. The propane conversion reached approximately 90% at 400 °C even for 0.01

wt% Pt. Meanwhile, poor activities of propane over the MO,/Sngglng1P,0O7 cataysts



further confirmed the electrochemica mechanism. The results shows Pt/
Sno.glnp 1P207 could be a promising solution for the two way catalysis.

Secondly, propane oxidation and NO reduction at the proton conductor-
electrocatalyst interface have been investigated using electrochemical cells and
impregnated Pt/ Sngglng1P,0O7 catalysts. In study of Chapter 3, in an electrochemical
cell, propane was oxidized to CO, through the electrolysis of H,O vapor at the anode.
NO was reduced to N,O through the reaction of proton with electron at the cathode.
These electrochemical reactions aso occurred at the same electrode in a half-cell when
propane, H,O, and NO were present in the reaction system. This phenomenon was
further applicable to the Pt/Sngglngi1P,O7 catayst. Compared with a Pt/y-Al,03
catalyst, this catalyst showed significantly larger TOF values for Pt, thus providing
higher catalytic activity for both propane and NO at low temperatures and smaller
quantities of Pt. The addition of Rh to Pt further enhanced the NO reduction activity by
promoting the dissociative adsorption of NO at 300 °C or higher. With such activity, the
Pt-Rh/Snoglng.1P20O7 catalyst (0.01 wt% Pt, 0.005 wt% Rh) exhibited Tso, Of 285 and
355 °C for propane oxidation and NO reduction, respectively. Finally, the influence of
the O, concentration in the reactant gas and its SV on the activity of
Pt-Rh/Sngglng 1 P,O- catalyst was aso examined.

Finally, the relationship between the activity of the proton conductors-supported
Pt-Rh catalysts for propanet+NO+O, reaction and proton conduction in the used catal yst
supports was investigated to demonstrate the reaction scheme based on the mixed
potential mechanism. FNPO, SIPO, SAPO, and SMPO, which have a similar BET
surface area and particle size but show different proton conductivities, were used as

catalyst supports. The activity of these catalysts was significantly dependent on the
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catal yst support species. Tsoy, fOr propane oxidation was 313, 330, 405, and 550 °C for
Pt-Rh/FNPO, Pt-Rh/SIPO, Pt-Rh/SAPO, and Pt-Rh/SMPO, respectively. Tspy, for NO
reduction was 330, 386, 465, and over 600 °C for Pt-Rh/FNPO, Pt-Rh/SIPO,
Pt-Rh/SAPO, and Pt-Rh/SMPO, respectively. Furthermore, Pt-Rh/FNPO and
Pt-Rh/SIPO maintained high propane and NO conversions in the tested SV range,
whereas Pt-Rh/SMPO showed propane and NO conversions of 10% or less at all the
tested SV values. This dependence on the catal yst support species could be successfully
explained by incorporating the difference in proton conduction among the catalyst
supports into the mixed potential mechanism. According to this new mechanism, since
protons migrate from the anodic site to the cathodic site through the proton conductor, a
higher proton conductivity results in a larger short-circuit current of the local galvanic
cell. In addition, since the anodic and especially cathodic potentials are determined by
the rate of the proton exchange reaction between the reactant gas and the lattice oxide
ion, the faster proton mobility causes the higher open-circuit voltage of the local
gavanic cell. Also, we emphasize that the use, especially of FNPO, as the catalyst
support could reduce significantly the Pt and Rh content while maintaining high

catalytic activity.
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CHAPTER |
General Introduction

1.1 Environmental | ssues and Vehicle Emission Control

1.1.1 Theimportant role of vehicle emission control

At the beginning of 2013, a new term PM2.5 (particles with an aerodynamic diameter
of 25 um or less, also called fine particle mater) suddenly became known by many
people in Japan. The particulate matter is linked with numerous health problems
including asthma, bronchitis, acute and chronic respiratory symptoms, and premature
deaths, according to the US environmental protection agency (EPA). Extremely high
concentration of PM2.5 in China not only upsets the Chinese, but also raises health
concerns among neighboring parts of Asia, especialy in Japan and Korea. Many regions
in Japan have reported fairly high PM2.5 levels, which are believed to be floated from
mainland China. One of the main sources for the fine particulate matters, according to
researchers in China, is found to be vehicle emissions, especialy in the highly
populated urban areas [1-3].

Assuredly, the PM2.5 is not the only air pollution problem that vehicles exhaust
causes. The major exhaust pollutants from the tailpipe and their influences on people's
health are as follows according to the EPA:

Hydrocarbons (HCs), resulting from partially burned fuel molecules in the engine.

Hydrocarbons can react with nitrogen oxides and under the sunlight, which forms the



ground-level ozone. Ozone is a mgor component of chemica smog, irritating the eyes,
damaging the lungs, and causing various respiratory problems. It is the most widespread
and intractable urban air pollution problem. Besides, a number of exhaust hydrocarbons
are a so toxic by themsel ves.

Nitrogen oxides (NOy), produced by the oxidation of nitrogen from air in an engine,
they do harm in several aspects. (1) precursors to the formation of ozone, (2) contributor
to the formation of acid rain, and (3) sources of particular matters in the form of
secondary nitrates, which are caused by reaction between NO, and ammonia or moist.

Carbon monoxide (CO), produced from incomplete combustion when carbon in the
fuel is partially oxidized rather than fully oxidized to carbon dioxide (CO,). Carbon
monoxide is toxic by influencing the oxygen transfer in blood and it is particularly
dangerous to persons with heart diseases.

Carbon dioxide (CO3), not directly impairing human health, but it is a “greenhouse
gas’ that contributes to the tendency of global warming.

As vehicle population grows and the cities become more congested, vehicle
emissions become a more and more serious problem nowadays. However, it is easy to
notice that the already developed countries, even with a large vehicle numbers, are less
likely suffering from pollution of those vehicle emissions, compared with those
developing countries. The reason is the pollution from the vehicle emissions is provided
to be controllable through the catalytic exhaust gas after-treatment, with the efforts of
numerous automobile manufacturers, governments, catalyst suppliers, petroleum
refiners, as well as the academic researchers. Today, exhaust catalysts are found on
nearly every passenger cars, light- and medium-duty trucks, and even some heavy-duty

trucks in US, Europe, Japan, and other regions, and the rapidly embraced by the India



and China.

1.1.2 History and status of vehicle emission control regulations

With the increasing concern over the environmental problems caused by the vehicle
emissions, emission control standards are established in world wide. Substantial
improvements have been made in for reducing the tailpipe emissions, since the original
Clean Air Act passed in the US in 1970s. Meanwhile, the emission control regulations
today have been much tightened. New regulations are based on the improvements of
application of catalyst technologies, which also have become the drive force to motive
the academic research and commercialization of vehicle catalyst technologies.

In the US, Congress passes the Clean Air Act in 1970s. The pollutants controlled are
CO, VOC (volatile organic compounds), and NOy. In the following years, the emission
standards were tightening in several steps, and Federal "Tier 1" regulations and "Tier 2"
standards are being started in 1994 and 2004 respectively. On the other hand, the state
of Cadlifornia has established more stringent vehicle emissions standards specially,
which were adopted as references by worldwide environmental legislation. The standard
refersto LEV (Low Emission Vehicle), ULEV (UltraLEV), SULEV (Super UltraLEV),
and ZEV (Zero Emission Vehicle). According to the US Department of Energy, from the
year 1970 to 2005, the emissions of CO, NO4 and VOC had been reduced by 84%, 75%
and 87% respectively.

In the European Union, Emission standards (so called "Euro standards’) were first
initiated in 1992, one year before the formally establish of EU. Dependent on the type
of vehicles and the fuel (diesel, petrol, and gas), different standards were established
and amended. The Euro standards also give limitation on the smoke. The Euro 5 and

Euro 6 standards are going into effect in two years, for the cars and light duty vehicles
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respectively. Besides of European Union countries, the standards of European are also

widely adopted by the other countries, such as China, India and Russia, with a delay

time of several years.
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Figure 1-1 The emission control standards of gasoline automobilesin Japan.

As aleading country in the green technology of automobile, Japan also established

the emission standards in 1978 (Fig.1-1), and the Motor Vehicle NOy Law were passed

in 1992 to deal with the NOy pollution problem in urban areas, which was then

amended to Automotive NOy and PM Law in 2002. The emission standards for gasoline

automobiles are also showed in the Figure 1-1.

Those worldwide established regulations impact on both the industrial and academic

fields. The cost of the automobiles increased due to the complicated emission control

strategies and high effective catal ysts are demanded.



1.2 Introduction of Emission Control Catalysts

One of the first efforts at controlling pollution from vehicles was the positive
crankcase ventilation system, which draws unburned hydrocarbons in into the engine's
intake tract to burn and remove[4]. However this kind of engine technologies can hardly
comply with the regulations on vehicle exhaust; thus, the catalyst converters were
widely introduced on commercial automobiles in the U.S in 1975. This addition
catalytic device, which works by carry a chemical reaction over catalysts in the exhaust,
were once considered as an interim measures, since the unburned hydrocarbons could
be removed by the improvement of engines. However, with the development of the
environmental chemistry, the toxicity of NOy and the other pollutions need to be
removed from the exhaust was discovered gradually. Advanced catalysts, as the heart of
an emission control system, are till continued to be used commonly in kinds of motor

vehicles.

1.2.1 Two way catalysts

Oxidation catalysts (two way catalysts) are designed to oxidize unburned harmful
hydrocarbons, as well as carbon monoxide into water and carbon dioxide. Restrictive
regulations toward the HCs emissions have been established worldwide, which in turn
calls for the development of catalysts in order to meet the regulation. Palladium and
platinum catalysts supported on silica and alumina supports are used to perform the
compl ete oxidation.

CO+ 0, — CO;

CmHn + (1 + n/4)0, — mCO; + n/2H,0


http://en.wikipedia.org/wiki/PCV_valve�
http://en.wikipedia.org/wiki/PCV_valve�

The catalytic converters based on this type of catalysts were once world widely used
on gasoline engines until 1980s, and still can be found in some developing countries.
Today, although for certain applications two way catalysts have been superseded by
three way catalyst, they are still widely used not only in the diesel engines and gasoline
powered industrial equipments, but also in the newly-developed LPG (Liquefied
Natural Gas), CNG (Compressed Natural Gas) engineg[5, 6]. However, the number of
efficiency toward total hydrocarbons (THC) is normally around 80%, which can hardly
meet the tensing requirements. Meanwhile, as an aready highly developed industrial
technology, the potential of two way catalysts based on the traditional mechanism is
limited. Therefore, it is becoming necessary to develop a highly effective two way

catal ysts based on new mechanism.

1.2.2 Threeway catalysts

Compared with the two-way cataysts, three-way catalysts (TWCs) are the most
widely used solution to purify hydrocarbons, carbon oxide, and nitrogen oxides in the
exhaust of gasoline engines [7-9]. In the three-way catalysts, unburned hydrocarbons
and carbon monoxide are oxidized, and meanwhile produced nitrogen oxides are
reduced. The TWCs promote the following reactions for CO, HC, and NOy in the
exhaust [10]:

CO + 1/20, — CO,

CO+H,0— COz+H3

CmHn + (1 + 0/4)0, — mCO, + n/2H,0

NO(or NO,) + Hy — 1/2N5 + H,0

(2+ n/2)NO(or NO) + CHy, — (1 + n/4)N, + mCO, + n/2H,0

Typically, the CO reaction first begins, followed by the HC and NO, reaction.

6



Therefore, the ability of TWCs is determined by the catalytic activity for the HCs and
NOy reaction. For the oxidation of HCs, the activation of C-H bonds step is believed to
be the key step since a considerable high Activation Energy is required. The active
oxygen species (refer to the absorbed or lattice reactive oxygen atom or ions) are found
to have the ability of breaking the C—H bond in hydrocarbons by most researchers [11,
12]. For the reduction of NOx, the air/fuel ratio of the exhaust should be controlled
close to a stoichiometric value, which is 14.6 for a gasoline engine (Fig. 1-2) and
dlightly different for the engines burning other fuels. If the ratio is larger, the so called
lean condition, the oxidation of the CO and hydrocarbons are favored but the
conversion of NO will reduced sharply given the oxidizing conditions. When the ratio is
smaller and thereis less oxygen than required, so called rich conditions, the reduction of
NOy isfavored at the expense of the CO and HC oxidation. Therefore, in the engines to
date, the three way catalytic converters are generally combined with a computerized
closed-loop feedback fuel injection system, which control the air/fuel ratio in the narrow

window using the signals from the oxygen sensors.
Efficiency (%)

100
NOx _ Co
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60 |
co %mung
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Figure 1-2 Three way catal yst: simultaneous conversion of CO, HC and
NO,.[13]



After thirty years development, the widespread used three way catalysts in the
automobile are usually composed with a ceramic or metallic monolithic substrate
(honeycomb substrate) and the carried catalytic washcoat, Scheme 1-1 [14, 15]. This
honeycomb structure allows a large surface area to increase the conversion efficiency,
and make the exhaust can go through easily with less pressure loss. The rust structure is
easily to be produced and fitted in the vehicles, and also provides high resistance to the
high temperature and physical vibration. For the washcoat, it is usually composed by a
supported catalytically active precious metal components (usually is the
platinum group metals, abbreviated as PGMs), along with the additional oxides. The
v-Al,03, modified by the oxide stabilizers, is one of the most wildly used supported
materials for its large surface areas and the resistance to the high temperature and high
water vapor contents in the exhaust. The PGMs (Pt, Rh, and Pd) are the active
components in the catalyst to performance the oxidation and reduction. The addition of
rare earth metals oxides (CeO, and ZrO,), enhances the dispersion of the precious
metals and plays an important role by providing oxygen storage which to some extent
broadens the narrow window of air/fuel ratio for the three catalysts. The complex
structure and composition of the three way catalysts make the researches in this area
harder than even, since a large amount of factors should be considered in the
preparation and application. The interactions can occur among the precious metals, the
rare earth metals oxides, and the carrier material, or even occur between two kinds of
precious metals. The mechanism involves the physical and the chemical properties of
both surface and bulk of the catalysts. Those research developments will be further

explained in the next sections.



" Active Catalyst: |
Precious Metals |
Washcoat | ' Carrier Material: |
' Components - i
Three way \ g b, v-Alumina
~ converter [ Hon eycomb | ' Additive Oxides:
Substrate CeO,, ZroO,

Scheme 1-1 A composition of three way converter.

1.3 Development of Vehicle Catalysts

1.3.1 Advances on precious metals

Today most catalysts used in the vehicles are the supported precious metal catalysts.
At the beginning of technologies on vehicle emission control, due to the high cost of the
precious metals, early researchers had screened base metal oxide catalysts carefully,
especidly the transition metal oxides for their activity on the combustion of
hydrocarbon [16, 17]. However, all the attempts were found to be useless, since the base
metals are lack of the reactivity and durability, and most importantly, the poison
resistances against sulfur or lead in the exhaust. Therefore, most of the researches are

devoted to the platinum group metals and great advances have been achieved.



Of the candidate platinum group metals, Ru, Ir, and Os are all tend to form oxides
that easily to violate at high temperature and thus not suitable for the vehicle catalysts .
For example, due to its selectivity for the NO, Ru was investigated thoroughly as a
potential catalyst in mid-1970s. The metal was stabilized by preparation of various pure
or substituted ruthenates to stop the violating [ ]. Among those attempts,
impressive improvement of stability was realized, but the activity of NO reduction was
weakened and more importantly the selectivity lost: large amout of NH3 was produced.
Thus, Pt and Pd are chose as the oxidation catalysts in catal ytic emission controls, and
Rh is chose as the reduction catal ysts for NOy.

Pt is the most widely used catalyst since the very beginning for its great stability
against high temperature and activity toward hydrocarbons including olefins. Compared
with Pd, Pt isless tend to react with lead and has a high resistance toward the poisoning
of sulfur oxides [21]. Therefore, the Pt catalysts have been widely used in the
automobile emission control system with less limitation for petroleum technologies and
the other pretreatments.

On the other hand, Rh is the clear choice for NO, control. The reason could be
explained by a research carried by Taylor and Schlatter in the year 1980 [ ]. In this
research, the conversions of NO, CO, and O, were compared among Ir, Rh, Pt, and Pd
catalysts. Rh did not only achieve high NO, conversion near stoichiometric air/fuel
ratio but also retained NO, conversion under the slight lean conditions. Furthermore,
compared with other metals, Rh produced less NH3 under the strongly reduction
favored conditions. However, under a temperature equa or high than the 600 °C, Rh
tends to react with alumina and lost its activity. The solution to inhibit this interaction

was to support the Ph on the alternative supports other than the commonly used y-Al,Os3,
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and rare earth mixed oxides of CeO, and ZrO, were believed to be a suitable choice [23,
24].

The Pt/Rh supported catalysts are the most widely used catalysts to deal with the
vehicle emission, but the cost of the two components is high and the storage is limited.
The less expensive Pd is also active for the oxidation of hydrocarbons and reduction of
nitrogen oxides and becomes an aternative solution. However, due to its weak
resistance toward the lead and sulfur, it did not apply with the TWCs in the whole
decade of the 1980s, when the technology on refine of the oil was still under
development. Also, in anormal Pd/Rh catalyst formulation, the surface of the Rh will be
covered by the surface segregation of Pd at high temperature, which leads to the
suppression of the reduction of the NOy. Again the solution would be segregating the
two metals on different support, but the complexity in the preparation was increased
significantly.

Recently, considerable researches were carried to discuss the possibility of using Pd
as the only formulation of the three way catalysts, since it is active for the NO and less
expensive. Pd with WO3 and Al,O3 catalyst formulations were found to have excellent
N, selectivity [25]. The catalyst using Pd with MoO3 and La also showed the high
activity as a NOy reduction catalyst, but the neither of them can be commercialization
due to the high-temperature volatilization of MoOgjor the narrowness of the
NOy window [26-28]. Thus, the researches indicated that Pd formulation is a promising
solution for the TWCs, but additional developments are required before using it in the

automobile industry.

1.3.2 Advances on additive oxides
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The rare earth metal oxides are multiple functioned in the three way catalysts. The
Ceria compounds can regulate properties of oxygen storage and release in the reaction,
which is regarded as one of the most remarkable advances of the three-way catalyst. As
we stated, for the perform the oxidation and reduction effectively, a three-way catalyst
must work under atmospheres with stoichiometric air to fuel ratios (A/F), which is
fluctuating since it is maintained by computer adjusted injection system. The oxygen
storage materials are able to widen the A/F window by storing extra oxygen in the
oxidative atmosphere and release when the oxygen is deficient, by which the
conversions of NOy, CO and HC are efficiently improved [29]. The oxygen storage
capacity (OSC) of CeO, could be further improved by addition of lanthanum or
zirconium ions into CeO,, for more oxygen defects are introduced into the bulk.
Particularly, for the ZrO,, the zirconium ions have a smaller diameter compared with
the cerium ions, and the space for the oxygen ions is further increased in the lattice cell.
Therefore, the CeO, and ZrO,, are added to most of the three way converters[30, 31].

According to the research, the addition of those oxides also works to promote
precious metal dispersion, increase thermal stability of the alumina support, promote the
water gas shift and the steam reforming reactions, and enhance catal ytic activity at the

interfacial reactive siteg[8, 32-35].

1.3.3 Challengesin the vehicle catalysts

Although great advancements have been achieved in the past forty years, challenges
are still lie ahead. With increasing vehicle population and concern over the air quality,
stringent regulations are to be arranged world widely and new catal ysts are required.

One of the challenges is cost control of the automobile catalyst. The activation of
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propane is generaly catalyzed on the Pt catalysts, and Rh is used to improve the
conversion of NO. However, just as the term precious metals suggested, the Pt and Rh
are very expensive for their unevenly distribution and small amount of storage around
the world, which raise the cost of automotive converters productio and catal yst coating
technology leverages up to 90% of total catalytic converter costs. In order to solve this
problem, one approach is to use Pd as the only active metal in TWCs, which has been
aggressively pursued over the past decade [36-38], but the commercialization of this
system has not yet been realized. An alternative approach is to reduce the loading
amount of Pt and Rh contents while maintaining high catal ytic activity. Papavasiliou et
al. decreased the Pt content to 0.5 wt% over y-Al,03 by using Cep4ZrosLag1019 as a
promoter [39]. It is believed that a further reduction in these precious metals would
enhance the position of TWCs as preferred emission control technologies.

Another key problem is the cold start strategy. In the first 2 minutes of a drive cycle,
the catalyst cannot reach its HC light-off temperatures (about 300 °C). Consequently,
nearly 50-80% of the total unburned hydrocarbons will be emitted during this period
(Society of Automotive Engineer, SAE. 961954), resulting in a failure to meet future
regulations. The close coupled catal yst appears to a promising cold start strategy, which
is catalysts mounted close to the manifold of engines, and then it can benefit from the
hot of the exhaust and thus reach light-off temperatures of hydrocarbon in a very short
time. Disadvantage of the close couple is the sintering leading by a higher temperature
of the exhaust and thermal durability is required [13]. The other solutions includes the
electrically heated catalyst( heating a small parts of catalysts electrically by a metal
substrate and shorting the light-off time [40, 41]), hydrocarbon trap (storing the

unburned hydrocarbons emitting in the cold start possess and burn them after the
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light-off temperature is reached [42, 43]). However, al those solutions add the
complexity to the catalysts system. Therefore, a low light-off catalyst would be a

promising solution.

1.4 Aim of the Thesis

1.4.1 Background of Sngglng 1P,04

Recently, Hibino et al. found that an anhydrous proton conductor, In®*-doped SnP,0-
(Snoolng1P207), shows high proton conductivities between 150 and 300°C under
unhumidified conditions [44]. Sngglnp1P20O7 shows a cubic structure with SnO6
octahedral and P,O7 units at the corners and the edges, respectively (Fig. 1-7). Such
closely packed P,O7 units could provide many proton bonding sites and associated
transport pathways in the bulk, resulting in high proton conductivities above 0.1 S cm™
between 150 and 350°C under unhumidified conditions. This material has a cubic or
pseudo-cubic structure over a wide temperature range, which is characterized by SnOg
octahedral at the corners and P,O7 units at the edges [45]. There are nominally no
structural protons in SnP,0-, suggesting that protons dissolve as defects in the presence
of hydrogen-containing gases. A similar proton incorporation mechanism has been
proposed for Ca?*- or Sr**-doped LaPO, in phosphate-based proton conductors [46, 47].
However, the proton conductivities of the LaPO,-based proton conductors were much
lower than those of SnP,O7 in the temperature range from 150 to 300°C, probably due
to the difference in their constituent oxyanions (P,O;** and PO4*"). Indeed, the previous

study showed that the conductivity of ShnHPO, was about three orders of magnitude
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lower than that of SnP,O».

INOg

Figure 1-3 Structure of SnP,07

As the electrolyte, the proton-conducting SIPO has been used as electrolyte in a
direct hydrocarbon fuel cell in the previous study, and in the anode the hydrocarbons
even some light hydrocarbons could be oxidized in a relatively low temperature range
[48]. Furthermore, this reaction occurred accomplished with a high faradic current, at
the Pt/C anode:

CnHonez + 2nH,0 — nCO, + (6n+2)H™ + (6n+2)€
It is also found that during anodic polarization of H,O, the active oxygen specie HO- is
formed from the dissociation of the water, which breaks the C-H bond by extraction of
hydrogen [49, 50]. In the cathode, the oxygen is reduced on the surface of Pt/C
electrode.

(1.5n + 0.5)0; + (6n+2)H+ (6n+2)e — (3n + 1)H,0
Consequently, high power densities were found in those fuel cells and the stability and

the durability toward temperature of the fuel cell were also found appreciable. We also
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recently reported that NO reacted with protons and electrons to form N, and H,O at a
Pt/C cathode in the similar electrochemical cell as described above [51, 52].

NO + 2H" + 26 — 1/2N, + H,0
Those research results indicated a possibility to develop an electrochemical reactor
basing on those reactions, which could be used to remove the hydrocarbons and NOy in

vehicle exhaust.

1.4.2 Research Purpose

Based on these observations, it is expected that an electrochemical reactor for the HC
and O, reaction can be developed through the oxidation and reduction reactions by
short-circuiting reactor. Due to the high efficiency of the electrochemical reactor, high
conversions of propane could be achieved. Furthermore, if this reactor is designed by
using NOy as the reactive gas in the cathode instead of O, then the three way catalysis
reaction could occur. Based on this design, nano-scale electrochemical reactors can be
produced by impregnating Snglng1P.O7 with Pt and Rh, and then the reaction area for
the HC and NOy reaction can be drastically increased and the loading amount of Pt and
Rh could be reduced. Furthermore, considering the reaction temperature of the
hydrocarbon direct fuel cell, it is important for our catalysts to maintain the catalysts
activity in arelatively low range while decrease the loading contents of precious metals.

The goals of the present work are to: (1) design a high efficiency electrochemical
reactor based on the oxidation of HC and reduction Oxygen (NOy) reaction, using the
SIPO as the electrolyte (2) demonstrate the advantage of nanoscale electrochemical
reactors formed in the surface of SIPO supported Pt (Pt/Rh) catayst, for the HC

oxidation and NOy reduction; (3) reduce Pt and Rh loadings amounts; and (4) further
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discuss the mechanism by using the other proton conductors as catal yst support.

1.4.3 Scope of Thesis

In Chapter 2, the two way catalysis has been investigated using electrochemical by
using propane as the test hydrocarbon. Sngglhg1P.O7 and Pt was used as the proton
conductor and electrocatalyst, respectively. The loading amount of Pt was reduced to
0.01%. In Chapter 3, propane oxidation and NO reduction at the proton
conductor-electrocatalyst interface have been investigated using electrochemical cells
and impregnated catalysts. Ultra low loading amount Rh was introduced to improve the
conversion of NO reduction. In Chapter 4, PropanetNO+oxygen reaction over PtRh
was investigated using SnP,O--based proton conductors of Sngglng1P.O7 (SIPO),
Sno.gsAlo0sP207 (SAPO), SnogMgo1P207 (SMPO) and FeosNbosP.O7 (FNPO) as
catalyst supports, and the catalytic activity for the propane and NO reaction is related to

proton conduction in the catal yst supports.
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CHAPTER ||

Two Way Catalysis over Sngglng,P,0O; Catalysts

2.1 Introduction

Asamajor contributor to the photo-chemical smog and ozone pollution, the unburned
hydrocarbons (HCs) are one of main pollutions from the internal combustion engine. To
address this problem, oxidation catalysts (two way catalysts) are designed to oxidize
unburned harmful hydrocarbons, as well as carbon monoxide into water and carbon
dioxide. Meanwhile, stringent regulations toward the HCs emissions have been
established worldwide, which in turn calls for the development of catalysts in order to
comply with the regulation. Today, although for certain applications two way catalysts
have been superseded by three way catalysts, they are still widely used not only in the
diesel engines and gasoline powered industrial equipments, but also in some
newly-developed LPG (Liquefied Natural Gas), CNG (Compressed Natural Gas)
engines [1, 2]. However, the catalysts are requiring an ignition temperature 300 °C or
even higher to achieve good conversions of the pollutions, especialy for those light
saturated hydrocarbons. Meanwhile, the temperatures of exhaust from the commercial
engines are lower than 200°C during cold-start transients, and the unburned
hydrocarbons cannot be removed by the converter and therefore released directly into
the atmosphere [3]. This temperature gap makes it hard to use the current catalysts to

solve this problem and thus new cold start strategy is in necessary. However, as a highly
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matured industrial technology, the potential of two way catalysts based on the
traditional mechanism is facing its own upper limit. Thus, recently it is believed that
developing of a novel hydrocarbon oxidation catalyst which can work at lower
temperature is a potential solution to control emission from vehicles[4, 5].

Based on the mechanism studies on hydrocarbons oxidation, the activation of C-H
bonds step is believed to be the initial and key step since a considerable high Activation
Energy is required in this step [6-8]. Catalyzed by the catalysts, where in the case of
vehicles emission control usually precious metals (Pt, Rh, and Pd) are adopted, the
generated active oxygen species (or reactive oxygen species, refer to the absorbed or
lattice reactive oxygen atom or ions) are regarded with breakage of the C-H bond in
hydrocarbons by most researchers [9, 10]. Interestingly, the active oxygen species aso
form in some electrochemical processes. During the research of low temperature fuel
cell, our lab has found a proton conductive material Snoglng1P.07 (SIPO) [11]. As a
pure proton conductor, this material has high proton conductivity in the temperature
around 200 °C, and the proton conductivity could be maintained even at a temperature
higher than 200 °C as an oxides. This proton conductive material was used as electrol yte
in a proton exchange membrane fuel cell in the previous study, and in the anode the
hydrocarbons even some light hydrocarbons could be completely oxidized in a
relatively low temperature range [12]. At a Pt/C anode, this reaction occurred and a high
faradic current was generated:

CnHans2 + 2nH,0 — nCO, + (6N+2)H” + (6n+2)e (1)
It is also found that during anodic polarization of H,O, the active oxygen specie HO- is
formed from the electrochemical dissociation of water, which was regarded to the

breakage of C-H bond [13, 14]. In the cathode, the oxygen is reduced on the surface of
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Pt/C electrode:
(1.5n + 0.5)0, + (6n+2)H+ (6n+2)e — (3n + 1)H,0 (2
Consequently, high power densities were generated in the whole fuel cell test, and the
stability and the durability toward temperature of the fuel cell were also found
appreciable. The research results indicated a possibility to develop an electrochemical
reactor basing on those reactions, which could be used to remove the hydrocarbon in the

vehicle exhaust.

Pt
I
_. Cathode Pt/C H O+HC
Electrolyte
- H,O
SnyelNg,P,0; m
~~< Anode Pt/C
SNyl N1P,0;

H,0+HC 0,

@ (b)
Scheme 2-1. Schematic illustrations of (a) fuel cell and (b) local electrochemical cell.

A fuel cell using Sngglng1P.0O7 as the electrolyte (Scheme 2-1, a) was designed to
testify the possibility of the electrochemical reaction, and the cell performance using
various concentrations of propane and O, was obtained [15]. The electrochemical cell
performance was tested separately at 300 °C using propane and O, with different
concentration. An EMF of 332 mV and a short-circuit current of 17 mA cm™ were
observed under the 1000 ppm concentration of propane and 5000 ppm of O,. Those
results suggested a high theoretic possibility of a fuel-cell type reactor working with low
concentration of exhaust.

Also, if the reaction followed this electrochemical scheme, in a fuel cell using

Snp.olne1P,O7 electrolyte, the propane will be oxidized to CO, at anodic sites (Reaction
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(1)) on the Pt/C electrode, and on the same electrode the reduction of oxygen also occur
at cathodic sites through Reaction (2). As aresult, alocal galvanic cell isformed at one
Pt particle (Scheme 2-1, b). The kind of cell is short-circuited due to the conductivity of
the Pt, and therefore the reaction rate on the two electrodes should be the same- a mixed
potential is produced. The similar phenomena have been reported on the gas senor
working in the mixtures of various gases [16, 17]. To testify the assumption, the
polarization curves of the propane oxidation and oxygen reduction were measured
separately on a Pt/C electrode at different temperature, and the mixed potentials were
estimated from the intersection points of the anodic and cathodic polarization curves.
The results were ploted in Figure 2-1. Meanwhile, the practical open-circuit potentials
of the electrochemical reaction for the Pt/C electrode were measured in a mixture gas of
1000 ppm propane, 5000 ppm oxygen and 3% H,O diluted with Ar at the same
temperature. The results were also plotted in the Fig.2-1. We could find that the two
series of data points were in accordance with each other. That is to say, a each
temperature, the mixed potential from the propane oxidation oxygen reduction reaction
on the anodic electrode and on the cathodic electrode is aimost equal to the real open
circuit potential on anodic and cathodic sites of the electrode. The results demonstrate

the reactions occur in the e ectrochemical route we assumed in the scheme 2-1.
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Figure 2-1 Mixed potentia estimated from the intersection points of the anodic and
cathodic polarization curves and open-circuit potentials of the Pt/C working electrode.
The open-circuit potentials were obtained in a mixture of 1000 ppm propane, 3% H-,0,

and 5000 ppm O;[15].

Given on the previous study, the fuel cell electrochemical reactor has the ability to
oxidize the propane spontaneously based on the mechanism stated in the scheme 2-1.
However, a device like such reactor is difficult to apply to the vehicles, for the small
surface are, the large size and the complicated preparation method. Therefore, it is
necessary to apply the phenomena in a powder catalyst, which could be used as the
washcoat in the commercialized catalytic converters. It would better easily to be made
and applied, and considering the cost of the washcoat, the loading amount of the Pt
should be as small as possible.

In this study, we would make efforts to develop catalysts with tiny local

electrochemical catalyst formed in the interface of the Pt and Sngglng1P.O7, as
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illustrated in Scheme 2-1(b). The novel catalysts will be compared with the traditional
catalysts. To demonstrate the differences between the electrochemical mechanism and
the redox mechanism, the Sngglng 1P,O7 supported metal oxides (MOy) catalysts were
also prepared and tested, because the metals oxides, especialy the transition metal

oxides, were also commonly referred as active for the hydrocarbon oxidation.

2.2 Experimental Section

2.2.1 Materials and characterization methods

Snp.9lno.1P,O7 was prepared using the follow method. SnO, and 1n,03 (Wako) were
mixed with 85% H3PO, and ion-exchanged water and held with stirring at 300 °C until
a high viscosity paste was formed. This paste was calcined in an alumina pot at 650 °C
for 2.5 h and then ground into powder in a mortar.

For catalyst studies, Pt/SngglngiP,O; (0.01-1.00 wt% Pt contents) catalyst was
prepared by impregnation of the surface of the Sngglnp1P.O7; powder with a Pt
precursor (Pt(NH3)4Cl2-H20). The Sngglng:P.O; powder was suspended in
ion-exchanged water, and an agueous solution of Pt(NH3)4Cl,-H,O was added
dropwise to the suspension using micropipettes while stirring at approximately 60 °C.
After aging at this temperature overnight, the catalyst powder was oxidized in an air
feed at 300 °C for 1 h and then reduced in a 10 vol% H, (Ar balance) feed at 450 °C for
1 h. For comparison, a Pt/y-Al,O3 (0.01-1.00 wt% Pt) catalyst, which is used as a
standard catalyst a Toyota Motor Corporation, was aso tested. The

MOy/Sngglne1 P07 catal ysts were prepared from their precursor listed in the Table 2-1,
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and the loading amount is 5 wt. %. The Sngglng1P,O7 powder was suspended in
ion-exchanged water, and an aqueous solution of the precursor was added dropwise to at
60 °C. After aging at the temperature overnight, the powders were oxidized in an air
feed under the conditions listed in the Table 2-1. To excluding the influence of reduction
of the hydrogen, half amounts of the oxidized catalysts were reduced in the same

manner with Pt/Sng glng 1 P,O7 catalysts.

2.2.2 Catalyst studies

The activity of the Pt/Sngglng1P,O7 catalysts and the MO,/Sngglng1P,O7 catalysts
for the HC and NOy reaction was measured under various conditions. In the case of an
ultra-low Pt or Pt-Rh/Sngglng1P,0O7 catalyst, a few gram catal yst powders were used as
the test sample. Catalytic tests were conducted in a fixed-bed flow reactor. 100 mg
catalyst was mixed with 100 mg a-Al,O3 in the mortar for a few minutes. Unless
otherwise stated, a mixture of 1000 ppm propane, 3% H,0O, and 5000 ppm O in Ar was
fed into the reactor, wherein the space velocity (SV) was 9500 h™t. Analysis of the outlet
gas was carried out in the same manner as described earlier. All experiments were
performed from room temperature to 600 °C. The dispersion state of each component in
the catalyst was analyzed using transmission electron microscopy (TEM: JEOL
JEM2100F) in conjunction with energy dispersive X-ray (EDX: JEOL JED-2300T)
spectroscopy. Specimens for TEM and EDX measurements were prepared by ultrasonic
dispersion in n-butanol, and a drop of the resultant suspension was evaporated on a Cu

grid.
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Table 2-1 Thelist of MOX /Sngglng1 P07 catalysts

M Precur sor Syn. condition MOy
Co Co(NOg3), 6H,0 300, 2h Co304
\% NH4VO3 450, 5h V,05
Fe Fe(NO3)3 9H,0 450, 1h Fe,O3
Mn Mn(NO), 4H,0 400, 1h MnO,
Ce Ce(NO3)3 6H,0 400, 2h CeO,
Cu Cu(NOs3), 3H,0 450, 1h CuO
Ag AgNO3 450, 1h AgO

2.3 Results and Discussion

2.3.1 Ptlsnogl Ng.1P>0O-~ CataJyStS

The use of the phenomenon represented in Scheme 1(b) enables propane oxidation at
relatively low temperatures, but the reaction area of the electrochemical cell is not
sufficiently high to meet the criteria for practical applications. Therefore, we attempted
to increase the reaction area for propane reaction by impregnation of the surface of the
Sno.9lne.1P>O7 support with the Pt metal, wherein the Pt contents were changed from
0.01 to 1.00 wt%. According to the BET tests, the surface area of the Sngglhg1P,07
support was 1.0 m? g'l. The dispersion of the Pt particles in the Pt/Sngglng1P>.07
catalysts was observed by using TEM. From the TEM images in Fig. 2-2, the cluster
size of Pt was determined to be approximately 20, 10, and 5 nm at the Pt contents of

1.00, 0.10, and 0.01 wt%, respectively. It is also likely that high dispersion of the metal
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on the support surface was accomplished for all the Pt contents tested. The number of
active reaction sites was increased.

Pt:1.00 wt% Pt:0.10 wi% Pt:0.01 wi%

20nm 20nm 20nm

Figure 2-2 TEM characterizations of the Pt/Sngglng 1 P.O7 catalyst with different Pt
contents.

The catalytic activity and the effect of varying the Pt content in the Pt/Sngglng P20~
catalyst on its catalytic activity was investigated using propane oxidation. Figure 2-3
shows the propane conversion as a function of the temperature for the Pt/Sngglng1P.07
catalyst with Pt contents of 0.01, 0.10, and 1.00 wt%. Although the reaction initiation
temperature was shifted to higher temperatures by a decrease of the Pt content, the
propane conversion reached approximately 90% at 400 °C even for 0.01 wt% Pt.

To further understand the results and compared with the Pt/y-Al,O3 catalysts, figure
2-4 shows the temperature at which 50 or 90% conversion was achieved (defined as
Tso0 OF Tooe), and data for a Pt/y-Al,O3 catalyst with different Pt contents is also
shown. Tspe, and Togg, fOr the Pt/Sngglng1P2O; catalyst were lower than those for the
Pt/y-Al,O3 catalyst at each Pt contents. Interestingly, Tsoo, and Tog, for the 0.01 wt%
Pt/Snpolng1P2O; catalyst were 305 and 380 °C, respectively, which are lower than
those for the 0.10 wt% Pt/y-Al,O3 catalyst. This means that the use of the

Snoglnp1P20O7 support allows for the reduction of the Pt content by one order of
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magnitude or more. The 0.01 wt% Pt/Sngglng1P,0O; catalyst was used in subsequent

experiments in the chapter 3 and chapter 4.

100

-o-Pt: 0.01 wt%
80 | =Pt:0.10wt%

- -e=Pt: 1.00 wt%
60

40 ¢

C5Hg conversion/ %

20

0 100 200 300 400 500 600
Temperature/ °C

Figure 2-3 Propane conversion over the Pt/Sngglng1P,O7 catalysts with different Pt
loading contents, 1 wt%, 0.10 wt%, 1.00 wt%. The reactant gas was 1000 ppm propane,
5000 ppm O, and 3 vol.% H,O vapor in Ar.
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Figure 2-4 Tsoy, and Togy, for the P/SIPO and Pt/y-Al,O3 catalysts

2.3.2 M O,/Snggl ng1P>,07 catalysts

The metal oxides with poor electron conductivity were commonly used as the
combustion catalysts for the hydrocarbons and a mechanism based on the redox ability
of catalysts was usualy involved. Thus, the 5 wt. % loading MOy/Sngglhg1P>.07
catalysts were prepared to compare with electrochemical catalysts. The compositions of
the catalysts were generally identified from the XRD spectra, which were also showed
in the Table 2-1. The activity of MOy/Sngglng1P.O catalysts was measured using the
same manner with the Pt/Sngglng1P.O7; catalyst, and the result was plotted in the
Figure 2-5. Given the Pt/Sngglng1P,O7 catalysts had been reduced by the hydrogen
before the reaction, the reduced MO,/Sngglng1P,O7 catalysts were also prepared in the
same manner. Compared with the Pt/Sngglng1P,O7 catalyst, the conversions for

propane over the MO,/Sngglng 1 P20 catalysts were much lower at each temperature,
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even with the much larger loading amounts. The supported Co oxides had the lowest
initial temperature of 300 °C and the highest conversion was achieved over the
supported Cu oxides at the 600 °C. After the reduction process, the activity over most of
the metal oxides catalysts didn’'t changed significantly except for the Co oxides, which
suggested that the oxidation state of those oxides remained the same when the propane
oxidation occurred. The Co oxides catalyst achieved a nearly 80% conversion between
350 and 400 °C, but reduced sharply at a higher temperature. It can be explained by the
reduced oxides would be oxidized again when the temperature increased.

The poor activities of the MO./Snpglng1P,O; catalysts indicated that the Pt
components cannot be replaced by the metal oxides in the proton conductor supported
catalysts. The results could be easily explained by the electrochemical mechanism. The
Pt particle in this reaction scheme not only works as the active component but aso good
conductor of electrons, while the metal oxides are weak electron conductor and can only
worked as the normal redox catalysts. Also, even the supported metal oxides were
reduced to the metal particles in the hydrogen; they would be oxidized in the air or in
the reaction process given their small particle size on the support. The mechanism
suggested that we cannot replace the expensive platinum group metals with the metal
oxidize to reduce the cost of Sngglng1P>.O7 supported catalysts, and further confirmed

the scheme 2-1.
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Figure 2-5 Propane conversion over the MO,/Sngglng 1 P2O7 catalysts. The reactant gas
was 1000 ppm propane, 5000 ppm O,, and 3 vol. % H,O vapor in Ar.
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Figure 2-6 Propane conversion over the reduced MOy/Sngglng1P.0O7 catalysts. The
reactant gas was 1000 ppm propane, 5000 ppm O, and 3 vol. % H,O vaporin Ar.
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2.4 Summary

In this study, Sngglng1P.O7and Pt were used as the proton conductor and
electrocatalyst, respectively. The electrochemical activation of oxygen also occurred
under open-circuit conditions when both H,O and O, were present in the reaction
system, which is interpreted as a mixed potential mechanism. This phenomenon was
then applied to Pt/Sngglng1P,0O7 catalysts. Compared with the Pt/ y -Al,O3 catal ysts,
Snoolnp1P,0O7 catalysts showed higher catalytic activity at low temperatures and
smaller quantities of Pt. The loading amount of Pt was significantly reduced by the
impregnating Pt on the Sngglng1P20O7, while remaining high activity for propane. The
propane conversion reached approximately 90% at 400 °C even for 0.01 wt% PX.
Meanwhile, poor activities of propane over the MO,/Sngglng1P,07 catalysts further
confirmed the electrochemica mechanism. The results shows Pt/Sngglng1P>O7 could

be a promising solution for the two way catalysis.

2.5 References

[1] J.PA. Neeft, M. Makkee, and J.A. Moulijn, Diesel particulate emission control, Fuel
Process Technol. 47(1), 1-69 (1996).

[2] P. Gelin and M. Primet, Complete oxidation of methane at low temperature over
noble metal based catalysts: areview, Appl Catal B-Environ. 39(1), 1-37 (2002).

[3] M.V. Twigg, Progress and future challenges in controlling automotive exhaust gas
emissions, Appl Catal B-Environ. 70(1-4), 2-15 (2007).

[4] R. Schneider, D. Kiessling, and G. Wendt, Cordierite monolith supported
perovskite-type oxides - catalysts for the total oxidation of chlorinated hydrocarbons,
Appl Catal B-Environ. 28(3-4), 187-195 (2000).

[5] T.F. Garetto, E. Rincon, and C.R. Apesteguia, The origin of the enhanced activity of
Pt/zeolites for combustion of C-2-C-4 alkanes, Appl Catal B-Environ. 73(1-2),

35



65-72 (2007).

[6] R. Burch, D.J. Crittle, and M.J. Hayes, C-H bond activation in hydrocarbon
oxidation on heterogeneous catal ysts, Catal Today. 47(1-4), 229-234 (1999).

[7] T.F. Garetto and C.R. Apesteguia, Oxidative catalytic removal of hydrocarbons over
Pt/Al203 catalysts, Catal Today. 62(2-3), 189-199 (2000).

[8] J.Y. Luo, M. Meng, J.S. Yao, X.G. Li, Y.Q. Zha, X. Wang, and T.Y. Zhang, One-step
synthesis of nanostructured Pd-doped mixed oxides MO4-CeO, (M = Mn, Fe, Co,
Ni, Cu) for efficient CO and C3H8 total oxidation, Appl Catal B-Environ. 87(1-2),
92-103 (2009).

[9] VY. Yazawa, H. Yoshida, N. Takagi, S. Komai, A. Satsuma, and T. Hattori, Acid
strength of support materials as a factor controlling oxidation state of palladium
catalyst for propane combustion, J Catal. 187(1), 15-23 (1999).

[10] B. Grbic, N. Radic, B. Markovic, P. Stefanov, D. Stoychev, and T. Marinova,
Influence of manganese oxide on the activity of Pt/Al,O3 catayst for CO and
n-hexane oxidation, Appl Catal B-Environ. 64(1-2), 51-56 (2006).

[11] M. Nagao, T. Yoshii, T. Hibino, M. Sano, and A. Tomita, Electrochemical reduction
of NOx at intermediate temperatures using a proton-conducting In3+-doped SnP,O-
electrolyte, Electrochem Solid S. 9(2), J1-J4 (2006).

[12] P. Heo, K. Ito, A. Tomita, and T. Hibino, A proton-conducting fuel cell operating
with hydrocarbon fuels, Angew Chem Int Edit. 47(41), 7841-7844 (2008).

[13] N.M. Markovic and PN. Ross, Surface science studies of model fuel cell
electrocatalysts, Surf Sci Rep. 45(4-6), 121-229 (2002).

[14] W.S. Li, D.S. Lu, J.L. Luo, and K.T. Chuang, Chemicals and energy co-generation
from direct hydrocarbons/oxygen proton exchange membrane fuel cell, J Power
Sources. 145(2), 376-382 (2005).

[15] K. Tsuneyama, S. Tetanishi, T. Hibino, S. Nagao, H. Hirata, and S. Matsumoto,
Low-temperature hydrocarbon combustion over proton conductor/metal-mixed
catalysts, J Catal. 273(1), 59-65 (2010).

[16] N. Miura, G.Y. Lu, N. Yamazoe, H. Kurosawa, and M. Hasei, Mixed potential type
NOx sensor based on stabilized zirconia and oxide electrode, J Electrochem Soc.
143(2), L33-L35 (1996).

[17] FH. Garzon, R. Mukundan, and E.L. Brosha, Solid-stale mixed potential gas
sensors: theory. experiments and challenges, Solid State lonics. 136 633-638 (2000).

36



CHAPTER I11

Three Way Catalysisover Pt- and PtRh-
Sngol Ng1P>0O-~ CataIyStS

3.1 Introduction

Although the two-way catalysts are till used in many cases, three-way catalysts
(TWCs) have been the most widely solution used to purify hydrocarbons (HC), CO, and
NOy in the exhaust of gasoline engines [1-3]. Compared with two-way catal ysts used to
oxidize hydrocarbons, in the so-called three-way catalysts, unburned hydrocarbons
(HCs) and carbon monoxide (CO) are oxidized, and at the same time, produced nitrogen
oxides (NOXx) are reduced, which is accomplished by controlling the air/fuel ratio of the
exhaust close to a stoichiometric value of 14.6.

The TWCs promote the following reactions for CO, HC, and NOy in the exhaust [4]:

CO + 1/20, — CO> 1)
CO +H,0 — CO, + Hy )
CmHn + (1 + n/4)0; — mCO; + n/2H,0 ?3)
NO(or NO,) + Hy — 1/2N5 + H,0 (4)

(2 +n/2NO(or NO3) + CH,
— (1 +n/4)N, + mCO, + n/2H,0 )
Typically, the CO reaction first begins, followed by the HC and NOy reaction.

Therefore, the ability of TWCs is determined by the catalytic activity for the HC and
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NOy reaction. The activation of C-H bondsin HC is considered to be the key initial step
in the HC oxidation. There seems to be little doubt regarding the role of chemisorbed or
combined oxygen species (so-called active oxygen) in the extraction of hydrogen from
the C-H bond in HC [5, 6].

As we stated in chapter 2, the activation of propane is generaly catalyzed on the Pt
catalysts, and Rh is used to improve the conversion of NO. However, the commonly
used Pt and Rh catalysts are very expensive, and Pt and Rh sources are unevenly
distributed in the world, which raise the cost of automotive converters production, since
catalyst coating technology leverages up to almost 90% of total catalytic converter costs.
In order to solve this problem, one approach is to use Pd as the only active metal in
TWCs, which has been aggressively pursued over the past decade, but the
commercialization of this system has not yet been realized [7-13]. An alternative
approach is to reduce the Pt and Rh contents while maintaining high catalytic activity.
Papavasiliou et al. decreased the Pt content to 0.5 wt% over y-Al,O3z by using
CepsZrosLag1019 as a promoter [14]. It is believed that a further reduction in these
precious metals would enhance the position of TWCs as preferred emission control
technologies. Another factor is that researcher find the loading amount is strongly
related with the light-off temperature of the catalysts. In the other word, low Pt and Rh
loading contents will increase the light—off temperature of the catalysts. However, the
regulations in today have been tensed so much that even the emissions during the
cold-start transients have to be removed to meet the requirements. A majority of
hydrocarbon (60%—-80% of the total emitted) are produced in the cold start portion of
the automobile, according to SAE (Society of Automotive Engineer, SAE. 961954).

However, the temperature of the exhaust from the cold-start transient is usually around
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200 °C, which is much lower than the temperature of 300-500 °C required by the
normally two way catalysts. In fact, there is tendency to increase the loading amount of
precious metals order to meet regulations, especially for the diesel engine. Therefore, it
is important for our catalysts to maintain the catalysts activity in arelatively low range
while decrease the loading contents of precious metals.

Also from the discussion of Chapter 2, it can be find that H,O could dissociate into
protons, electrons, and active oxygen species are generated at a Pt/C anode in an
electrochemical reactor Pt/C|Sngglng1P.O7|PY/C, leading to oxidation of propane to
CO, [15, 16].

C3Hg + 6H,0 — 3CO, + 20H" + 20e (6)
On the other hand, NOy is dissociated into N (aq) and Oy on the surface of Pt, promoted
by previously adsorbed Hg) [17]. We aso recently reported that NO reacted with
protons and electrons to form N, and H,O a a PY/C cathode in the same
electrochemical cell as described above [18, 19].

NO + 2H* + 26 — 1/2N; + H,0 7
More importantly, propane oxidation and NO reduction proceeded according to Egs. (6)
and (7), respectively, at temperatures at 200 °C or lower, which suggests that high

activities of the Pt catalyst for these reactions are achieved even at reduced Pt contents.
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Scheme 3-1.Reaction scheme for propane oxidation and NO reduction in (a) afuel cell
and (b) local electrochemical cell.

Based on these observations, it is expected that an electrochemical reactor for the HC
and NOy reaction can be developed through the reactions shown in Egs. (6) and (7) by
short-circuiting the reactor, as illustrated in Scheme 1(a). Moreover, if nanoscale
electrochemical reactors can be successfully produced by impregnating Sngglng1P.0O7
with Pt, then the reaction area for the HC and NO, reaction can be drastically increased,
as illustrated in Scheme 3-1(b). Therefore, we are looking forward to inspect the HC
and NOy reaction through Egs. (6) and (7) by using an electrochemical cell with the
P/C anode and cathode, and demonstrate the advantage of using nano-scale

electrochemical reactors with ultra-low Pt loadings for the HC and NOy reaction. Then
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we will attempt to add the promising promoter Rh to the Pt/Sngglng1P.O; catalyst to

enhance the NO activity.

3.2 Experimental Section

3.2.1 Materials and characterization methods

Snp.olne1P.O7 was prepared in the same manner with Chapter 2. Briefly, SnO, and
In,O3 (Wako) were mixed with 85% H3PO, and ion-exchanged water and held with
stirring at 300 °C until a high viscosity paste was formed. This paste was calcined in an
alumina pot at 650 °C for 2.5 h and then ground in a mortar. The BET surface area of
Snoglnp1P.07 was measured using a Micromeritics automated system. All samples
were degassed under vacuum at 100 °C for 1 h and then 250 °C for 3 h prior to BET
surface area measurements.

For electrochemical cell studies, the Sngglng1P.O7; powder was uniaxially pressed
into pellets (12 mm diameter, ca. 1.0 mm thick) under a pressure of 200 MPa and used
as the electrolyte. A Pt/C (10 wt% Pt/C, 0.6 mg Pt cm™) electrode with a gas diffusion
layer was purchased from BASF. For catalyst studies, Pt/Sngglng1P,O7 (0.01 wit% Pt
contents) and Pt-Rh/Sngg¢lng1P,0O7 catalysts (0.01 wt% Pt content and 0.0025-0.0100
wt% Rh contents) were prepared by impregnation of the surface of the Sngglng P20~
powder with a Pt precursor (Pt(NH3)4Cl,-H,O) and a Rh  precursor
((NH4)3RNhClg-H,0). The Sngglng1P,0O7; powder was suspended in ion-exchanged
water, and an agueous solution of Pt(NH3)4Cl,-H,O or two aqueous solutions of

Pt(NH3)4Cl,-H,0 and (NH,4)3RhCls-H,O were added dropwise to the suspension using
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micropipettes while stirring at approximately 60 °C. After aging at this temperature
overnight, the catalyst powder was oxidized in an air feed at 300 °C for 1 h and then
reduced in a 10 vol% H, (Ar balance) feed at 450 °C for 1 h. The dispersion state of
each component in the catalyst was analyzed using transmission electron microscopy
(TEM) in conjunction with energy dispersive X-ray (EDX) spectroscopy. For
comparison with the Pt/Sngglngi1P,0O7 catalyst, a Pt/y-Al,O3 (0.01-1.00 wt% Pt)
catalyst, which is used as a standard catalyst at Toyota Motor Corporation, was also

tested.

3.2.2 Electrochemical cdll studies

The reactions shown in Egs. (6) and (7) were investigated using an electrochemical
cell. The two Pt/C electrodes (area: 0.5 cm?) were attached on opposite sides of the
electrolyte. In both cases, an Au mesh was employed as a current collector. Two
electrode chambers were set up by placing the cell assembly between two alumina tubes,
asillustrated in Fig. 3-1(a). A mixture of 1000 ppm propane and 3 vol% H,0O in Ar was
supplied to the anode at a flow rate of 30 mL min™, and 1000 ppm NO diluted with Ar
was supplied to thecathode at a flow rate of 30 mL min™. The current was applied with
a Hokuto Denko HA-501 galvanostat. The concentrations of propane, CO4 (CO, and
CO), and O; in the outlet gas from the anode chamber were analyzed using an on-line
Varian CP-4900 gas chromatograph, and the concentration of NO, (NO and NOy) in the
outlet gas from the cathode chamber were monitored using an on-line Horiba PG-225
NOy gas anayzer. Propane oxidation and NO reduction were also evaluated using a
half-cell with the Pt/C electrode, as illustrated in Fig. 3-1(b). Besides Sngglng1P.0O7,

silica and yttria-stabilized zirconia (Y SZ) pellets were also used as the electrolytes in
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the half-cell. The electrode was supplied with a mixture of 1000 ppm propane, 1000
ppm NO, and 3 vol% H,O vapor in Ar at a flow rate of 30 mL min™. Analysis of the

outlet gas was conducted as described above.

(@)

«—— Au wire

—

Cathode (b)

Electrolyte — — = |

Au mesh

Figure 3-1 Illlustrations of the electrochemical cell (a) and the half-cell (b).

3.2.3. Catalyst studies

The activity of the Pt or Pt-Rh/Sngglng1P.0O- catalyst for the HC and NOy reaction
was measured under various conditions. The number of reaction sites on the Pt or Pt-Rh
surface was measured by the CO pulse method at room temperature. In the case of an
ultraclow Pt or Pt-Rh/Sngglng1P,O7 catalyst, a few gram catalyst powder was used as
the test sample. Catalytic tests were conducted in a fixed-bed flow reactor. 100 mg
catalyst was mixed with 100 mg a-Al,O3 in the mortar for a few minutes. Unless

otherwise stated, a mixture of 1000 ppm propane, 1000 ppm NO, 3% H,0O, and 4500
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ppm O, in Ar was fed into the reactor, wherein the space velocity (SV) was 9500 h™.
Analysis of the outlet gas was carried out in the same manner as described earlier. All

experiments were performed from room temperature to 600 °C.

3.3 Results and Discussion

3.3.1. Electrochemical testing of Scheme 3-1

Propane oxidation and NO reduction represented in Scheme 1(a) were first
investigated using the electrochemical cell, in which the N, was applied in the cathode
instead of O,. It is necessary for the realization of Scheme 1(a) to generate a large
electromotive force (EMF) and short-circuit current from the electrochemical cell, even
if the propane and NO concentrations are at ppm levels. The current density-cell voltage
curves were measured in the temperature range from 50 to 250 °C. Figure 3-2 shows
that both the EMF and short-circuit current increased with temperature. The resultant
EMF and short-circuit current reached 298 mV and >9 mA cm, respectively, at 250 °C.
This result suggests the possibility of a fuel-cell type of reactor capable of operating at
low propane and NO concentrations.

Analysis of the outlet gases from the two electrode chambers provides evidence for
the above suggestion. Figure 3-3 shows that both propane oxidation and NO reduction
did not occur under open-circuit conditions, whereas the conversions of these gases
were increased by discharging the electrochemical cell, wherein amost linear
relationships between the conversion and the current density were obtained. For the

anode wherein a mixture of propane and H,O were fed, the formation of CO, was
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observed, and the CO, concentration at each current density was well in agreement with
the theoretical value calculated from Faraday’s law based on a twenty-electron reaction
corresponding to Eq. (6). Thisis indicative that propane oxidation proceeded as in Eq.
(6). For the cathode wherein NO diluted with Ar was fed, we did not analyze the
product. However, it seems that N,O rather than N, are converted from NO, because
Fig. 3 shows that the NO conversion at each current density was higher than the value
predicted from the propane conversion: since Eq. (7) is a two-€electron reaction, the NO
conversion should always be ten times as much as the propane conversion, however, it
actually accounted for approximately twenty times compared to the propane conversion.
Thus, the following one-electron reaction is concluded to be predominant at least under

the present conditions:

NO +H" + & — 1/2N,0 + 1/2H,0 (8
350
=>=250°C
300 -+-200°C
> 250 -+150°C
E --100°C
[¢D) n
E’ 200 | = 50°C
S 150 |
% |
© 100 }
50 |
O 1 1 1 1 1 I\

0 1 2 3 4 5 6 7 8 9 10
Current density / mA cm

Figure 3-2 Cell performance characteristics from 50 to 250 °C. A mixture of 1000 ppm
propane and 3 vol.% H,O in Ar was supplied to the anode, and 1000 ppm NO diluted
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with Ar was supplied to the cathode.

C5Hg conversion/ %
NO conversion/ %

0 1 2 3 4 5 6 7 8
Current/ mA cm2

Figure 3-3 Propane and NO conversions over the Pt/C electrodes during cell discharge
at 250 °C. A mixture of 1000 ppm propane and 3 vol.% H,O in Ar was supplied to the
anode, and 1000 ppm NO diluted with Ar was supplied to the cathode.

It is believed that both anodic and cathodic sites are present on the same electrode
surface due to its heterogeneity at the atomic level [20-22]. If propane, H,O, and NO
coexist in the reaction system, this structure enables the formation of a loca
electrochemical cell at the electrode-electrolyte interface. Since the electrode also
functions as a lead wire, the local electrochemical cell would then be short-circuited.
Consequently, propane would react with NO through the reactions shown in Egs. (6)
and (8) even in the half-cell, as displayed in Scheme 1(b). We next prove this scheme by
measuring the catalytic activity of the Pt/C electrode for propane oxidation and NO
reduction using various electrolytes. Plots of the propane and NO conversions as a
function of the temperature are shown in Figure 3-4. By comparing the results for

Snoolng1P>,O; with those for silica and YSZ, it can be seen that the use of
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Snoglnp1P207 significantly enhanced the propane and NO conversions, especially at
temperatures above 150 °C. Note that under the present conditions, Sngglhg P20~
shows proton conductivities above 0.1 S cm™, whereas the other two electrolytes show
extremely low ion conductivities (10°~10* S cm™) [18]. This supports the validity of
Scheme 1(b), although a non-electrochemical reaction between propane and NO
proceeds to some extent. It is thought that the differences in propane and NO
conversions between the haf-cells with the Sngglng1P.O; and silica or YSZ
electrolytes correspond to the propane and NO conversons based on the
electrochemical reactions. Another important result is that the propane and NO
conversions were almost zero % at all over a Pt-free electrode, which means that the Pt
catalyst plays an important role in the propane and NO reaction. In other words,

Snp.9lne1P,O7 itself has no catalytic activity for this reaction.
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Figure 3-4 Plots of propane and NO conversions as a function of temperature using
Snp.olne1P207, silica, and Y SZ as electrol yte substrates. The reactant gas was 1000
ppm propane, 1000 ppm NO, and 3 vol% H,O vapor in Ar.
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3.3.2. Propane oxidation and NO reduction over a

Pt/Sngol No1P207

The activity of the Pt/Sngglng1P,O7 catalyst for propane oxidation and NO reduction
was then measured in a mixture feed of propane, H,O, NO, and O, in Ar. The results
are shown in Fig. 3-5 along with the data for the 0.01 wt% Pt/y-Al,O3 catalyst. The
Pt/Snpglng1P2O; catalyst exhibited ignition temperatures of 250 °C for propane
oxidation and of 300 °C for NO reduction, which are much lower than the
corresponding ignition temperatures for the Pt/y-Al,O3 catalyst. Even larger differences
were observed in Tsp,: Tsoe Was 310 °C for propane oxidation over the
Pt/Sno.olng 1P,O7 catalyst, 385 °C for NO reduction over the Pt/Sngglhg 1 P.O7 catalyst,
430 °C for propane oxidation over the Pt/y-Al,O3 catalyst, and 535 °C for NO reduction
over the Pt/y-Al,0O3 catalyst.

Comparison of the turnover frequency (TOF) for the above catalysts is useful to
evaluate in more detail their differences in catalytic activity. The temperature
dependence of the TOF for Pt in the above catalysts is shown in Figure 3-6. The number
of reaction sites on the Pt surface was measured by the CO pulse method at room
temperature. For both propane oxidation and NO reduction, the TOF values of the
Pt/Snoolng1P,O7 catalyst were found to be three or four orders of magnitude higher
than those of the Pt/y-Al,O3; catalyst. The results indicated that Pt/Sngglng P20~
catalyst has a higher activity for propane oxidation. Moreover, the Pt/Sngglng1P.0O7
catalyst exhibited considerably lower activation energies (73 kJ mol™ for propane
oxidation and 89 kJ mol™ for NO reduction), compared to the Pt/y-Al,O3 catalyst (182

kJ mol™ for propane oxidation and 191 kJ mol™ for NO reduction). Therefore, it is
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concluded that there is a large difference in the reaction mechanism for the propane and
NO reaction between the two catalysts. This can be explained by the assumption that
propane oxidation and NO reduction over the Pt/Sngglng1P,O; catalyst proceed
through the electrochemical reactions shown in Egs. (6) and (8) (or (7)), respectively.
Meanwhile, the non-electrochemical reaction shown in Eqg. (5) is a main pathway over

the Pt/y-Al,O3 catal yst.
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Figure 3-5 Plots of propane and NO conversions as a function of temperature for the
0.01 wt% Pt/Sngglng1P,07 and 0.01 wt% Pt/y-Al,O3 catalysts. The reactant gaswas
1000 ppm propane, 1000 ppm NO, 4500 ppm O, and 3 vol% H,O vapor in Ar.

49



2 |

& 1

)

LL |

o O ™

- %

z

S 17 N e C;H;g (PU/SIPO)

e NO (Pt/SIPO)

27 A\ CaHs (PYAILOS)
. VNO(PUAI,03)

1.0 1.2 1.4 1.6 1.8 2.0 2.2 24
1000/T/ K-1

Figure 3-6 Plots of TOFs for propane oxidation and NO reduction as a temperature for
the 0.01 wt% Pt/Sngolng1P20O7 and 0.01 wt% Pt/y-Al,O3 catalysts.

3.3.3. Propane oxidation and NO reduction over a

Pt-Rh/Sng gl ng1P>,0O+

Although the Pt/Sng ¢lng 1 P20~ catalyst showed a higher catal ytic activity for propane
oxidation and NO reduction compared to the Pt/y-Al,O3 catalyst, the NO conversion
over the Pt/Sngglng1P,0O7 catalyst was drastically reduced above 500 °C (Fig. 3-5).
This is not due to the deterioration of the Pt/Sngglng1P.0O; catalyst, because NO
reduction was almost reversible in the temperature range from 500 to 600 °C. Probably,
the reaction shown in Eq. (8) (or (7)) competes with the following oxygen reduction
reaction under such conditions:

O, +4H" + 4¢ — 2H,0 9)

This causes a decrease in the current efficiency for NO reduction at the cathodic site in
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the local electrochemical cell. A similar competition reaction was reported for
electrochemical reactors [23].

It is well established that Rh promotes the dissociative adsorption of NO, enhancing
NO reduction [24]. Therefore, an attempt was made to increase the catal ytic activity for
NO reduction by the addition of Rh to Pt. Through trial and error, NO reduction over
the Pt-Rh/Sngglng1P,0O7 catalyst was the most significant at a Rh content of 0.005%.
The TEM image of this catal yst reveals that the cluster size of Pt-Rh was approximately
10 nm (Fig. 3-7), which is dlightly larger than that of Pt in the 0.01 wt%
Pt/Snoolng1P,O7 catalyst. In addition, the EDX spectrum of Pt-Rh cluster shows that
the composition of the cluster was in agreement with that of source materials in the
preparation within experimental error (Tabl e. 3-1).

The activity of the Pt-Rh/Sngglng1P,O; catalyst for propane oxidation and NO
reduction is shown in Fig. 3-8, in addition to the data for the Pt/Sngglng1P.O; catalyst.
Regardless of the growth of the Pt-Rh cluster, the NO conversion over the
Pt-Rh/Sngglng.1P,O7 catalyst was higher than that over the Pt/Sngglng1P,O catalyst at
all the temperatures tested. It should be emphasized that Tsg, for NO reduction over the
Pt-Rh/Sngglng1P,O- catalyst was successfully reduced to 355 °C. Similarly, an increase
in the propane conversion was observed, although the extent was not large. These
effects are attributable to either the electrochemical enhancement for the reactions
shown in Egs. (6) and (8) (or (7)) or to non-electrochemical enhancement for the

reaction shown in Eq. (5).

51



Figure 3-7 TEM and EDX characterizations of the Pt-Rh/Sng ¢lng 1P,O7 catalyst. The
Pt and Rh contents were 0.01 and 0.005 wt%, respectively.

Table 3-1 Composition of PtRh/SIPO catalyst determined by EDX.

Element keV wt.% SD. at.%
@) 0.53 31.02 0 64.13
P 201 22.62 0.01 24.16
Rh 2.7 2.18 0.21 0.7
Sn 3.44 32.24 0.01 8.98
Pt 9.44 11.94 0.06 2.02

S.D., standard deviation.
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Figure 3-8 Propane and NO conversions as a function of temperature for the Pt/SIPO

(0.01 wt.% Pt) and Pt—Rh/SIPO (0.01 wt.% Pt, 0.005 wt.% Rh) catal ysts. The reactant

gas was 1000 ppm propane, 1000 ppm NO, 4500 ppm O, and 3 vol.% H,O vapor in
Ar.

In order to gain more detailed insights into the above results, the TOF values of the
Pt-Rh/Sngglng1P,O; catalyst for propane oxidation and NO reduction were compared
with those of Pt/Sngglng1P,0O7 catalyst. As shown in Figure 3-9, the addition of Rh to
Pt enhanced the TOF values for propane oxidation and especially NO reduction.
However, the activation energies of the Pt-Rh/Sngglng:P.O; catalyst for the two
reactions were near those of the Pt/Sngglng1P,0O7 catalyst, which strongly suggests a
similarity in the reaction pathway over the two catalysts. It is thus reasonable that the
added Rh promotes the reactions shown in Eqgs. (6) and (8) (or (7)) rather than the

reaction shown in Eq. (5).
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Figure 3-9 Plots of TOFs for propane oxidation and NO reduction as a function of
temperature for the Pt/SIPO (0.01 wt.% Pt) and Pt—Rh/SIPO (0.01 wt.% Pt, 0.005 wt.%
Rh) catalysts.

3.3.4. Propane and NO reaction under various conditions

Finally, we evaluated the other characteristics of the Pt-Rh/Sngglng 1 P,O7 catalyst for
propane oxidation and NO reduction. All the experiments in the previous sections were
conducted wherein the ratio between the available oxygen and the oxygen needed for
full conversion to CO,, H,0, and N, (defined as S) was stoichiometry. Here, the S
value is written using the O,, propane, and NO concentrations as below [12].

S=(2[Oz] + [NO])/10[C3H¢] (10)
The dependence of the S value on the activity of the Pt-Rh/Sngglng1P,O7 catalyst for
the propane and NO reaction was investigated by adjusting the O, concentration at
450 °C. It can be seen from Figure 3-10 that while NO reduction was rapidly degraded

at S> 1, propane oxidation proceeded over awide S range. The latter behavior may be
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explained by aredox activity for Sngglng1P.0O7. Not only protons, H;", but also oxygen
vacancies, VO, have been reported as possible compensating defects in this material
[25].

[Hi'] +2[VE] =[In" s] = constant (12)
Generally, oxygen vacancies are equilibrium with O, in the surrounding atmosphere,
which can be expressed using Kroger—Vink notation[26]:

120, + V6 + 26 — Oo (12)
where O0* refers to a normal lattice oxide ion. Therefore, Sngglng1P>07 shows an
activity for O,-exhange reaction that is similar to oxygen storage capacity. Probably,

thisis the reason for high propane conversions under rich conditions.
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Figure 3-10 Influence of SV on propane and NO conversions at 450 °C. The propane,
NO, O, and H,0O concentrations were kept constant at 1000 ppm, 1000 ppm, 4500 ppm,
and 3 vol %, respectively.

The SV of the reactant gasis also of great important for practical applications. Figure
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3-11 shows while the influence of the SV on propane conversion was relatively small,
that on NO conversion was significant. The former result is similar to that for propane
oxidation over the Pt/Sngglng1P,O7 catalyst, which reflects that the formation of active
oxygen species is independent of the SV value. The latter result is mainly due to a
decrease in the selectivity toward NO reduction at the cathodic site in the local
electrochemical cell. As described earlier, this reaction competes with the oxygen
reduction reaction shown in Eq. (9). It is likely that the adsorption of NO is suppressed
at high SV values. However, the sensitivities toward NO would be improved by the
addition of a basic material such as akaline earth carbonates to the

Pt-Rh/Sngglng1P,O~ catalyst, which provides additional adsorption sitesfor NO [27].
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Figure 3-11 Influence of S value on propane and NO conversions at 450 °C. A constant
SV of 9500 h™ was maintained by controlling the amount of o-Al O3 additives.
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3.4. Summary

The present study has proposed a concept for the propane and NO reaction at the
proton conductor-electrocatal yst interface and has explored this reaction over untra-low
Pt/ and Pt-Rh/Sngglng 1 P20~ catalysts. In an electrochemical cell, propane was oxidized
to CO; through the electrolysis of H,O vapor at the anode. NO was reduced to N,O
through the reaction of proton with electron at the cathode. These electrochemical
reactions also occurred at the same electrode in a half-cell when propane, H,O, and NO
were present in the reaction system. This phenomenon was further applicable to the
Pt/Snpglng1P207 catalyst. Compared with a Pt/y-Al,O3 catalyst, this catalyst showed
significantly larger TOF values for Pt, thus providing higher catalytic activity at low
temperatures and smaller quantities of Pt. The addition of Rh to Pt further enhanced the
NO reduction activity by promoting the dissociative adsorption of NO at 300 °C or
higher. With such activity, the Pt-Rh/Sngglng1P,0O7 catalyst (0.01 wt% Pt, 0.005 wt%
Rh) exhibited T50% of 285 and 355 °C for propane oxidation and NO reduction,
respectively. Finally, the influence of the O, concentration in the reactant gas and its SV

on the activity of Pt-Rh/Sngglhg1P.O7 catalyst was also examined.
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CHAPTER IV

M echanism Discussion over Proton Conductor

Supported PtRh Three Way Catalysts

4.1. Introduction

So far, the catalytic purification of emissions from gasoline engines has been
commonly performed by three-way catalyst (TWC), which is mainly supported
Pt-Rh-Pd catalysts [1-3]. In the three-way catalysis, unburned hydrocarbons (HCs) and
carbon monoxide (CO) are oxidized, and at the same time, produced nitrogen oxides
(NOy) are reduced, which is accomplished by controlling the air/fuel ratio of the
exhaust close to a stoichiometric value of 14.6. The addition of ceria or the related
compounds to TWCs promotes both the HC oxidation under fuel-rich conditions and the
NOy reduction under fuel-lean conditions [4-6]. y-alumina with high surface area and
good thermal tolerance is widely employed as the catal yst support for TWCS[7].

As a heterogeneous catalyst, the reaction scheme over the TWCs s very complicated.
Generally, reactions on the noble metal surface are explained wusing
Langmuir-Hinshelwood kinetics and reactions on the ceria surface mainly follow the
Eley—Rideal mechanism[8]. However, in most cases, the electrochemical mechanism is
not involved, which is mainly adopted and discussed in the electrochemical sensors. The

catalyst support is an important component in TWCs for enhancing the dispersion of
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reaction sites, however, it has a remarkably smaller effect on the reaction scheme. But
as we have proposed a new scheme for propane+NO+oxygen reaction over the TWC
using Snpglne1P.O7 (SIPO) as a catalyst support. SIPO is a pure proton conductor,
showing high proton conductivities above 0.05 S cmi™ in the temperature range of
100400 °C. This compound is also thermally resistant until at least 1000 °C. In the
presence of water vapor, this molecule is dissociated into protons and electrons at
anodic sites at the proton conductor—catalyst interface and the resultant active oxygen
oxidizes propane to CO, via Eq. (1). Separately, NO reacts with protons and electrons
to form N, at cathodic sites at the proton conductor—catalyst interface via Eq. (2).

C3Hg + 6H,0 — 3CO, + 20H" + 20e D

10NO + 20H" + 206" — 5N, + 10H,0 2
Under stoichiometric conditions, including 1000 ppm propane, 1000 ppm NO, 4500
ppm O,, and 3 % water vapor, the temperatures at which the above series of reactions
could achieve 50% conversion (Tsoy) Were 330 and 360 °C for propane and NO,
respectively, over a 0.01 wt% Pt-0.005 wt% Rh/SIPO catalyst. This performance is
superior to that of a 1 wt% Pt/y-alumina catalyst, which is used as a standard catalyst at
Toyota Motor Corporation, under the same conditions.

The objective of the study in this chapter is to validate the reaction scheme
represented in Egs. (1) and (2) by relating the catalytic activity for the propane and NO
reaction to proton conduction in the catalyst supports. Besides SIPO, three proton
conductors of SnggsAlpsP207 (SAPO), SnpgMgo1P.07 (SMPO), and FeysNbgsP,0-
(FNPO) were used as catalyst supports for Pt and Rh. These proton conductors have a
cubic structure similar to that of ZrP,0-, but show different proton conductivities at

intermediate temperatures [9]. Here, we report a large dependency of the activity of the
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four catalysts for the propane oxidation and NO reduction reactions on the support
species. The four catalysts were characterized using BET surface area, x-ray diffraction
(XRD), transmission electron microscopy (TEM), and proton magic angle spinning
(MAS) nuclear magnetic resonance (NMR) measurements. The propane oxidation and
NO reduction reactions over the four catalysts were further inspected from
electrochemical techniques, including current—voltage curve and electrode potential
measurements. Finally, the dependency of the catalytic activity on the catalyst support
species was discussed in terms of the proton concentration and mobility in the bulk of

the catal yst supports.

4.2. Experimental Section

4.2.1. Materials

Catalyst supports of SIPO, SAPO, and SMPO were prepared according to the
procedure reported previoudy [10-13] . SnO, (C. I. Kasal) and In,O3, AI(OH)3, or
MgO (Wako) were mixed with 85% H3PO, and de-ionized water, and stirred at 300 °C
until a high viscosity paste was formed. The paste was calcined in an alumina pot at
650 °C for 2.5 h and then ground in a mortar. FNPO was synthesized from Fe,O3; and
Nb,Os (Wako) in a similar manner to that described above, although the paste was
cacined a 450 °C [13]. For catalyst studies, SIPO-, SAPO-, SMPO-, and
FNPO-supported Pt-Rh catal ysts (0.01 wt% Pt content and 0.005 wt% Rh content) were
prepared by impregnation of the support powder surface with Pt and Rh precursors. The

support powder was suspended in de-ionized water, and two aqueous solutions of
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Pt(NH3)4Cl,-H,0 and (NH4)3RhClg-H,O were added dropwise to the suspension using
micropipettes while stirring at approximately 60 °C. After aging at this temperature
overnight, the catalyst powder was oxidized in an air feed at 300 °C for 1 h and then
reduced in a 10 vol% H, (argon balance) feed at 450 °C for 1 h. For electrochemical
cell studies, the SIPO, SAPO, SMPO, and FNPO powders were uniaxially pressed into
pellets (12 mm diameter, ca. 1 mm thick) under a pressure of 100 MPa for use as the
electrolyte. A Pt-Rh/C (10 wt% Pt-Rh/C, Pt:Rh = 2:1) electrode with a gas diffusion

layer was purchased from BASF.

4.2.2. Characterization

The BET surface area of SIPO, SAPO, SMPO, and FNPO was measured using a
Micromeritics automated particle analyzer system. The sample was degassed under
vacuum at 100 °C for 1 h and then at 250 °C for 3 h prior to BET measurements. The
BET measurements were carried out using krypton as an absorbent at —195 °C. The
structural parameters of SIPO, SAPO, SMPO, and FNPO were analyzed using X-ray
diffraction (XRD). XRD patterns were collected using a Rigaku Miniflex 1l
diffractometer with Cu Ko radiation (A=1A%32s the X -ray source. The
diffractometer was operated at 45 kV and 20 mA. The environment of protons in the
bulk of SIPO, SAPO, SMPO, and FNPO was monitored using ‘H MAS NMR
measurements. The NMR experiments were performed using a Chemagnetics CM X-300
NMR spectrometer at room temperature in afeed of dry N,. The chemical shift and the
relaxation time, T1, were recorded at a 90° pulse length of 4 ps and a decay time
between pulses of 5 s. The spinning rate of the sample was set to 9 kHz. The dispersion
state of PtRh alloys in the catalyst was characterized using transmission electron

microscopy (TEM: JEOL JEM2100F) in conjunction with energy dispersive X-ray
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(EDX: JEOL JED-2300T) spectroscopy. Specimens for the TEM measurements were
prepared by ultrasonic dispersion in n-butanol, and a drop of the resultant suspension
was evaporated on a Cu grid.
4.2.3. Catalyst studies

The activity of the catalysts obtained above for the HC oxidation and NO reduction
reactions was measured under various conditions. Catalytic tests were conducted in a
fixed-bed flow reactor with 100 mg of catalyst that was mixed with 100 mg of
a-alumina in a mortar for a few minutes. A mixture of 1000 ppm propane, 1000 ppm
NO, 4500 ppm O,, and 3 % water vapor in Ar was fed into the reactor, wherein the
space velocity (SV) was in the range of 300 to 9500 h™’. The concentrations of propane
and NOy in the outlet gas were monitored using an on-line Varian CP-2002
chromatograph and Horiba PG-225 NO, gas analyzer, respectively. The gas
concentrations were obtained after the reaction had achieved a steady state.
4.2.4. Electrochemical cell studies

The HC oxidation and NO reduction reactions shown in Egs. (1) and (2), respectively,
were investigated using an electrochemical cell. The two Pt-Rh/C electrodes (area: 0.5
cm?) were attached to opposite sides of the electrolyte. Two electrode chambers were set
up by placing the cell assembly between two alumina tubes. A mixture of 1000 ppm
propane and 3% water vapor in argon was supplied to the Pt-Rh/C anode at a flow rate
of 30 mL min}, and 1000 ppm NO diluted with argon was supplied to the Pt-Rh/C
cathode at a flow rate of 30 mL min™. The current—voltage curves were measured using
aHokuto Denko HA-501 galvanostat at 200 °C. The potentials of the anode and cathode

were separated by attaching a Pt reference electrode to the side of the electrolyte.
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4.3. Results and Discussion

4.3.1. Propane oxidation and NO reduction reactions over the

proton conductor s-supported Pt-Rh catalysts

The activity of the Pt-Rh/proton conductor catalysts for the propane oxidation and
NO reduction reactions was measured using a mixture feed of propane, NO, O,, and
water vapor in argon. The propane and NO conversions as a function of the temperature
are shown in Figure 4-1. The results showed that the activity of those catalysts were
significantly dependent on the used catalyst support species. The ignition temperatures
for propane oxidation and NO reduction were 250 and 250 °C, respectively, over
Pt-Rh/FNPO, 250 and 300 °C, respectively, over Pt-Rh/SIPO, 300 and 350 °C,
respectively, over Pt-Rh/SAPO, and 350 and 400 °C, respectively, over Pt-Rh/SMPO.
Even larger differences were observed for Tsoy: Tsee fOr propane oxidation was 313,
330, 405, and 550 °C for Pt-Rh/FNPO, Pt-Rh/SIPO, Pt-Rh/SAPO, and Pt-Rh/SMPO,
respectively; Tso, for NO reduction was 330, 360, 465, and over 600 °C for

Pt-Rh/FNPO, Pt-Rh/SIPO, Pt-Rh/SAPO, and Pt-Rh/SMPO, respectively.
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Figure 4-1 Propane and NO conversions as a function of temperature for
Pt-Rh/SnP,0-based proton conductor catalysts. The reactant gas was 1000 ppm
propane, 1000 ppm NO, 4500 ppm O2, and 3 % water vapor in Ar.

The influence of the SV on the propane oxidation and NO reduction reactions over
the Pt-Rh/proton conductor catal ysts was investigated at 450 °C. Figure 4-2 shows the
propane and NO conversions as a function of the SV. The results were also influenced
by the used catalyst support species. Both the propane and NO conversions over
Pt-Rh/FNPO and Pt-Rh/SIPO were kept constant at approximately 95% in the tested SV
range, where the propane and NO conversions over Pt-Rh/FNPO were dightly higher
than those over Pt-Rh/SIPO. In contrast, the propane and especially NO conversions
over Pt-Rh/SAPO were decreased by the increase in SV. More significantly, both the
propane and NO conversions over Pt-Rh/SMPO were always 10% or less at al the

tested SV values.
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Figure 4-2 Propane and NO conversions as a function of the SV for

Pt-Rh/SnP,0-based proton conductor catalysts. The reactant gas was 1000 ppm

Based on the above observations, it is concluded that the difference in activity of the

propane, 1000 ppm NO, 4500 ppm O, and 3 % water vapor in Ar.

four catalysts for propane oxidation and NO reduction is significant. To clarify whether

this difference is simply attributable to the difference in surface area of the catalyst

supports or dispersion of PtRh particles on its surface, the BET, XRD, and TEM

measurements were performed.

Table 4-1 summarizes the BET surface areas measured by the krypton absorption and

particle sizes estimated from of the four catalyst supports XRD spectra by using the

Scherrer formula. The BET surface areas of the used catal yst supports were between 2.6

and 8.8 m? g and their particle sizes were approximately 40-50 nm, where there is no

correlation of the catalytic activity with these factors. Also, only very slight differences
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were found in the XRD spectra, which confirmed that the four materials shared similar
proton conductive structure.

Figure 4-3 shows the TEM images of the four catalysts. The particle sizes of
PtRh were 7 nm or smaller for all the catalysts and their dispersion state was seen to be
similar among the catalysts. In addition, the EDX spectra of the PtRh particle on the
surface of the four catalysts showed that the composition was in agreement with that of
the preparative source materials within experimental error (data not shown). We thus
can neglect the physical factors such as the surface area and the PtRh dispersion state in

considering the difference in activity among the catalysts.

Table 4-1 BET surface areas and particle sizes of SnP,0O--based proton conductors.

BET surfacearea/ m? g* Particle size/ nm
FeosNbosP207 2.6 53
Sno.olNp1P207 7.4 42
Sno.95Al0.05P207 8.4 43
Sno.sMgo.1P.O7 5.6 45
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Figure 4-3 TEM images of SnP,0--based proton conductor catalysts. The Pt and Rh
contents were 0.01 and 0.005 wt%, respectively.

4.3.2. Propane oxidation and NO reduction reactions at the

Pt-Rh/C electrodein an electrochemical cell

The propane oxidation and NO reduction reactions shown in Egs. (1) and (2),
respectively, were inspected using the Pt-Rh/C electrode attached on the surface of the

FNPO, SIPO, SAPO, and SMPO electrolytes. Based on the mixed potential mechanism
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[14-17], propane is oxidized to CO, through Eqg. (1) at anodic sites on the Pt-Rh/C
electrode, giving rise to a negative potential due to rich electrons. On the other hand,
NO is reduced to N, through Eq. (2) at cathodic sites on the same Pt-Rh/C electrode,
giving rise to a positive potential due to poor electrons. (The appearance of the anode
and cathode sites on the PtRh particle is thought to be due to the heterogeneity of the
metal surface, which results from the difference in the atomic lattice and structure
defects.) As aresult, alocal galvanic cell is formed at the same Pt-Rh/C electrode in a
mixture of propane, NO, and water vapor. Since the electrode also functions as a lead
wire, the cell becomes short-circuited. In this case, the rates of the reactions shown in
Egs. (1) and (2) are equal, resulting in the progress of the following overall reaction.
CsHg + 10NO — 3CO, + 4H,0 + 5N, ©)

Therefore, the rate of the reaction shown in Eq. (3) corresponds to the short-circuit
current value of the local galvanic cell; however, this short-circuit current value cannot
actually be measured due to the occurrence at the same electrode. We thus estimated the
short-circuit current from the current—voltage curve of the electrochemical cell, wherein
amixture of propane and H,O in argon was supplied to the anode and NO diluted with
argon was supplied to the cathode. Figure 4-4 displays that the short-circuit current
values were 0.7, 0.45, 0.35, and 0.12 mA for the FNPO, SIPO, SAPO, and SMPO
electrolytes, respectively. This order is the same as that of the activity of the
Pt-Rh/proton conductor catalysts shown in Figures 4-1 and 4-2, which suggests that
propane oxidation and NO reduction over the Pt-Rh/proton conductor catal ysts proceed
according to Egs. (1) and (2), respectively. Interestingly, the difference in short-circuit
current observed in Figure 3 is not only owing to that in the internal resistance of the

cells, but also owing to that in their open-circuit voltage. Before discussing these points
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later, the potentials of the anode and cathode against the reference electrode were
measured under open-circuit conditions, and the results are summarized in Table 4-2.
While the anode potential became more negative in the order of FNPO > SIPO > SAPO
> SMPO, the cathode potential became less negative in the same order as shown above.
Moreover, the difference in cathode potential among the cells is somewhat larger than
that in anode potential among the cells. It is likely that the cathode potential is more
significantly determined by the kinetics of NO reduction rather than its equilibrium

when compared to the anode potential.
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Figure 4-4 Current—voltage curve of the four electrochemical cells with FNPO, SIPO,
SAPO, and SMPO as electrol ytes at 200 °C. The short-circuit currents were estimated at
apotential of 0 mV. A mixture of 1000 ppm propane and 3 vol% H,O in Arwas
supplied to the anode, and 1000 ppm NO diluted with Ar was supplied to the cathode.
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Table 4-2 Potentials of the anode and cathode against the reference electrode under
open-circuit conditions at 200 °C.

Propane oxidation/mV NO reduction/mv
FeosNbosP207 -643 -126
Sno.9lNo.1P207 -603 -149
Sno.g5Al0.0sP207 -570 -190
Snp9sMgo.1P2.07 -556 -267

A mixture of 1000 ppm propane and 3 vol% H,O in Ar was supplied to the anode, and
1000 ppm NO diluted with Ar was supplied to the cathode.

4.3.3. Proton conduction in thefour proton conductors

Figure 4-5 shows the dependence of the proton conductivities of FNPO, SIPO, SAPO,
and SMPO on the temperature, in addition to the activation energy values estimated
from the dopes obtained in the linear region of the Arrhenius plots. The order of the
proton conductivity was FNPO > SIPO > SAPO > SMPO, while the activation energy
of SMPO (28 kJ mol™) was higher than those of the other three samples (ca. 21kJ mol™),
the behaviors of which well correspond to the catalytic activity of Pt-Rh supported on
the surface of these proton conductors. Considering the similarity in the structural
features among the four proton conductors (Table 4-1), the observed difference in
proton conduction is related to the concentration and mobility of protons in the bulk of
the samples. A comparison between these factors for the samples was made to clarify

this point as below.
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Figure 4-5 Dependence of the proton conductivities of SnP,0O-based proton
conductors on the temperature

'H MAS NMR spectra of FNPO, SIPO, SAPO, and SMPO are shown in Figure 4-6.
Although a large peak was observed for each sample, it appeared the different chemical
shift values. In particular, the chemical shift of protonsin SMPO was extremely small.
It is worth noting that the chemical shift of protonsis closely related to the strength of
the hydrogen bond (-O—H---O-); the peak shifts to a higher magnetic field

corresponding to a longer hydrogen bonding distance [18, 19]. This suggests that the
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protons are the most strictly restricted to the lattice oxide ions in SMPO. Evidence for
this is provided by the relaxation time, T,, for the three samples. (The T, value for
FNPO cannot be measured due to its paramagnetism.) Table 4-3 shows that the T, value
increased in the order of SAPGX SIPO << SMPO, which reflects the proton mobility

being restricted in this order[20]. Proton mobility is thought to be affected by the charge
density of the dopants in SnP,O7, since they have negative charges, inhibiting proton
transport as reported for doped Lap,Zr,O; [21]. It is possible that this effect is more
prominent when doping with divalent Mg?* than when doping with trivalent In** and
AlI®*| thus causing the lower proton conductivity and the higher activation energy (Table

4-3).

Sny Mgy 1P,0;

Sllo_glllg_]Png

Sng gsAlg osP,0;

Absorbance/ arb. unit

Fe; sNb, sP,0;

Chemicalshift/ ppm

Figure 4-6 '"H MAS NMR spectra of SnP,0--based proton conductors.
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Table 4-3 The relaxation time, T4, of SnP,0O--based proton conductors.

Relaxation Time/s

FeosNbosP,07 /

SNo.95Al0.05P207 0.03 sec
Sno.9lNo.1P207 0.04 sec

Sno.sMgo.1P207 0.10 sec

4.3.4. A relationship between catalytic activity and proton conduction

As described earlier, the short-circuit current of the electrochemical cell is
determined by both its internal resistance and cathode potential. Of these factors, the
internal resistance can correlate with the proton conductivity of the electrolyte. In our
reaction scheme, protons migrate from the anodic site to the cathodic site through the
proton conductor. Accordingly, a higher proton conductivity causes a larger short-circuit
current, which is reflected by the difference in slope of the current—voltage curve among
the cells (Fig. 4-4). In contrast, it is difficult to relate the cathode potential directly to
the proton conductivity (Table 4-2). A possible explanation is that the rate of NO
reduction shown in Eq. (2) is slow, so that the electrode becomes less positive,
especially in the cell with the SMPO electrolyte[22]. For NO reduction, protons must be
extracted from the bulk of the proton conductor. In this case, the protons are subject to
the largest restriction from the lattice oxide ions in SMPO (Fig. 4-6), which may result
in aremarkably low rate of NO reduction at the electrode.

Based on the above observations and discussions, the effect of the support species on

the activity of the Pt-Rh/proton conductor catalysts can be accounted for by proton
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conduction in the used supports, which strongly suggests that the reaction shown in Eq.
(3) over the Pt-Rh/proton conductor catal ysts proceeds according to the mixed potential
mechanism. The above effect might also be explained by the acidity of the catalyst
supports. However, note that the NHz;—desorption profiles for SIPO and SAPO were

very similar in temperature-programmed desorption (TPD) measurements.

4.4, Summary

The relationship between the activity of the proton conductors-supported Pt-Rh
catalysts for propanetNO+O, reaction and proton conduction in the used catalyst
supports was investigated to demonstrate the reaction scheme based on the mixed
potential mechanism. FNPO, SIPO, SAPO, and SMPO, which have a similar BET
surface area and particle size but show different proton conductivities, were used as
catalyst supports. The activity of these catalysts was significantly dependent on the
catal yst support species. Tsoy, fOr propane oxidation was 313, 330, 405, and 550 °C for
Pt-Rh/FNPO, Pt-Rh/SIPO, Pt-Rh/SAPO, and Pt-Rh/SMPO, respectively. Tspy, for NO
reduction was 330, 386, 465, and over 600 °C for Pt-Rh/FNPO, Pt-Rh/SIPO,
Pt-Rh/SAPO, and Pt-Rh/SMPO, respectively. Furthermore, Pt-Rh/FNPO and
Pt-Rh/SIPO maintained high propane and NO conversions in the tested SV range,
whereas Pt-Rh/SMPO showed propane and NO conversions of 10% or less at all the
tested SV values. This dependence on the catal yst support species could be successfully
explained by incorporating the difference in proton conduction among the catalyst
supports into the mixed potential mechanism. According to this new mechanism, since
protons migrate from the anodic site to the cathodic site through the proton conductor, a

higher proton conductivity results in a larger short-circuit current of the local galvanic

77



cell. In addition, since the anodic and especially cathodic potentials are determined by
the rate of the proton exchange reaction between the reactant gas and the lattice oxide
ion, the faster proton mobility causes the higher open-circuit voltage of the local
galvanic cell. Finally, we emphasize that the use, especially of FNPO, as the catalyst
support could reduce significantly the Pt and Rh content while maintaining high

catalytic activity.
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CHAPTER YV

General Conclusions

Two-way and three-way catalysts have been widely used to control the vehicle
emissions, while reducing costs and improving cold start efficiency still remain big
challenges of the catalysts. In this thesis, based on the novel proton conductive material
Snpglno1P207, ultra low loading Pt/Sngglng1P,O7; and PtRh/Sngglng P07
electrochemical catalysts were developed and tested in the two way and three way
reactions, involving an innovative mixed potential mechanism.

The oxidation of propane and reduction of O, or N, were firstly tested in an
electrochemical cell and then a half cell, where Sngolng1P>.O7; and Pt/C was used as
electrolyte and electrode separately; the high mixed potential and other cell performance
results showed the reactions are spontaneous and high current efficiency in the
electrochemical reactors. To increase the number of such active reactors which is
formed on the interfacial with Pt and Sngglng1P.O7, the Pt/Sngglng1P.07 and
PtRh/Sngglng 1 P20 electrochemical catalysts were prepared. The Snoglng.1P,O7 based
catalysts exhibited the following important characteristics. high catalytic activities for
hydrocarbons and NO, relatively low reaction temperature, and ultra low loading
contents of Pt and Rh. For the two way process, the propane conversion reached
approximately 90% at 400 °C even for 0.01 wt% Pt; for the three way process, the
Pt-Rh/Sng ¢lng 1 P,O7 catalyst (0.01 wt% Pt, 0.005 wt% Rh) exhibited T50% of 285 and

355 °C for propane oxidation and NO reduction, respectively. The results are much
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better than the normal Pt/y-Al,O3 and PtRh/y-Al,O3 catalyst with the same or much
higher loading amount.

In these electrochemical catalysts, the reactions are believed to occur on the interface
between precious metals and the proton conductors. The relationship between the
activity of the proton conductors-supported Pt-Rh catalysts for propane+tNO+O,
reaction and proton conduction in the used catalyst supports was carefully investigated
to demonstrate the reaction scheme based on the mixed potential mechanism. FNPO,
SIPO, SAPO, and SMPO, which have a similar BET surface area and particle size but
show different proton conductivities, were used as catalyst supports. The activity and
SV range of these catalysts was significantly dependent on the catalyst support species.
This dependence on the catalyst support species could be successfully explained by
incorporating the difference in proton conduction among the catalyst supports into the
mixed potential mechanism. According to this new mechanism, since protons migrate
from the anodic site to the cathodic site through the proton conductor, a higher proton
conductivity resultsin alarger short-circuit current of the local galvanic cell. In addition,
since the anodic and especially cathodic potentials are determined by the rate of the
proton exchange reaction between the reactant gas and the lattice oxide ion, the faster
proton mobility causes the higher open-circuit voltage of the local galvanic cell.

With the development of the proton conductive support materials and the further
elucidation of the mechanism, new electrochemical catalysts will be developed to meet

the avancing requirements.
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