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Chapter 1 
 
Introduction 
 
1.1 Periodic operation of microreactors 

Periodic operation is a process intensification technique for improving the performance 

of a catalytic reactor. A transient state will be established when a sudden change is 

applied to any one of the four principal variables: concentration, temperature, pressure 

and residence time (space velocity). A considerable increase in reaction and selectivity 

can be achieved in a flow reactor by periodic operation compared to steady state 

operation. This type of operation seems best suited to heterogeneous catalysis in which 

the catalyst is loaded in a bed with reactants flowing through it. 

The development of microreactor technology in the last decade greatly reduces the 

inertia of conventional reactors. The effect of fast temperature or concentration 

variations on a chemical system can be experimentally investigated. Stolte proposed the 

concept of ‘pulsed activation’ to close the gap between the current generation of 

industrial reactors and theoretically ‘perfect’ reactor [1]. In such a perfect reactor, the 

reactants molecules effectively collide by providing them with the right amount of 

energy, right geometry of approach and right mutual orientation at the moment of 

collision [2]. Specifically, it is aimed to achieve fast and accurate control over the reaction 

rate by applying rapidly varying temperatures to the catalytic surface in a microreactor. 

Stolte disclosed that the rate of CO oxidation increased by a factor of 4-5 at the highest 

pulse intensity and repetition rate. In his experiments he used a platinum film as the 

simplest possible version of model catalyst. 

A follow-up study of ‘pulsed activation’ by Stolte et al. is carried out in this thesis [3], 

which is positioned on four main points: 1) confirmation of the experimental results 

obtained during the work of Stolte on an extended, more general concept of model 

catalyst in a modified microreactor; 2) a theoretical simulation for the CO oxidation 

under temperature pulsed operation; 3) a preliminary study of selective CO oxidation to 
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understand the dominating mechanism under pulsing; 4) an indirect measurement of 

the Pt surface temperature under rapidly oscillating conditions. As this work is a 

combination of temperature pulsed operation and heterogeneous catalysis in the field 

of process intensification, it is imperative to present a general background of 

heterogeneous catalysis. CO oxidation and selective CO oxidation in a H2 stream are 

chosen as model reactions. Therefore, the adsorption patterns of small molecules such 

as CO, O2 and H2 on metals are reviewed briefly to understand how these adsorbed 

species might evolve on the catalyst surface in a temperature pulse. A general 

introduction of process intensification is also given in this chapter. The concept of 

temperature pulsed operation will be given explicitly in Chapter 2.  

 

1.2 History of catalysis  

A modern definition of a catalyst is: “a substance which accelerates a reaction without 

being consumed itself in the process”. For most people, the concept of catalysis is 

associated primarily with the process to clean the exhaust gases from their cars. However, 

catalysis has a much larger impact in daily life since approximately 85-90 % of the 

chemical products are made by catalytic processes [4].  

According to a new report by Grand View Research, the global catalyst market size is 

expected to reach USD 34.1 billion by 2025, growing at a compound annual growth rate 

of 4.5 % during 2019-2025 [ 5 ]. Even though this seems a relatively small number 

compared to other mass production industries, it is estimated that the total impact of 

catalysis and catalytic processes is up to 10 trillion USD per year, contributing to around 

20 % of the world’s GDP [6].  

The history of catalysis has been divided into five distinct periods in a concise review [7]. 

The first period devoted to the production of alcohol by fermentation before 1834. In 

the fermentation process, sulfuric acid was used to catalyze the etherification reaction 

by Valerius Cordus, already in 1552 [8]. This is recognized as the first known inorganic 

catalysis in the literature. Much later, Faraday revealed that the interface between metal 

and gas molecules determined the catalytic performance [ 9 ]. However, all these 

discoveries in the first period were usually isolated and random events. It was Berzelius 
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who gave a generalization of isolated observations and defined the word ‘catalysis’ as a 

force to decompose chemicals in 1835 [10], which ended a chaotic era and marked the 

second period in catalysis (1835-1897). The second period was characterized by 

systematic research and discovery of new catalytic processes. The establishment of a 

rate dependency of chemical reactions brought catalysis study from empiric to science. 

In 1895, the first proper definition of a catalyst was coined by Ostwald [11]:  

“A catalyst is a substance that influences the rate of a chemical reaction, without itself 

appearing into the products, but does not influence the equilibrium”. 

The third period witnessed the birth of industrial catalysis (1898-1918). Ammonia 

synthesis was the most significant process in this period. Haber discovered that NH3 can 

be produced on active catalysts at high pressure and low temperature from 

thermodynamics. The first small scale catalytic synthesis of NH3 began in 1905, when 

Haber used an iron-based catalyst [12]. The process was first commercialized in 1913, 

applying a promoted iron catalyst developed by Mittasch. The petroleum and fuel 

industry dominated the fourth period of catalytic development (1919-1945) and 

continued to play a vital role in the fifth period (1946-1970). In 1922, synthesis gas (a 

mixture of CO and H2) was successfully converted to hydrocarbons in the presence of 

iron catalysts using Fischer-Tropsch synthesis, which played an important role in the 

Second World War to provide Germany with fuels [13]. The fifth period continued the 

domination of petroleum industry that emerged during the fourth period, with the only 

real difference being the commodities produced. The catalytic production of polymers 

from petrochemicals was another cornerstone in catalysis [14]. 

The current period of catalysis research primarily concentrates on making catalysts 

stable and as efficient as possible, on environmentally efficient catalysis, on finding 

replacements for scarce materials (notably noble metals such as Pt, Rh and Ir), new 

operation modes of catalytic reactors and better understanding of the existing catalytic 

processes. The three-way catalyst for the exhaust gas system serves as a typical example 

of these trends.  
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1.3 Principle of catalysis 

Nowadays, a popular description of a catalyst is: “a substance that accelerates the rate 

of a chemical reaction by offering different pathways lower in energy than the respective 

gas-phase reaction without being consumed itself”. Catalysts are generally classified by 

their physical presence: homogeneous or heterogeneous. In homogeneous catalysis, the 

catalyst is dispersed in the same phase as the reactants usually in gaseous or liquid phase. 

In heterogeneous catalysis, the reactants and the catalyst are in different phases, 

meeting at the interface. In this thesis only heterogeneous catalysts are used. In 

heterogeneous catalysis, reactions occur on the catalyst surface. For convenience the 

word ‘surface’ unambiguously refers to the surface of a catalyst in this thesis. 

 

Figure 1.1 Schematic representation of a catalytic cycle with a sequence of elementary 

reaction steps and potential energy diagram of a reaction (A+B=P) in non-catalytic (top 

reaction path) and catalytic (bottom reaction path) pathways. 

The inset of Figure 1.1 shows a schematic representation of a catalytic cycle with a 

sequence of elementary reaction steps: reactant molecules A and B first adsorb on the 

surface, where they react and generate product P, after which the product desorbs from 

the surface, leaving it unaltered and ready for the next cycle. This reaction might be over 

simplified at first sight. Nevertheless it represents three indispensable steps in a catalytic 

cycle: adsorption, reaction and desorption. 

In Figure 1.1, the higher the potential energy barrier Ea is, the more energy it costs to 

overcome this barrier. The catalytic reaction is associated with activation energy Ea1 (as 

long as the heat of desorption of the products is smaller than Ea1, which is generally the 
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case). For comparison, the activation energy Ea2 for the same reaction in the non-

catalytic pathway is also labeled. It is clear that the catalyst provides an energetically 

favorable pathway for the reaction as the activation energy required for the catalytic 

reaction to occur is noticeably lower than for the non-catalytic reaction (Ea1 ≪ Ea2), 

although the overall process is more complicated on the surface. Both reaction pathways 

end at the same energy level. Hence, a catalyst solely affects the kinetics of a reaction 

without changing its thermodynamics. 

 

1.4 Planar model catalysts 

The fundamental understanding of industrial heterogeneous catalysts remains a 

challenge for the catalysis society due to their complexity. The active components of 

industrial catalysts are commonly deposited on porous supports, which hinders the 

application of many modern characterization techniques. In contrast, model catalysts are 

well-defined controllable and convenient representations of industrial catalysts, which 

are designed to achieve atomic level understanding. One particularly suitable catalyst 

configuration for surface science and catalytic testing consists of a planar support onto 

which metal nanoparticles (NPs) can be deposited by various techniques.  

 

Figure 1.2 Schematic representations of industrial catalyst on a porous support, a planar 

model catalyst and a single crystal surface. Figure adapted from [15]. 

Figure 1.2 shows three representations of catalysts: an industrial catalyst on a porous 

support, a planar model catalyst and a single crystal surface. The development of model 
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catalysts and single crystal surfaces increases definition and control at the expense of 

realistic conditions. In this thesis, all catalytic reactions were tested on a Pt film and 

planar model catalysts supported on Pt/Si wafers terminated by Al2O3. The study of 

single crystal surface approach under ultra-high vacuum conditions (UHV) was not 

employed due to the ‘pressure gap’ to the testing conditions of industrial catalyst and 

due to that this is a less flexible approach in terms of what catalysts can be tested. 

Model catalyst approaches have been successfully applied in a wide range of studies 

including CO oxidation [16], Fischer-Tropsch synthesis [17], olefin polymerization [18], 

hydrogenation [19] and hydrodesulphurization [20]. The advantages of the flat model 

catalyst are summarized in the following [21]:  

1. All active components on the support are exposed. Hence, the active components 

can be characterized by techniques such as X-ray photoelectron spectroscopy (XPS) 

and scanning tunneling microscopy (STM) or scanning transmission electron 

microscopy (STEM).  

2. The support layer (Al2O3) is sufficiently thin to conduct and minimize the effects of 

charging when applying techniques like XPS; 

3. The mass transfer problem that occurs in porous catalysts is minimized; 

4. The model catalyst can be heated and cooled down more rapidly than industrial 

catalysts.  

Inherent disadvantages of flat model catalysts are: 

The catalyst loading is extremely small since the active components are usually 

distributed on a relative small area (1-2 cm2). The trace catalyst loading means small 

yields in absolute terms, which sometimes inhibits the analysis of reaction products. For 

this reason, we use CO oxidation and selective CO oxidation in a H2 stream on Pt model 

catalysts as two model reactions due to the high turnover frequency (TOF).   

 

1.5 Surface science of catalytic reactions  

Catalytic CO oxidation has been studied more extensively than most other catalytic 

reactions due to its simplicity [22]. Single crystal Pt has been used to investigate the 
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detailed reaction mechanism of catalytic CO oxidation under ultra-high vacuum (UHV) 

condition. In industrial applications, supported Pt catalysts are manufactured in large 

scale for three-way catalytic converter to abate CO, hydrocarbons and NOx emission [23], 

and also for the operation of fuel cells [24]. To understand how small molecules evolve 

on a metal surface in catalytic CO oxidation and selective CO oxidation, the 

chemisorption of CO, O2 and H2 on metals will be reviewed briefly. 

 

1.5.1 Adsorption  

Heterogenous catalysis starts with the adsorption of gaseous molecules onto surfaces. 

Adsorption is a process whereby a molecule binds to an interphase between two phases, 

without being dissolved in either phase. There are two main types of adsorption, 

distinguished by the type and energy of the adsorbate-metal bond.  

When molecules become weakly attached to a surface due to the van der Waals force, 

they are defined as being physically adsorbed, or physisorbed. Physisorption requires no 

activation energy, and therefore, equilibrium between the surface and the gas is 

achieved very quickly. Chemical adsorption or chemisorption is defined as the 

adsorption where the electronic structure of binding atoms or molecules is changed and 

covalent or ionic bonds form. The enthalpy of chemisorption is often as high as 100-200 

kJ/mol. In the case of dissociative adsorption, there is often an activation barrier 

between the physically adsorbed molecules and the chemisorbed atoms, such as N2 on 

Fe [25].  

 

1.5.2 Chemisorption of CO  

The chemisorption of CO on transition-metal surfaces has been the subject of numerous 

experimental and theoretical studies over the past few decades [26]. Various surface 

techniques are applied to determine whether CO adsorbs molecularly or dissociatively, 

to investigate the chemical bonding, orientation and adsorption sites as a function of 

coverage and long-range order of the overlayer, which is fundamentally important to 

elucidate the surface process of catalytic CO oxidation. 

    7 
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Figure 1.3 shows the bonding of CO to Pt group metals (Pt, Pd, Rh etc.). CO acts as an 

electron donor through the pσ orbital (highest occupied molecular orbital, HOMO) 

mainly localized on the carbon atom, and as an electron acceptor through the anti-

bonding pπ* orbital (lowest unfilled molecular orbital, LUMO).  

 

Figure 1.3 The bonding between CO and Pt group metals: (a) CO acts as an electron donor 

and (b) as an electron acceptor [27]. 

Firstly, a σ bonding interaction due to overlap of a filled pσ-lone pair orbital on the 

carbon atom with empty metal orbits of the correct symmetry leads to electron density 

transfer from CO to the metal center; second, a π bonding interaction due to overlap of 

filled metal dπ orbitals with the pπ* anti-bonding orbital of the CO molecule weakens 

the CO bond strength. This interaction leads to the transfer of electron density into the 

CO anti-bonding, which is actually constructive for the interaction between CO and 

metals.  

Spectroscopic studies show that CO adopts a range of bonding geometries in which it is 

preferentially coordinated to one, two or three metal atoms [28]. In CO/Pt(111) system 

there are strong coverage dependent effects. Figure 1.4 shows two ordered CO 

overlayers on Pt(111) [29]. The top Pt sites are preferred at low CO coverage (θCO≤0.33). 

A (√3 × √3) R30°structure is fully developed at θCO=0.33. Upon further increasing θCO, 

the CO overlayer is continuously compressed, leading to a c(4×2) structure at θCO=0.5. In 

the c(4×2) structure, half of the adsorbed CO locates on the top sites while the other half 

resides at the 2-fold bridge sites. At θCO beyond 0.5, the strong mutual repulsion forces 

adsorbates onto unsymmetrical sites and finally an incoherent hexagonal layer is formed. 

The reaction rate of CO oxidation is connected with the CO overlayer. At θCO≤0.33, a 
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disordered structure or the loose (√3 × √3) R30°structure allows the dissociative O2 

adsorption, giving high rates. In contrast, the dense c(4×2) structure inhibits O2 

adsorption, corresponding to low rates when θCO exceeds 0.5.  

 

Figure 1.4 Two ordered CO overlayers on Pt(111): a) (√3 × √3) 𝑅𝑅30°structure at 𝜃𝜃𝐶𝐶𝐶𝐶 =

0.33; b) c(4×2) structure at 𝜃𝜃𝐶𝐶𝐶𝐶 = 0.5 [29]. 

CO desorption from small Pt nanoparticles on Al2O3 was also studied by temperature 

programmed desorption (TPD) [30]. The Pt NPs was vapor-deposited onto a flat Al2O3 

layer in UHV. For the smallest Pt NPs (1.1 nm particle size), CO desorbed in a single peak 

at 510 K. As the average particle size was increased to 4.0 nm, the 400 K peak began to 

appear, and became the dominant desorption peak for the continuous Pt film. CO 

desorption occurs at similar temperatures on single Pt crystals and polycrystalline foils, 

indicating that the adsorption properties for CO on small Pt NPs on Al2O3 are very similar 

to the bulk Pt. CO desorbing at 510 K is associated with Pt atoms in a low coordination 

state at stepped and defected sites on small Pt NPs. The appearance of CO desorption 

peak at 400 K is explained by the formation of Pt(111) terraces on larger Pt NPs and films. 

 

1.5.3 Chemisorption of O2  

Another key step in catalytic CO oxidation is the activation of O2 on the surface. Due to 

the large amount of experimental observations, it is widely accepted that three O2 

adsorption states exist on Pt(111) [ 31 ]. O2 is known to physisorb on Pt(111) at 

temperature as low as 30 K. Physisorbed O2 transforms into two types of molecular 

chemisorbed states at temperature above 45 K: a paramagnetic superoxo O2- state and 

a nonmagnetic peroxo O22- state, which are dissociated into chemisorbed oxygen atoms 

above 140 K. 

    9 



Chapter 1 

Figure 1.5 shows the adsorption sites of the peroxo and the superoxo species on Pt(111) 

distinguished by a theoretical [32] and an experimental study [33]. They all display three 

equivalent orientations. The peroxo species is primarily located on the fcc and hcp sites, 

while the superoxo species prefers to adsorb on bridge sites. Studies of the interaction 

between the Pt(111) surface with molecular O2 under UHV condition show that O2 

adsorbs into a (√3/2 × √3/2) R15° structure with a O2 coverage of 0.44 ML on Pt(111) 

if dosed at temperatures below 150 K.  

 

Figure 1.5 Adsorption sites of the peroxo and the superoxo species adsorbed on Pt(111) 

[32,33].  

When heated beyond 140 K, a competitive process occurs between dissociation and 

desorption of molecular O2. Figure 1.6 shows the oxygen atoms, represented by red balls, 

are arranged in a p(2×2) structure, corresponding to saturated 0.25 ML coverage [34]. 

Circles mark the nearest-neighbor surface shells.  

 

Figure 1.6 Oxygen atoms, represented by red balls, are arranged in a p(2×2) structure, 

corresponding to 0.25 ML coverage. Circles mark nearest-neighbor surface shells [34]. 

Upon continued heating, the oxygen atoms start to recombine and desorb at 710 K, 
10 
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which continue to recombinatively desorb at higher temperatures with a maximum near 

750 K in temperature programmed desorption spectra.  

The initial heat of chemisorption of O2 is much higher than that of CO [35], the difference 

(QO2-QCO) being between 100-130 kJ/mol on Pt, Pd, and Rh (Q is the heat of 

chemisorption) [29]. Another important difference between CO and O2 adsorption is the 

low sticking coefficient of O2 on Pt, which decreases from 0.05 at zero coverage to 0.02 

at saturation. On the same metal surface, the sticking coefficient of CO decreases from 

0.8 on the free surface to 0.2 at saturation [4]. The low sticking coefficient of O2 on 

metallic surfaces is in part explained by the fact that dissociative adsorption of O2 

requires a special electronic environment of metal sites for O atom accommodation and 

the presence of free pairs of surface atoms. In fact, molecular adsorption of O2 is a slow 

step. Once adsorbed, the dissociation of O2 on Pt surface is very fast. Transient reactions 

(alternating pulses of 0.5 % CO and 0.5 % O2) confirmed this assumption as well as the 

low sticking coefficient of O2 on Pt (0.0052 at 120 °C) [36].  

 

1.5.4 Chemisorption of H2  

Chemisorption of hydrogen on metal is relevant for the selective CO oxidation in H2 

stream. Hydrogen refers to molecular H2 and H atoms. Generally, two types of hydrogen 

species are observed, weakly or strongly bonded to metals [ 37]. Weakly adsorbed 

hydrogen desorbs readily by evacuating for ten minutes at low temperatures [ 38]. 

Strongly adsorbed hydrogen is defined as hydrogen that remains on the surface after 

evacuation at room temperature.  

Chemisorption of hydrogen on Pt can only be atomic [39]. A Pt-H anti-bonding state 

shape resonance is present for both strongly and weakly adsorbed H in an extended X-

ray absorption fine structure study [ 40], which confirms that both types of H are 

atomically chemisorbed.  

The metal clusters in a heterogeneous catalyst consist of only small crystal surfaces and 

many edges and corners. The atoms on the corners and edges are coordinately, highly 

unsaturated and therefore bond strongly to H atoms. After saturation of the cluster with 

a monolayer of H atoms, these corner atoms are still relatively unsaturated and can bond 

    11 



Chapter 1 

to yet another H atom. However, this H atom is bonded rather weakly compared to the 

initially adsorbed one. 

Both weakly and strongly adsorbed H atoms are chemisorbed on the Pt surface and all 

sites are accessible to H atoms regardless of the nature of the different adsorption sites, 

and thus, all these sites might be important during reactions. Therefore, the ratio of 

H/Metal should be based on the total amount of hydrogen adsorption. The H coverage 

has been measured to saturate at a 1:1 ratio of H/Pt on Pt(111) single crystals, a fact 

commonly used to calibrate metallic surface area measurements. 

Figure 1.7 illustrates the organization of a H atom monolayer adsorbed on a Pt(111) 

surface [41].  

 

Figure 1.7 Illustration of how H atoms are organized in a monolayer adsorbed on a Pt(111) 

surface. Small spheres and large spheres stand for H atoms and Pt atoms, respectively. 

Red dots represent potential adsorption sites for H atoms. Figure adapted from [41]. 

In fact, other adsorption sites such as top sites, bridge sites and hcp sites are also 

available as shown by the red dots in Figure 1.7. Small spheres and large spheres stand 

for H atoms and Pt atoms, respectively. A high resolution electron energy loss 

spectroscopy study of H/Pt system discovered that H atoms were primarily adsorbed on 

the fcc sites [42]. The sticking coefficient of H2 on Pt(111) is between 10-4-10-3 at 100-

200 °C, 1.0 bar, which significantly decreases to 10-5 in the presence of 10 ppm CO even 

at 200 °C [43]. Therefore, H2 adsorption on Pt is strongly inhibited by trace amount of 

CO. 
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1.5.5 Kinetics of CO oxidation on single crystal Pt at UHV  

The kinetics of CO oxidation has been extensively investigated on three clean crystal Pt 

surfaces, e.g. Pt(100), Pt(110) and Pt(111) at UHV (10-10 to 10-4 bar). This section 

attempts to summarize the general knowledge of oscillatory CO oxidation on Pt single 

crystals at UHV, which is relevant to the application of temperature pulses. 

 

1.5.5.1 Self-sustained oscillation of CO oxidation on Pt(100) and Pt(110)  

CO oxidation over single crystal Pt exhibits two stable states (low activity: CO covered 

surface and high activity: O covered surface) [22]. Periodic kinetic transitions between 

these two states lead to oscillation in terms of reaction rate. For Pt (100) and Pt (110), 

the oscillations are self-sustained due to periodic structural changes of the surface 

induced by adsorbed CO. Figure 1.8 illustrates the oscillation mechanism on Pt(110) [44].  

 

Figure 1.8 Oscillation mechanism for CO oxidation on Pt(110): ball model illustrating the 

CO induced 1×1 ↔ 1×2 phase transition. Figure adapted from a combination of [44,45].  

Figure 1.8 shows that the Pt(110) surface reversibly reconstruct into a quasi-hexagonal 

(hex) and a 1×2 ‘missing row’ geometry, respectively. On the initial (1×1) phase, the 

sticking coefficient of O2 (SO2) is high (ca. 0.5-0.6), and leading to largely populated O 

atoms on the surface, which increases the reaction rate. When θCO falls below a critical 

value of 0.2 due to reaction and desorption, the surface reconstructs into the (1×2) 

phase. SO2 drops to low values (ca. 0.3-0.4). The reaction rate decreases on the CO-

covered (1×2) phase. As θCO increases above 0.2, the initial (1×1) phase is re-established: 
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the oscillation cycle starts again. The fundamental mechanism for CO oxidation on the 

Pt(100) surface is similar to that on the Pt (110) surface [46]. In this sense, the Pt(110) 

or Pt(100) is literally two catalysts in one. 

 

1.5.5.2 Forced oscillation of CO oxidation on Pt(111) 

Unlike other Pt surfaces, the CO+O2/Pt(111) system does not show self-sustained 

oscillations because the close-packed Pt(111) is stable in the (1×1) plane. Nevertheless, 

the kinetic transitions between two states can be forced by periodically varying external 

parameters such as CO/O2 ratio, CO partial pressure (PCO) or temperature [ 47 ]. 

Specifically, the CO oxidation rate can be manipulated between the low rate state on a 

CO covered Pt(111) at low temperature and the high rate state on an O covered Pt(111) 

during the high temperature pulse (the so-called forced oscillations).  

Figure 1.9 shows an experimental demonstration of hysteresis in the rate of CO2 

production (rCO2) by varying PCO back and forth on Pt(111) [48]. 

 

Figure 1.9 Hysteresis in the rate of CO2 production by varying PCO back and forth over 

Pt(111) surface. Figure adapted from [48].   

Initially, the reaction rate (rCO2) increases continuously with increasing CO pressure (PCO), 

reaches a maximum value, then decreases again as PCO continues to increase. In the 

reverse process, when PCO starts to decrease, rCO2 remains lower than the one when PCO 

increases. The co-existence of high and low rate states (bistability) is associated with the 

asymmetric inhibition of CO on O2 adsorption. This asymmetry is attributed to the 

adsorption geometry of the adsorbed CO and O [22]. O prefers a high coordination site 
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and therefore sits deep within the first substrate layer, whereas CO usually adsorbs in 

top or bridge sites. Therefore CO can still adsorb and react even with an O-covered Pt 

surface at low PCO, while the reverse is not true. 

Under UHV conditions, CO oxidation on Pt occurs following the three-step Langmuir-

Hinshelwood (L-H) mechanism including CO adsorption, dissociative O2 adsorption and 

surface reaction of adsorbed CO and O producing CO2. 

The bistability at the same experimental conditions is well-illustrated by kinetic 

simulations applying the L-H mechanism. The results of such simulations carried out by 

Zhdanov and Kasemo are directly adapted here [49]. Figure 1.10 shows a simulated 

range of bistability, i.e., a hysteresis in the reaction rate upon variation of PCO while 

keeping PO2 =5.66x 10-7 bar at 520 K.  

 

Figure 1.10 Simulated CO coverage and reaction rate as a function of PCO [49]. 

Figure 1.10 shows that two different rates can be achieved at identical process conditions. 

However, an additional mechanism is required to trigger switches between the low rate 

state and high rate state. Besides, the bistability and hysteresis do not exist if 

temperature and O2 partial pressure are outside the bistable region. 

The temperature effect on the CO oxidation over Pt(111) at UHV conditions has also 

been investigated in a recent study [47]. The kinetic transition between low rate branch 

(CO c(4×2) structure on Pt surface) and high rate branch (O p(2×2) structure) was 

triggered by varying temperature back and forth between 470-580 K. Especially relevant 

to this thesis, the excitation of chemical waves in CO oxidation on Pt(100) has been 

investigated by laser-induced thermal desorption [50], which significantly increase the 
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reaction rate. Irradiation of a small spot with a high power laser pulse induced 

momentarily local thermal desorption of CO and generation of a reaction front which 

propagated as a chemical wave across the surface. The inhibitive effect of the adsorbed 

CO on O2 adsorption was locally relieved by laser induced thermal desorption of CO, 

leading to a higher reaction rate on the more active hex phase of Pt(100).  

 

1.5.6 Kinetics of CO oxidation on Pt/Al2O3 at high pressure 

Kinetics of CO oxidation on supported Pt/Al2O3 have been investigated at atmospheric 

pressure, where heat transport and mass transport come into play [36]. Instead of 

employing the steady state approximation (no rate-determining step is assigned) for the 

UHV studies, the quasi-equilibrium approximation is applied to the realistic system.  

The kinetic of CO oxidation on Pt/Al2O3 is described by equation 1.1, assuming that 1) 

the adsorption equilibrium of CO and O2 has been reached and 2) the rate-determining 

step is the reaction between adsorbed CO and O [4].  

rCO2 = k KCOPCO�KO2PO2
(1+KCOPCO+�KO2PO2)2

    (1.1) 

where KCO, KO2 are the adsorption equilibrium constants of CO and O2, respectively; k   

is the rate constant;   

At atmospheric pressures, the kinetic of CO oxidation has been mainly explored in the 

CO-inhibition regime where the Pt surface is predominantly covered with CO at low 

temperature. The reaction is limited by the O2 adsorption rate [51]. In this regime, 

equation 1.1 can be simplified to equation 1.2 by considering KCOPCO ≫ 1 + �KO2PO2: 

rCO2 = k �KO2PO2
KCOpCO

   (1.2) 

Equation 1.2 indicates that CO has a strong inhibition effect on its oxidation (reaction 

order is -1) at high pressure. The order of ½ in O2 derives essentially from the fact that 

O2 has to dissociate to initiate the reaction. A bistable regime cannot be derived by 

equation 1.2 alone. However, equation 1.2 can predict bistable behavior if coupled with 

mass transport limitation [52]. The rate can be divided into three regions: 1) at high PCO 

without mass transport limitation, the reaction is negative order with respective to PCO; 
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2) at intermediate PCO, the mass transport limitation suppresses the inhibiting CO on the 

Pt surface and results in a bistable regime; 3) at lower PCO, the rate is controlled by the 

mass transport rate.  

The bistability (two different rates at exactly identical conditions) only exists in a narrow 

temperature-pressure region. In the absence of bistability, CO oxidation exhibits two 

mono-stable rate branches on Pt/Al2O3 at atmospheric pressure, a low rate branch with 

a CO covered surface at low temperature, and a high rate branch with O covered surface 

at high temperature [53]. The kinetic transition between two mono-stable rate branches 

is possible by varying temperature back and forth. To increase the reaction rate, an ideal 

situation will be that adsorbed CO on the Pt catalyst can be rapidly desorbed back to the 

gas phase by applying short but high temperature pulse, keeping the Pt surface with zero 

CO coverage at the high rate branch.  

A catalytic reaction is defined to be structure sensitive if the rate changes markedly as 

the particle size of the catalyst changes [54]. Whether CO oxidation on Pt catalysts is 

structure sensitive or structure insensitive has been in debate. Experimental results from 

different groups appear contradictory: studies on different Pt single crystal surfaces and 

supported Pt catalysts conclude that CO oxidation is structure insensitive as the rate 

being controlled by the CO desorption on a CO-covered surface [55]. Other studies reveal 

that strong size effect on reaction rate exists. For instance, TOF on the 14 nm Pt NPs is 

much higher than on the 1.7 nm Pt NPs, both supported on α-Al2O3(0001) [56]. 

To resolve this discrepancy, a recent study shows that Pt nanoparticle surfaces 

restructure under CO oxidation reaction conditions, increasing the fraction of low-

coordinated Pt sites (step sites) [57]. This result demonstrates that high-coordinated Pt 

atoms are the active sites, but that CO-induced restructuring of Pt surfaces conceals the 

inherent structure sensitivity of CO oxidation. From the theory of chemisorption and 

intrinsic activity, it is hard to believe how the surface insensitivity can be maintained on 

the level of individual sites, as atoms in different geometry always possess different 

bonding characteristics [4].  
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1.6 Process intensification 

Any chemical engineering development that leads to a substantially smaller, cleaner and 

more energy efficient technology is termed as process intensification (PI) [58]. This 

simple definition evolves from numerous research and discussions. In 1995, Ramshaw 

defined PI as a strategy for making dramatic reductions in the size of a chemical reactor 

to reach a specific production [59]. In this early definition, the degree of reduction must 

be considerable. Normally volume reduction on the order of 100 or more is qualified as 

PI. In chemical engineering, a volume reduction by a factor of two has been recognized 

as a dramatic change and should be considered as PI. Other improvements also count in 

chemical engineering. For example, substantial decrease of equipment size/production 

ratio, energy consumption and waste production all fall into the category of PI.  

In catalysis, PI is based on four general principles [60]: 

1. Maximize the effectiveness of Intra- and Intermolecular contact. Several factors 

determine the effectiveness of a reaction according to the collision theory: 

frequency of collisions, geometry of approach, mutual orientation of molecules and 

their energy in these collisions; 

2. All molecules experience the same processing conditions. When all molecules 

undergo the same reaction conditions, it is possible to deliver ideally uniform 

products with minimum waste.  

3. Optimize the driving forces at every scale and maximize the specific surface area. 

The objective of this principle is to increase transport rates across interfaces.  

4. Maximize the synergistic effects from partial processes. For instance, the reaction 

equilibrium is shifted by removing the products in situ from the reaction 

environment in reactive separation units, thereby increasing the production.  

PI solely focuses on engineering methods and equipment to reach these targets. When 

periodicity is imposed on a chemical process, all four principles of PI can be affected. The 

kinetics of the adsorption, reaction, desorption processes on the surface are influenced 

by periodic operation. Thus the inherent kinetics of reactions is changed accordingly. 

Periodic operation of catalytic reactors has been widely described in the literature, for 

instance periodic pressures, concentrations and temperatures operation [61].  

18 
 



 Introduction 

1.7 Outline of the thesis 

The motivation for the study described in this thesis is virtually a branch of PI. An 

alternative of conventional operation modes is investigated which switches temperature 

in pulse structure. This novel operation mode is coined as temperature pulsed operation. 

The distribution of surface coverage might be optimized at transient state by the 

temperature pulse, which significantly increases the reaction rate with constant power 

input. The work described in this thesis is divided into the following seven chapters: 

Chapter 1 presents a general introduction on relevant concepts such as heterogeneous 

catalysis, surface science and periodic operation etc. 

Chapter 2 specifically introduces temperature pulsed operation as a special mode of 

periodic operation, in which the catalyst is heated up and cooled down in microseconds. 

The temperature pulses are identical as the ones used by Stolte [3]. Laboratory work of 

periodic concentration operation and periodic temperature operation is reviewed. The 

primary objectives for temperature pulsed operation of catalytic reactions are proposed.  

Chapter 3 presents the experimental details and techniques used in this thesis. A 

modified microreactor system is built to implement temperature pulsed operation. In 

order to extend the catalyst configuration of a simple Pt film, atomic layer deposition is 

employed to prepare for Pt nanoparticles on an oxide support, which can be 

characterized by spectroscopy and microscopy techniques.  

Chapter 4 describes the measurement and simulation of the dynamic Pt surface 

temperature with μs resolution, which is a crucial parameter for understanding and 

evaluating the catalyst performance under temperature pulsed operation. The heat 

generated during the electric pulse is dissipated to the SiO2 wafer at sufficient cooling 

rate, which ensures a true pulse structure of temperature. The dynamic temperature is 

correlated to the resistance of the Pt film. Temperature simulation is conducted to serve 

as a complement for the measurement.  

Chapter 5 presents the results of CO oxidation on Pt model catalysts under temperature 

pulsed operation. The CO conversion and TOF are both increased over Pt film and Pt 

nanoparticles considerably once the pulse intensity exceeds a threshold. A kinetic model 

is proposed to reproduce the experimental data based on Langmuir-Hinshelwood 
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mechanism. The model successfully demonstrates that a transient distribution of surface 

coverage accounts for the improved reaction rate. 

Chapter 6 presents the results of selective CO oxidation in H2 under temperature pulsed 

operation. The objective is to learn more about the transient process and about the 

mechanism at play, rather than proposing a new approach for selective CO oxidation 

processes. Pt model catalysts prove to be poor catalysts due to huge loss of H2 at 

elevating temperature. In addition, the selectivity decreases more severely under 

pulsing at the same steady state CO2 formation rate, indicating that H2 oxidation is 

favored by temperature pulses. 

Chapter 7 summarizes the results and conclusions obtained from the individual chapters. 

Recommendations and perspectives are proposed for further research.  
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Temperature pulsed operation 

    

Abstract 

After introducing general concepts in Chapter 1, this chapter focuses on the concept of 

temperature pulsed operation, which is a unique technique in the field of process 

intensification. In periodic operation, the operational parameters (temperature, pressure, 

concentrations and space velocity) are changing periodically, while all these remain time-

invariant in steady state operation. A comparison between these two modes is made to 

show the potential benefit of temperature pulsed operation. Experimental results of 

periodic concentration operation and periodic temperature operation are summarized 

from literature. The objectives of temperature pulsed operation are proposed. In this 

mode, the temperature switches between low and high values in a pulse structure so that 

the reaction system experiences a transition state. The distribution of reactant surface 

coverage is optimized in the transition state, which increases the reaction rate and 

selectivity significantly with constant power input.  
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2.1 Introduction 

Emerging equipment, processing techniques, and operational methods promise 

considerable improvements in chemical plants, markedly shrinking their size and 

boosting their energy efficiency [58]. Temperature pulsed operation aims at two main 

objectives of process intensification: 1) significant increase of reaction rate on the order 

of 100 or more; 2) substantial increase of selectivity to a specific product, both under 

condition of constant power input. This chapter introduces the detailed concept of 

temperature pulsed operation in which reaction rate can be increased by imposing 

external temperature pulses on catalyst surfaces. Bursts of energy are supplied locally to 

the surface in a very short pulse; the total energy of the pulse train is relatively small 

though. The pulse duration is very short so that physical transport is limited to local 

transport during the pulse. This enables to ‘freeze’ the transient reactant distributions 

on the surface even at mild reaction conditions. Reactions occurs on the surface which 

corresponds to the pulsed high temperature condition.  

In the first part of this chapter, the restrictions of steady state operation are discussed. 

Next, periodic operation of catalytic reactions is introduced and recent laboratory work 

is summarized to present a general background of periodic operation. Starting with 

section 2.3, the focus of this thesis (temperature pulsed operation) is described in detail, 

accompanying the most relevant experiments in the literature.                                                                                          

 

2.2 Restrictions of steady state operation 

The standard steady state operation is widely applied in most chemical plants. The 

restrictions of this operation are often ignored by many engineers. In fact, these 

limitations can be eliminated by applying a different operation mode. Common 

restrictions relevant to this operation are listed in the following sections. Apart from this 

operation, there exist many transient processes, such as chemical looping, pressure 

swing, temperature swing, pulsed or oscillating flow etc [62,63]. However, these existing 

transient processes require long time period, compared to the extreme short time scale 

of the temperature pulse in this thesis. 
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2.2.1 Limited control variables 

Four variables are frequently controlled in steady state operation: temperature, 

pressure, concentration and residence time (space velocity). For a given catalyst, the 

performance of catalytic reactions including reaction rate and selectivity can be 

controlled by manipulating these four variables. Nevertheless, the introduction of other 

control variables provides more possibilities to improve the performance of catalytic 

reactions.  

 

2.2.2 Inertness  

The inertness of catalytic reactors means that it takes minutes even hours to change a 

catalytic reactor from the current state to a new equilibrium. The origin of the inherent 

inertness is the large volume of the reactor and the massive quantity of the reactants. 

During long relaxation times the system deviates from the optimal conditions, which 

leads to detrimental effects on the performance of the catalytic reactor, such as low 

conversion and energy loss.  

The development of microreactor technology is a promising approach to solve the 

problem of large inertness [64]. Significant size reduction of a microreactor means that 

the inertness for changing temperature, pressure and concentration is greatly decreased 

due to smaller volume and less quantity of reactants in the microreactor. Thus the 

performance of catalytic reactions could be improved considerably under pulsing. 

 

2.2.3 Rate determining step  

A chemical reaction, and certainly a catalytic reaction, is always a series of several 

elementary reaction steps which together form a reaction mechanism. Often one of the 

elementary steps is the rate determining step (RDS) [4]. The RDS is the slowest step in a 

reaction that limits the overall rate. In principle, the time evolution of the reactant and 

product concentrations can be determined from a set of simultaneous rate equations for 

the individual steps. The hypothesis of a single RDS in a reaction can greatly simplify the 

mathematics. For several reactions, the RDS is the beginning of a reaction sequence, and 
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often the activation of one of the reactant molecules. For instance, dissociation of N2 is 

the RDS in the NH3 synthesis [65]. For Fischer-Tropsch synthesis it is most likely the 

removal of O atoms after CO dissociation [17]. If the RDS could be selectively 

accelerated, the overall rate can be increased accordingly. 

 

2.2.4 Interference of physics and chemistry  

Figure 2.1 shows the time and length scales involved in chemical reactions [58].  

 

Figure 2.1 Time scale and length scale involved in chemical reactions [58]. 

Plants are characterized by long length scales from 1 m to 1000 m and time scales from 

minutes to days. The time scale of catalytic processes ranges from nanoseconds to 

milliseconds, while the time scale of mass transfer spans from microseconds to seconds. 

Therefore, the processing units, the mass transfer processes, and catalytic reaction 

processes are inevitably intertwined in a catalytic reaction, which makes the 

interpretation of catalytic testing results difficult as the reaction could be transport-

limited or kinetics-limited [2].  

The residence time τ of an adsorbed molecule or atom is given by equation 2.1 [66]: 

τ = τ0e
∆Hads
RT     (2.1) 

where: 

τ0     is a pre-factor correlated with the atom vibration times on the order of 10-12 s; 

ΔHads  is the heat of adsorption; 

R     is the gas constant; 
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T     is the temperature. 

For instance, when CO is chemisorbed on Pt(111) at 473 K, the heat of CO chemisorption 

is 126 kJ/mol [35]. Correspondingly, the residence time is about 82 s for an adsorbed CO 

molecule on Pt(111) at this temperature. The chemical reactions are much faster than 

the mass transfer processes by many orders of magnitudes: an elementary reaction 

occurs in less than 10-9 s while mass transfer processes undergo in more than 10-4 s. A 

catalytic reaction might show different performance under pulsing when the duration of 

temperature pulses is shorter than 10-4 s, which is sufficiently rapid to exclude the 

interference of mass transfer process.   

 

2.3 Periodic operation  

2.3.1 Periodic operation of catalytic reactors 

It is assumed that the optimum performance of a catalytic reactor could only be found 

under optimum steady state operation. As a result, most of chemical processes are 

carried out under steady state conditions. However, further investigations reveal that 

exceptions can be found [67]. For some reaction systems, the performance of the 

catalytic reactor, in terms of time-averaged conversion or reaction rate, will surpass the 

performance at steady state if conducted under periodic operation.  

Periodic operation is a PI technique for improving the performance of a catalytic reactor. 

More specifically, the objectives of periodic operation are higher conversion, better 

selectivity, longer catalyst life and lower energy consumption. Figure 2.2 illustrates that 

composition, temperature, pressure or space velocity of the feed to the reactor are 

switched periodically between two distinct levels.  

 

Figure 2.2 Schematic of periodic operation in a reactor, figure adapted from [67]. 
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This type of operation appears best suited to heterogeneous catalytic reactors in which 

solid catalysts are loaded in a bed with a gaseous reactant flowing through it. 

Experiments for homogeneous, non-catalytic reactors have also been reported [68]. In 

this thesis only periodic operation of a heterogeneous catalytic reactor is investigated.  

The term ‘modulation’ is used in Figure 2.2, a general term that will be used to describe 

simple periodic operation. In the literature the terms ‘cycling’, ‘oscillation’ and 

occasionally ‘forcing’ or ‘periodic forcing’ are also used interchangeably. Modulation 

means that one or more reactant concentration or temperature is changing with time 

periodically. Figure 2.2 shows that most reactor outputs (reaction rate, selectivity etc.) 

are changed as well. Usually, it is not the instantaneous output values but rather the 

mean or time-averaged values that are of interest. It has been observed that over a range 

of modulation frequencies the time-averaged outputs differ from that under steady state 

operation [69].                  

The intention of section 2.3 is to present a concise concept of periodic operation, which 

includes primary objectives, potential variables, measurement of the operation, cycle 

structure and strategies. Relevant experimental results and applications are summarized 

in section 2.3.5. 

 

2.3.2 Strategies and variables in periodic operation 

Figure 2.3 illustrates the reactant concentration as a function of time under steady state 

operation and periodic concentration operation, which has been and remains a widely 

studied type of periodic operation. Figure 2.3 defines the manipulated variables that 

characterize periodic concentration operation in a two-reactant system. The period or 

cycle (τ) is the time between two continuous repetitions of concentration change; split 

(s) is the fraction of a partial cycle with respect to the period; the amplitude (A) is defined 

as the maximum change in the input value from the mean concentration.  

The split measures the symmetry of a cycle, sometimes also referred to as duty cycle. 

The value s=0.5 indicates a symmetrical cycle with each part of the duty cycle equal. The 

split must be defined with respect to one of the reactants. The convention is that it 

measures the relative fraction of the partial cycle with its highest concentration. Mean 
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concentration is also a variable for periodic concentration operation, similar as when a 

reactor operates at steady state.  

 

Figure 2.3 Reactant concentration as a function of time under steady state operation (red 

dash line) and periodic operation (solid blue line) with definition of the variables in 

periodic operation: cycle period τ, cycle split s and amplitudes, A1, A2.The upper lines and 

lower lines represent the concentrations of reactant A and B, respectively. 

Another extensively explored strategy is periodic temperature operation, which is the 

key topic in this thesis. In periodic temperature operation, the y axis is substituted by 

catalyst temperature in Figure 2.3. Note that there are upper lines and lower lines 

representing the concentrations of reactant A and B in periodic concentration operation, 

respectively. In contrast, the temperature profile can only be represented by one set of 

these lines in periodic temperature operation. It is still a challenge to achieve abrupt 

changes in the catalyst temperature by controlling the temperature of gases flowing 

through the catalyst, as the heat capacities of gases are lower than solid by two 

magnitudes. Thus, periodic temperature operation has been tested by using heating coils 

placed within the catalyst bed in microreactors. The period for temperature modulation 

is usually at the time scale of minute even hour. Thus sharp changes in temperature 

cannot be obtained due to the thermal inertness of the system. It is widely accepted that 

temperature variations stimulate changes in concentration and residence time of 

reactants on a surface, thereby influencing the reaction rate and selectivity.  
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2.3.3 Cycle structure in periodic operation 

Different cycle structures may be used in periodic operation, defined by the split. An 

extreme asymmetric cycle is a periodic square pulse, which is usually referred to as a 

pulsed mode of operation. In this thesis the strategy is to heat up a catalyst surface by 

electric pulses. Hence, we only focus on the structure of temperature pulses and will not 

discuss other cycle structures.  

 

2.3.4 Measurement of periodic operation 

The improvement achieved by periodic operation should be based on the performance 

under steady state operation. If the objective is an enhanced reaction rate, an 

effectiveness factor is used to characterize the improvement under periodic operation, 

defined by equation 2.2 [69]:  

η = r
rss
− 1   (2.2) 

 
where:  

η    is the effectiveness factor; 

r    is the time-averaged rate of a catalytic reaction under periodic operation; 

rss   is the rate at steady state for a specific set of operational variables (concentration, 

temperature, pressure, etc) corresponding to the time-averaged operational variables in 

periodic operation, the subscript ‘ss’ stands for steady state.  

 

2.3.5 Laboratory work of periodic operation 

Theoretical models predict that some reaction processes can be improved by periodic 

operation. Experimental investigations were conducted extensively to verify the 

theoretical predictions. Horn discovered that some distillation columns performed 

better during the night than during the day. He later observed that the controllers of the 

columns were loosened at night thus the operational variables drift away to some extent 

from the setting values [70]. Due to the small fluctuations in the operation variables, the 
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performance of the distillation columns was enhanced accidentally.  

Many reaction systems have been tested experimentally in periodic operation since 1970. 

The objectives of the experimental studies were: 1) increase the average reaction rate 

and selectivity of simple reactions with less side reactions; 2) increase the average 

reaction rate and selectivity of complex reactions (with more side reactions). Silveston 

and Hutchings published a book titled ‘Periodic Operation of Chemical Reactors’ in 2012, 

which is the most comprehensive reference on the subject, citing more than 1000 

relevant papers [69].  

Experimental results of periodic concentration operation are collected in Table 2.1. For 

instance, Denis et al. investigated dehydration of ethanol to diethyl ether on cation 

exchange resin catalyst in a tubular reactor [71]. The average conversion of ethanol was 

unexpectedly decreased 3 % by periodically changing the ethanol flow rate in 72 min 

cycle periods. Briggs tested the second stage of SO2 oxidation by changing the inlet gases 

between SO3+SO2+O2 and air [72]. SO2 conversion increased from 95.8 % to 98.8 %. 

Haure et al. studied SO2 oxidation on activated carbon by periodic operation in a trickle 

bed reactor [73]. SO2 was introduced into the trickle bed reactor continuously while 

water flew intermittently. The conversion of SO2 was increased from 30 % to 45 % within 

a range of cycle periods from 2 to 80 min. Cutlip investigated CO oxidation on Pt/Al2O3 

by flushing CO and O2 separately [74], finding that the reaction rate was increased by 20 

folds. Abdul-Kareem discovered that the reaction rate of CO oxidation on V2O5 was 

improved by 84 % when the pressure ratio of CO and O2 was periodically changed in a 

tubular reactor [75]. Rambeau found that the rate of NH3 synthesis on Ru catalyst was 

increased 100-1000 folds when H2 feed was periodically alternated in 2 min cycle period 

[76]. Masry revealed that the rate of the Claus reaction was increased by 50 % when the 

molar ratio of H2S/(H2S+SO2) was periodically changed [77]. These experiments clearly 

show that periodic operation by varying concentrations can lead to significant 

improvement in overall conversion. 

 

 

 

    29 



Chapter 2 

Table 2.1 Experimental results of periodic concentration operation. 

NO.  Reaction system Composition or flow rate profile vs 

time  

Results 

1 Denis, et al. [71] 

Dehydration of ethanol 

to diethyl ether in vapor 

phase in tubular reactor. 

Flow rate of ethanol was 

changed periodically. 

 Reaction 

rate 

decreased 

by 3 %. 

2 J. P. Briggs [72] 

SO2 oxidation on 

V2O5/SiO2 in two stage 

reactor system. Stage 2, 

gas flow was switched 

between effluent of 

stage 1 and air. 

 

 

Conversion 

increased 

from 

95.8 % to 

98.8 % in 

stage 2. 

3 P. M. Haure [73] 

SO2 oxidation on 

activated carbon in 

trickle bed reactor. The 

activated carbon was 

flushed by water 

intermittently. 

 

 

 

 

 

 

50 % 

increase in 

oxidation 

rate. 
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4 Cutlip [74] 

CO oxidation on 

Pt/Al2O3 in tubular 

reactor. 

CO and O2 were flushed 

separately. 

 Reaction 

rate 

increased 

by 20 folds. 

5 H. K. Abdul-Kareem [75] 

CO oxidation on V2O5 in 

tubular reactor. 

PCO/PO2 was changed 

periodically. 

 

 

 

 

 

 

Reaction 

rate 

increased 

by 84 %. 

6 Rambeau [76] 

NH3 synthesis on Ru 

catalyst in tubular 

reactor. 

H2 feed was periodically 

flushed.  

 

 

 

 

 

 

 

Reaction 

rate 

increased 

100-1000 

folds. 

7 H. A. EL Masry [77] 

Claus reaction over 

Al2O3 in tubular reactor. 

The molar ratio of 

H2S/(H2S+SO2) was 

modulated periodically. 

 

 

 

 

 

 

Reaction 

rate 

increased 

by 50 %. 

 
 

The research of periodic temperature operation is not as straightforward as periodic 

concentration operation, and received relatively less attention. As mentioned before, 

the challenge of periodic temperature operation is the thermal inertness of a 
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conventional catalytic reactor, which retards any significant temperature changes in 

short time. Even with the advent of microreactor it has proven difficult to impose a 

temperature step function on the system. As a result, the cycle period of temperature 

modulation is usually in the range of seconds to minutes or even hours in previous 

experiments. Nevertheless, some constructive results were reported in the literature. 

Table 2.2 summarizes the experimental results of periodic temperature operation.  

For instance, Denis discovered that the reaction rate of dehydration of ethanol was 

increased by 9 % when the catalyst temperature was modulated between 105 °C and 

114 °C with a period of 32 min [78]. Renken investigated dehydration of isopropanol over 

γ-Al2O3 in a microchannal reacor by a distorted square temperature profile [79] and no 

rate increase was observed. Ertl tested CO oxidation over Pt(100) by irradiating laser 

pulse on the surface in a UHV chamber [50]. Reaction rate increased immediately upon 

laser pulse irradiation. CO oxidation over Pt/Al2O3 catalysts was tested by a triangular 

wave of temperature in a tubular reactor and the reaction rate increased 1.72-fold [80]. 

CO oxidation was further conducted by a sinusoidal wave of temperature over Pt/Al2O3 

catalysts in a tubular reactor and a rate enhancement of 70 % was disclosed [81]. 

Propylene oxidation was carried out under temperature change with a period of 5 s over 

Pt/Al2O3 catalysts [ 82 ]. The time-averaged conversion under periodic temperature 

operation was higher than that under steady state conditions with similar energy 

consumption. Brandner et al. found significant increase of CO conversion when studying 

CO oxidation in a microreactor equipped with several electrical heaters and a channel 

for coolant water [83]. The temperature amplitude was 100 °C with a period time of 5 s. 

Most relevant to this thesis, Stolte et al. reported that the rate of catalytic CO oxidation 

was increased 4-5 folds by periodically heating the Pt model catalyst [3]. The 

temperature increases rapidly by 100-200 °C in microseconds and cools down in 

milliseconds. We continue to use the same structure of the temperature pulse in the 

catalytic testing. Similarly, these experiments show that periodic operation by varying 

temperature can also improve overall reaction rate considerably. 
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Table 2.2 Experimental results of periodic temperature operation. 

No Reaction system Temperature profile vs time  Results 

1 G. H. Denis [78] 

Dehydration of ethanol 

to diethyl ether in vapor 

phase in tubular reactor. 

 

 

 

 

 

 

 

Reaction rate 

increased by 

9 %. 

2 A. Rouge, A. Renken [79] 

Dehydration of 

isopropanol over γ-Al2O3 

in microchannal reacor. 

 No significant 

increase of 

reaction rate 

was observed 

3 Ertl et al. [50] 

CO oxidation over 

Pt(100) in UHV chamber. 

 

 Noticeable rate 

increase was 

observed. 

4 M. Luther et al. [80] 

CO oxidation over 

Pt/Al2O3 catalysts in 

tubular reactor.  

 

 Reaction rate 

increased 1.72-

fold. 
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5 S. Jensen [81] 

CO oxidation over 

Pt/Al2O3 catalysts in 

tubular reactor. 

 

 

 

 

Rate 

enhancements 

up to 70 % were 

observed. 

 

6 Sotowa [82] 

Propylene oxidation over 

Pt/Al2O3 catalysts in 

tubular reactor. 

 

 

 

 

 

Time-averaged 

conversion was 

higher than that 

under steady 

state conditions  

 

7 Brandner [83] 

CO oxidation over 

Pt/Al2O3 catalysts.   

 

 

 

 

 

Significant 

increase of CO 

conversion was 

observed.  

 

8 Stolte et al. [3] 

CO oxidation over a Pt 

thin film. 

 Rate of CO 

oxidation was 

increased by a 

factor of 4-5.  

 

2.4 Temperature pulsed operation 

Temperature pulsed operation is a special technique in the field of periodic temperature 

operation. The strategy is to change the catalyst temperature rapidly both in the heating 

and cooling processes. With a novel design of catalyst configuration and microreactor, it 
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is possible to achieve abrupt temperature change in catalyst surfaces. All the steps of a 

catalytic reaction take place simultaneously under steady state operation. In 

temperature pulsed operation, two regimes are distinguished: base regime and pulsed 

regime. The conditions of catalytic reactions alternate rapidly between two regimes. A 

transient state leads to results better than the performance under any steady state 

operation. 

 

2.4.1 Base regime and pulsed regime 

Figure 2.4 shows the base regime where the temperature Tb is constant, and the pulsed 

regime in temperature pulsed operation. The base regime is more or less equivalent to 

the steady state as there may be still effect in the conversion, if it does not respond 

rapidly enough to the corresponding temperature. The catalytic reaction rate is low or 

even negligible at mild base regime. The reactants are adsorbed on the surface in the 

base regime. When the surface is saturated by the adsorbed reactants, the system is 

switched to the pulsed regime.  

 

Figure 2.4 Base regime and pulsed regime in temperature pulsed operation. 

When a high-energy electric pulse is imposed on the catalyst, it generates temperature 

pulses locally by joule-heating in the pulsed regime. The release of energy occurs on a 

short time scale (shorter than 20 μs) and the system experiences a transient state. The 

equilibrium of adsorption is disturbed and the surface coverage of reactants is different 

from that at steady state operation. The function of the pulsed regime is to create a 

transient coverage distribution, and ultimately improve the performance of reactions.  
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2.4.2 Implementation of temperature pulsed operation 

A modified microreactor was designed and manufactured to implement temperature 

pulsed operation for catalytic testing. Figure 2.5 shows the comparison of temperature 

distribution in a catalyst between steady state and temperature pulsed operation.  

 

Figure 2.5 Comparison of temperature distribution in a catalyst between steady state 

operation (left) and temperature pulsed operation (right). Left: temperature is uniformly 

constant. Right: only the surface is periodically heated up to high temperature. 

The temperature distribution in a catalyst is homogeneous at steady state. Under 

temperature pulsed operation, however, only the surface is periodically heated up to 

high temperature by electric pulses. The temperature of the gas phase and the catalyst 

support is much lower.  

In our situation, the surface is a thin film of conductive Pt, which serves as catalyst and 

heater simultaneously. The Pt surface can be resistively heated up quickly by supplying 

electric pulses due to its small volume and quantity. The Pt film returns to the base 

regime by a passive cooling process. The catalyst configuration is deliberately designed 

for severe heat loss to assure fast cooling of the Pt film while keeping a relatively simple 

geometry. The heat released by the electric pulse and exothermic reaction (CO oxidation 

or selective CO oxidation) rapidly dissipates into the SiO2 sink, and from there to the rest 

of the reactor, while the heat transferred to the gas phase is negligible (the thermal 

conductivity of gas is two magnitudes smaller than the SiO2 wafer). Note that the total 

energy input of the electric pulses is small, though the power density is very high. 

To implement high temperature pulses, a high voltage is imposed on the Pt film, which 

is based on well-known technology and can be applied on laboratory scale relatively 

easily. However, realistic industrial catalysts are generally supported catalysts, which 

comprise porous supports and catalytically active nanoparticles (NPs). For this reason, 
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the original design of the thin film model catalyst was modified by atomic layer 

deposition (ALD) of Pt NPs on a thin alumina film. It then becomes possible to investigate 

the performance of supported Pt NPs under pulsing. Other rapid heating methods such 

as microwave heating, plasma heating and laser heating can also be utilized [84], but will 

not be discussed in this thesis. 

 

2.5 Objectives of temperature pulsed operation 

Why consider temperature pulsed operation when steady state would appear to be a 

much simpler way of running a catalytic reactor? A short answer is that temperature 

pulsed operation may sufficiently improve reactor performance to offset any higher 

operating costs. The motivation is to improve reaction rate, selectivity and energy 

efficiency with respect to steady state operation.  

 

2.5.1 Increased reaction rate in a tight way 

A straightforward improvement of a catalytic reaction is to increase the reaction rate 

with constant power input. Turnover frequency (TOF) is used to compare reaction rates 

under different reaction conditions [85]. TOF is defined as the number of converted 

reactant molecules per second at a single catalytic site. Conversion is representative of 

reaction rates only under identical reaction conditions.  

The catalytic reactions are accelerated by temperature pulses and the TOF increases 

consequently. How significant the TOF improvement is depends on many factors. For 

instance, the nature of the catalytic reaction, the pulse intensity, the pulse repetition 

rate and base temperature all impact the improvement. It is expected that temperature 

pulsed operation can increase reaction rates by 10-100 times at constant power input 

compared to steady state operation [3]. 

Another advantage of pulsing is to control the conversion (TOF) in a tight way without a 

risk of run-away in case reactants are abundantly available and the reaction heat cannot 

be removed due to cooling limitations. An ideal situation is that the reactor is as cold as 

the environment while the catalyst is rapidly heated and cooled.    
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2.5.2 Selectivity control of heterogeneous catalysts 

Selectivity is defined as the rate of a reaction along a particular pathway divided by the 

overall rates along all reaction pathways [86]. The ultimate objective in heterogeneous 

catalysis is 100 % selectivity for the desired product in competitive reactions or 

consecutive reactions, completely eliminating side products. Once a catalyst is specified, 

the selectivity might be increased by pulsing.  

In this work, we investigate the effect of temperature pulses on catalytic selectivity in a 

study of selective CO oxidation in H2, which is tested over Pt model catalyst under two 

operation models. The objective is to learn more about the effect of temperature pulses 

on competitive reactions and about the mechanisms at play. 

 

2.5.3 Increased energy efficiency  

One of the motivations of temperature pulsed operation is to substantially increase 

energy efficiency. In the base regime, it requires certain amount of energy to maintain 

the catalytic reactor at low Tb. In the pulsed regime, a burst of energy is supplied to the 

Pt film and creates a high temperature pulse rapidly. The power input under pulsing 

should be no more than the one at steady state. Therefore, the rate increase can be 

solely attributed to pulsed operation model, rather than to an increased energy input. 

In this thesis, the Pt catalyst is isothermal at fixed temperature because the heat transfer 

with the environment is very large, except for a short duration when high temperature 

pulse is applied. In this case, the temperature pulsed operation can increase energy 

efficiency. Furthermore, insulation of the microreactor would improve performance in 

pulsed operation as less power is needed to maintain the base temperature.  

However, in an adiabatic reactor, the heat transfer is zero to the surroundings (practically 

the reactor is well-insulated). The reaction is self-sustained by its own reaction heat, 

without external heating [87]. Therefore, the pulsed operation costs more energy for 

adiabatic reactors. 
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Experimental and analytical details 

 

Abstract 

This chapter describes a modified microreactor system used for catalytic testing under 

temperature pulsed operation and auxiliary techniques (atomic layer deposition, 

scanning transmission electron microscopy, X-ray photoelectron spectroscopy) used for 

the preparation and characterization of Pt model catalysts. The model catalysts that 

have been investigated consist of Pt nanoparticles (NPs) on a planar Al2O3 support as 

well as extended Pt films. The catalyst surface is heated by a DC power supply and a pulse 

generator. The latter supplies voltage pulses, which lead to a temporary increase of 

catalyst temperature lasting in sub millisecond time intervals. The power input to the 

microreactor system maintains constant under pulsing. The dynamic temperature of the 

Pt film is correlated to the resistance of the Pt film, which is measured by a digitizer 

equipped with high-performance voltage probe and current probe.  
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3.1 Atomic layer deposition  

Atomic layer deposition (ALD) is a vapor phase deposition technique which finds wide 

application in the synthesis of ultrathin films of inorganic materials, largely driven by the 

semiconductor industry. The idea to employ ALD for catalysis dates back to the mid-

1990s [88,89]. ALD can be used to coat demanding 3D substrate with a conformal and 

uniform layer of high quality material, a unique characteristic among many thin film 

deposition techniques.  

In this thesis, we use ALD as an alternative to deposit discrete Pt NPs on supports [90]. 

Supported Pt NPs are largely employed in the automotive, chemical, and petroleum 

refining industries, which involves heterogeneous catalytic reactions. High dispersion of 

Pt NPs on a support is required to increase energy efficiency and decrease the loading 

of Pt. Traditional catalyst synthesis techniques, including impregnation, ion-exchange 

method and deposition-precipitation, are incapable of controlling catalyst composition 

and surface structure at atomic level and often yield relatively large Pt clusters on a 

planar surface with a broad particle size distribution. In contrast, the particle size of the 

Pt NPs can be precisely controlled at atomic level by ALD. ALD relies on sequential 

processes of self-terminating gas-solid reactions which take place in a cyclic fashion [91]. 

The ALD cycle is normally repeated several times to reach the desired particle size, Pt 

loading and thickness. 

Figure 3.1 shows a schematic representation of the thermal, plasma ALD reactor used in 

this work. The representation demonstrates four main components of the ALD reactor: 

a plasma source, a turbopump, a precursor dosing system and an in-situ ellipsometer. 

The ALD process is carried out under ultra-high vacuum, pumped by the turbopump. The 

precursor is injected into the chamber by the precursor dosing system. The plasma 

source supplies O2 plasma at high temperature. The ALD process takes place while the 

ellipsometer measures the thickness of the thin film starting with the formation of NPs 

in real time.  
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Figure 3.1 Schematic representation of the thermal, plasma ALD reactor [91]. 

 

3.1.1 Al2O3 film 

In this work, Al2O3 films are used as relevant catalyst supports and their growth is 

straightforward to demonstrate the basic concepts of ALD. The ALD process for growing 

the Al2O3 film is taken as an example to illustrate how the self-terminating surface 

reactions produce uniform and conformal films. The ALD processes were carried out by 

Dr. M. Weber of the Department of Applied Physics at the Eindhoven University of 

Technology. We refer to his thesis for a detailed description [91]. 

Figure 3.2 shows a schematic representation of an ALD cycle of the Al2O3 film. 

Trimethylaluminum (Al(CH)3) or TMA was chosen as precursor and H2O as co-reactant in 

the ALD cycle. In the reaction A, the substrate was exposed to TMA vapor which reacted 

with surface hydroxyl groups (OH) to form new O-Al bonds and methane (CH4), which 

were liberated into the gas phase. This reaction proceeded until all of the hydroxyl 

groups were consumed, as TMA was inactive towards the methyl covered surface. In the 

second reaction B, H2O vapor was injected which reacted with the surface methyl groups 

producing CH4 gas and again regenerating new Al-OH bonds. Reaction B completed when 

all of the methyl groups were consumed because H2O did not react with surface 

hydroxyls. At the end of an A/B cycle, a monolayer of Al2O3 (typically a thickness of 1 Å) 

was deposited on the surface and the original starting surface was regenerated. The ALD 

process was repeated until the desired thickness was obtained (10 nm in this thesis). 
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Figure 3.2 Schematic representation of a typical ALD cycle of Al2O3 adapted from [91]. 

The detailed parameters of Al2O3 ALD process are given in Table 3.1.  

Table 3.1 Parameters of the Al2O3 ALD process. 

Parameter Value Unit 

Al(CH)3 dose time  30  ms 

Ar purge time 4  s 

Pump time  3   s 

H2O dose time  100   ms 

Pump time  3   s 

Substrate temperature  200  °C 

Wall temperature  180  °C 

Pressure during deposition  0.187  mbar 

Reactor base pressure  < 0.0013 mbar 
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3.1.2 Pt/Al2O3  

Gas phase deposition of a noble metal is a prominent method to prepare well-defined 

supported catalysts. The ALD process has been employed to prepare Pt NPs on top of 

the Al2O3 covered film. Table 3.2 lists the ALD process steps (from top to bottom) with 

step duration. 

Table 3.2 Parameters of Pt ALD process. 

Parameter Value Unit 

Ar flow time 2 s 

MeCpPtMe3 dose time 5 s 

Ar purge time 3  s 

Pump time 3   s 

O2 stabilize time 3   s 

O2 plasma time 2   s 

O2 purge time 1 s 

Pump time 3 s 

H2 stabilize time 3 s 

H2 plasma time 2 s 

H2 purge time 1 s 

Pump time 10 s 

Substrate temperature  25 °C 

Wall temperature  180 °C 

Reactor base pressure  2×10-6 mbar 

 

The precursor methylcyclopentadienyl(trimethyl)platinum (MeCpPtMe3, 98 %) was 

purchased from Sigma-Aldrich and was used without further processing. The slurry 

MeCpPtMe3 was heated up to 50 °C to prevent the vapor from condensation and was 
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transferred to a bubbler in liquid phase. The transfer process was carried out in a glove 

box under N2 atmosphere as MeCpPtMe3 is air-sensitive.  

The vapor pressure of MeCpPtMe3 liquid was very low. Therefore Ar was used as carrier 

gas to push the MeCpPtMe3 out of the bubbler. The substrates were treated by O2 plasma 

for 3 min at 0.01 mbar before deposition.  

The plasma ALD process of Pt consists of two half reactions similar as for the Al2O3 

process. Firstly, MeCpPtMe3 was injected into the reactor chamber. When the Al2O3 

surface was saturated by Pt organometallic species, the reactor was flushed by Ar using 

the turbopump. O2 and H2 were delivered via an inductively coupled plasma (ICP) source 

to the chamber, separately. O2 was used to remove the hydrocarbon ligands and H2 to 

reduce the PtOx to metallic Pt. Finally, H2O and CO2 in the reactor were purged by He and 

metallic Pt NPs were deposited on the Al2O3 film.  

 

3.2 Experimental setup for catalytic testing 

A modified microreactor system was designed and manufactured based on a previous 

prototype [3]. This modified microreactor was used to test catalytic CO oxidation and 

selective CO oxidation in a H2 stream under temperature pulsed operation.  

 

3.2.1 Microreactor system  

Figure 3.3 shows the scheme of the microreactor system; it primarily consists of a feed 

section, a helium flow branch, a microreactor, an electric circuit, a vacuum pump and a 

quadrupole mass spectrometer (QMS, Pfeiffer Omnistar GSD 320). 

All the gases are supplied from separate gas containers through mass flow controllers 

(MFC; Bronkhorst High-Tech B. V. Ruurlo, The Netherlands). The pressure of each gas 

container was regulated to 4.0 bar to prevent back-mixing. The measurement ranges of 

the MFCs are 0-80 ml/min for CO2 (99.9993 %, Linde Scientific 5.3), H2 (99.9999 %, Linde 

Scientific 6.0), O2/Ar (10 % O2 and 90 % Ar), Ar (99.9999 %, Linde Scientific 6.0) and 0-10 

ml/min for CO (99.997 %, Linde Scientific 4.7); Two MFCs with different range are 
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installed at the outlet of the microreactor, the low flow MFC regulates flow rates below 

1.0 ml/min and the high flow MFC measures flow rate up to 10 ml/min.  

 

Figure 3.3 Scheme of the microreactor system. 

The effluent gases are analyzed online by the QMS and the corresponding data is stored 

by a PC. A pressure controller is installed in a bypass flow parallel to the flow of 

microreactor, which regulates the pressure in the microreactor. Most of the reactant 

gases pass through the pressure controller, and only a small fraction flows through the 

microreactor. This configuration is chosen to ensure relatively fast gas switching in the 

microreactor. The exhaust gases are connected to ventilation lines. A pulse generator is 

connected to a thin Pt film deposited on a Si wafer, which is labeled as Pt/Si wafer. The 

helium flow is used to press the Pt/Si wafer onto a Kalrez o-ring and thereby enclose the 

microreactor. The vacuum pump is used to stabilize the Pt/Si wafer on the o-ring in the 

beginning of each experiment. 

Figure 3.4 shows an exploded view of the catalytic microreactor. The microreactor 

consists of a round stainless steel plate supported by three cylindrical feet, a quartz plate 

with a rectangular groove in which the Karlrez o-ring sits, a Pt/Si wafer, a transparent 

hemispherical glass cap sealing to the steel plate with a viton o-ring. Six holes are drilled 

through the stainless steel plate serving as feed throughs. Two pairs of BNC cables (short 

for Bayonet Neill-Concelman cables, a type of coaxial cables) are used to connect the 

Pt/Si wafer through these feed through, one pair for the DC circuit and the other pair for 
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the pulse circuit. The Pt/Si wafer is turned around so that the Pt/Si wafer faces down 

towards the quartz plate, thereby ending up inside the microreactor. On the other side 

of the Pt/Si wafer the microreactor is kept in possition by He gas at about 5.3 bar 

overpressure. The microreactor and the surrounding He gas are enclosed by the 

hemispherical glass cap, tightened by a steel cap and sealed with the viton o-ring.  

 

Figure 3.4 Exploded view of the catalytic microreactor. 

The Pt/Si wafers were manufactured by LionX B. V, the Netherlands. The manufacturing 

process was executed on standard Si wafers with 525 µm thickness and is briefly 

summarized as follows:  

1. Surface oxidation (8 µm SiO2); 

2. Lithography mask 1; 

3. Buffered Hydrofluoric acid (BHF) etches SiO2;  

4. Sputter deposition of Ta/Pt (10 nm/ 100 nm), generating Pt films that are 25 mm 

long and 4 mm wide; 

5. Lift-off; 

6. Lithography mask 2; 

7. Evaporated deposition of Cu/Au (10 nm/ 350 nm), the gold patches serve as electric 

contacts;  
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8. Lift-off; 

9. Dicing into 12×40 mm Pt/Si wafers, each containing a Pt film and a pair of gold 

patches.  

We refer to the composite film of (100 nm Pt + 10 nm Ta) as 110 nm Pt film because the 

electrical properties of these two metals are very similar [92]. The length and width of 

the Pt film are 25 mm and 4 mm, respectively. The SiO2 layer is used to provide electrical 

insulation between the Si wafer and the Pt film. The Si wafer serves both as a mechanical 

support for the Pt film and as a heat sink under pulsing. The gold patches are connected 

to the electric cables.  

Figure 3.5 shows the core structure of the microreactor.  

 

Figure 3.5 Cross section of the modified microreactor parallel to the flow (not to scale). 

Gas enters and exits the microreactor through holes that are drilled through the quartz 

plate. A reaction channel locates between the Pt/Si wafer and the quartz plate, which 

are enclosed by the Kalrez o-ring. The shape of the reaction channel resembles a cuboid 

space. The dimensions of the reaction channel are nominally 30.2 mm long, 11.2 mm 

wide and 0.5 mm deep. The temperature of the Pt/Si wafer is measured by a K-type 

thermocouple which directly contacts the Si side of the Pt/Si wafer. The Pt film is 

connected with copper clamps at each terminal of the Pt film where two square gold 

patches are deposited as electric contacts. A DC power supply (Delta Elektronika mode 

SM 70-AR-24) and a home-made, high-voltage pulse generator are two power sources 

used to heat up the Pt film. The pulse generator comprises a resistor (the Pt film itself, 

10 Ω), an inductor (47 μH) and a capacitor (1.5 μF) known as the RLC circuit. Electrical 

energy is restored in the capacitor and discharged in the form of electric pulses onto the 

Pt film. The maximum voltage pulse results in a temperature increase in the Pt film of 
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approximately 230 °C in 20 μs. The DC power supply can provide voltages up to 50 V and 

heat the Pt film up to 300 °C. The Kalrez o-ring withstands this temperature after 

extended usage. The DC power is also used to offset the extra power supplied by the 

electrical pulses, assuring a constant power input.  

Figure 3.6 demonstrates the differences and improvements between the first prototype 

(left) [3] and the modified microreactor (right).  

 

Figure 3.6 Comparison between the first prototype (left) and the modified microreactor 

(right) used in this work. The figure only shows the cross sections of the two 

microreactors parallel to the flow (not to scale).  

Several improvements of the modified microreactor are worth mentioning. First of all, 

the heating coils in the first prototype are removed. Only two heating sources are used 

in the new design and it is more straightforward to compensate for power change and 

thereby to ensure constant power input under pulsing. Another improvement is the way 

to enclose the microreactor channel. In the first prototype, it is found that the Pt/Si 

wafers are fragile under mechanical stress of the steel lid when the microreactor is 

enclosed. In the modified microreactor, the Pt/Si wafer is uniformly pressed against the 

Kalrez o-ring by 5.3 bar He gas. The risk of mechanical damage to the Pt/Si wafer 

therefore decreases significantly.  

In addition, the thermal response of the modified microreactor is much faster than the 

first prototype as the Pt film is resistively heated by DC current and high voltage pulse. 

The reactor walls are also different: in the first prototype, gold coated steel walls enclose 

the microreactor while a quartz surface serves as the reactor wall in the modified 

microreactor. Quartz is chemically inert and stable while the gold coating may weakly 

catalyze several reactions and breakdown after long time usage [93]. Table 3.3 lists a 

comparison between the first prototype and the modified microreactor. 
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Table 3.3 Comparison between the first prototype and the modified microreactor. 

Microreactor type First prototype Modified microreactor 

Dimensions 29.0 mm long, 6.0 mm wide 

and 1.6 mm deep 

30.2 mm long, 11.2 mm 

wide and 0.5 mm deep 

Power sources Heating coils, DC power 

supply and pulse generator 

DC power supply and pulse 

generator 

O-ring closing method Mechanical pressure High-pressure He gas 

Thermal response 

time 

Slow  Fast 

Reactor walls Gold coating Quartz 

 

Figure 3.7 shows a simplified scheme of the electric circuit used to heat the Pt film. The 

pulse generator comprises a resistor (the Pt film itself), an inductor and a capacitor 

known as a RLC circuit. The resistance of the cables is represented by Rc which is 

distinguished from the resistance of the Pt film. The voltage pulse and current pulse are 

measured by a high voltage probe and a current probe, respectively. 

 

Figure 3.7 A simplified scheme of the electric circuit used to heat the Pt film. The pulse 

generator consists of a home-made integrated RLC circuit.  

The DC power supply delivers dynamic or constant electric power to resistively heat the 

Pt film, which is called temperature programmed heating. The pulse generator imposes 

high-voltage pulse on the Pt film thereby heating the Pt film rapidly (within μs). The 
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current through the Pt film has two functions. It provides Joule heating and is also used 

to measure the temperature via the T-dependent resistance of the Pt film. A diode is 

added to prevent the DC power supply from potential damage due to the high voltage 

pulse. 

Catalytic testing was highly automated to conduct reproducible measurements. Mass 

flow rate, temperature measurement, mass spectrometer, DC power supply and pulse 

generator were controlled by separate LABVIEW programs; A thorough installation 

process of the microreactor is described with reference to Figure 3.3: 

1. The Kalrez o-ring was located in the groove of the quartz plate and the Pt/Si wafer 

was symmetrically pressed and mounted on the o-ring. 

2. Ball valve V2 was open to the vacuum pump (BOC EDWARDS); the flow rate and 

pressure of the microreactor were set as 10 ml/min, 0 bar respectively, i.e. the high 

flow MFC and the pressure controller were fully open to the vacuum pump. The 

vacuum pump was switched on to enclose the microreactor channel by pumping the 

gas and trapping the Pt/Si wafer to the o-ring. The Pt/Si wafer tightly stuck to the o-

ring due to the pressure difference between the atmosphere and the vacuum inside 

the microreactor channel. The Pt/Si wafer was then connected with the DC power 

supply and the pulse generator by two pairs of wires. 

3. The transparent glass cap was installed when the flow rate and pressure of the 

microreactor were 0 ml/min and 0.06 bar, respectively. The space inside the glass 

cap was filled with 5.3 bar helium gas by opening ball valves V3 and V4; the He flow 

rate was ca. 290 ml/min. 

4. The flow rate and pressure of the microreactor channel were set as 2.0 ml/min at 

1.5 bar, respectively; the vacuum pump was closed and the ball valve V2 was 

switched to the exhaust line; the microreactor channel was flushed by 2.0 ml/min 

Ar for 20 min before each catalytic testing.  

 

3.2.2 The power sources 

Two power sources are used to heat the Pt film directly and locally. A catalytic reaction 

can be tested by three different heating methods:  
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1. Temperature programmed heating and cooling controlled solely by the DC power 

supply; 

2. Temperature pulsed operation at room temperature by the pulse generator without 

utilization of the DC power supply;  

3. Temperature pulsed operation at constant base temperature Tb controlled by the 

DC power supply and the pulse generator.  

Method 1 is typically used for temperature programmed reactions, i.e. to monitor 

chemical reactions while the temperature increases and decreases as a linear function 

of time. In method 1, the microreactor is equivalent to a conventional reactor in 

laboratories for catalytic testing. Reactant gases are fed continuously to a plug flow 

reactor (PFR) where the catalytic reaction takes place on the flat model catalysts. The 

heating process is controlled by a Labview program to heat the Pt film at a typical ramp 

rate of 1-20 °C/min. The results of temperature programmed reaction can be 

quantitatively analyzed to determine kinetic parameters such as pre-exponential factor 

and apparent activation energy.  

Method 2 is not applied to catalytic testing in this thesis because from experience CO 

oxidation on Pt can rarely take place at low base temperature (Tb<100 °C) under 

temperature pulsed operation. 

For these reasons method 3 is chosen as the standard heating method to investigate 

catalytic reactions under temperature pulsed operation. Firstly, the microreactor is 

heated up to Tb (maximum 300 °C) by the DC power supply and maintains at Tb. It is 

practically favorable to operate under isothermal conditions using a PID controller 

instead of attempting to predict the change of power input. Second, when the pulse 

generator is switched on and the electric pulse is imposed on the Pt film, Tb will 

temporarily increase as a result of excessive power input. The DC power is 

simultaneously decreased by the PID controller to maintain Tb at the pre-setting value. 

Tb drops back to the pre-setting value after power compensation between the DC power 

supply and the pulse generator in ca. 2 min.  

Hence, in all catalytic reactions that have been done, the controlled target is to keep Tb 

constant by adjusting the DC power. The power input imposed on the Pt film is measured 

by a digitizer to verify equation 3.1: 
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P� ≤ P ss   (3.1) 

where:  

P�     is the sum of the power input supplied by the pulse generator and the DC power 

supply during temperature pulsed operation;  

Pss    is the power input supplied by the DC power supply in steady state operation; 

the subscript ‘ss’ stands for steady state.   

    

3.2.3 Measurement of catalytic testing 

Quadrupole mass spectrometer is one type of mass analyzer used in mass spectrometer. 

Figure 3.8 (left) shows a quadrupole mass filter consisting of four parallel metal rods. Gas 

molecules are ionized. Two opposite rods have an applied potential of (U + Vcos(ωt)) 

and the other two rods have a potential of -(U + Vcos(ωt)), where U is a DC voltage and 

Vcos(ωt) is an AC voltage. The applied voltages affect the trajectory of ions traveling 

down the flight path centered between the four rods. The DC voltage is used for ion 

acceleration and the AC voltage for the filtering based on resonating ions. For given DC 

and AC voltages, only ions of a certain mass-to-charge ratio (m/z) pass through the 

quadrupole filter and all other ions are bent out of their original path. Ions with different 

masses can be separated and detected. Masses can be plotted against the ion current 

generated by changing the resonance frequency [94]. 

 

Figure 3.8 Left, schematic representation of a quadruple mass spectrometer [95]; right, 

Omnistar GSD 320 analytical system with a mass range of 1-300 atomic mass unit [96]. 

In catalytic testing the outlet gas composition is tracked by the quadrupole mass 

spectrometer. The characteristic ion currents of H2, H2O, CO, O2, Ar and CO2 are recorded 
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(m/z=2, 18, 28, 32, 40, 44) by the QMS.  

 

3.3 Catalyst characterization  

3.3.1 X-ray photoelectron spectroscopy (XPS)  

X-ray photoelectron spectroscopy (XPS) is a powerful instrument in surface science, 

which provides semi-quantitative information:  

1. The surface composition of flat model catalysts; 

2. The oxidation state of active sites before and after catalytic reactions; 

3. The surface content of active sites before and after catalytic reactions; 

4. The dispersion of NPs over a support. 

XPS is based on the photoelectric effect [97]. XPS spectra are obtained by irradiating a 

material with monoenergetic soft X-rays (beam of photons with identical frequency) 

while simultaneously measuring the kinetic energy and number of electrons that escape 

from the surface. The number of photoelectrons depends on the X-ray intensity, the 

wavelength of the light and most importantly, the binding energy of the electrons [98]. 

Commercial instruments of XPS have been available since the early 1970s, and in 1981 

Swedish scientist Kai Siegbahn received the Nobel Prize for his efforts in developing 

electron spectroscopy for chemical analysis (ESCA), the original name of XPS.  

Commonly used X-ray sources are Mg Kα (1253.6 eV) and Al Kα (1486.6 eV). The photons 

from these X-ray sources have a limited penetration depth of approximately 1-10 μm. 

Therefore, the photons interact with atoms in the surface region of a sample. More 

importantly the distance that photoelectrons travel through a material depends on the 

electron mean free path λ, which in turn, depends on the kinetic energy Ek of the 

photoelectron. The relationship between λ and Ek can be found in [99]. The mean free 

path is typically 1-2 nm in the region of 15-1000 eV kinetic energy. Therefore, 

photoelectrons that can be ejected into vacuum and thus detected originate from only 

a few nanometers below the surface, which means that XPS is a surface sensitive 

technique. 

Ek of the photoelectrons depends on the wavelength of the radiation determined by 
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equation 3.2: 

                             Ek = hv − Eb − φ   (3.2) 

where: 

Ek   is the kinetic energy of the photoelectron;  

h    is Planck’s constant; 

ν    is the frequency of the X-ray (speed/wavelength); 

Eb   is the binding energy of the photoelectron with respect to the Fermi level of the 

sample; 

φ    is the work function of the spectrometer (assuming it is in electrical contact with 

the sample). 

Ek of the photoelectrons leaving the sample is measured by an electron detector. The 

binding energy (Eb) is characteristic for the atom the electron originates from. Therefore 

Eb  is element specific and XPS spectra are more often plots of the number of 

photoelectrons versus Eb. Equation 3.2 is rearranged to equation 3.3:             

                            Eb = hv − Ek − φ   (3.3) 

In addition, element binding energies can shift at different chemical potential and 

polarizability of the atom. These variations are measured as chemical shifts in the XPS 

spectrum enabling a differentiation among the oxidation states of elements. The spin-

orbit components are conventionally labeled as following: s, p1/2, p3/2, d3/2, d5/2, f5/2 

and f7/2.  

In this thesis, XPS is used to characterize the Pt catalysts on a range of samples. In 

Chapter 5, the Pt NPs are characterized by XPS before and after CO oxidation. For the 

XPS studies, we used a K-alpha (Thermo Instruments) equipped with a monochromated 

Al Kα source (1486.6 eV). The spectra are obtained with the X-ray source operating at 10 

mA, 15 kV, 40 eV pass energy and 0.1 eV step size are used for region scans. The 

background pressure in the analysis chamber during measurements is typically 1×10-8 

mbar. Casa XPS software (version 2.3.16 Pre-rel 1.4) is used to process the data. Binding 

energies are calibrated by the standard Al 2s = 119.5 eV peak in Al2O3. For quantitative 

analysis the Pt 4d, Al 2s, C 1s and O 1s peaks and the Scofield relative sensitivity factors 
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are used. Note that the more intense and therefore commonly used Pt 4f peak partly 

overlaps with the Al 2p signal, and therefore cannot be used in this case.   

 

3.3.2 Electron microscopy 

An electron microscope creates an image of a sample by using a beam of accelerated 

electrons. Electron microscopy is a rather straightforward technique to investigate the 

size and the shape of supported catalyst NPs [100]. Two types of electron microscope 

have been developed to routinely characterize catalyst NPs: transmission electron 

microscope (TEM) and scanning electron microscope (SEM). Scanning transmission 

electron microscopy (STEM) combines the advantages of TEM and SEM. Figure 3.9 shows 

different signals that are generated when a primary electron beam impinges on a sample. 

Backscattered electrons and secondary electrons are used for SEM (red arrow and text), 

while transmission electrons and diffracted electrons for TEM (blue arrow and text). 

 

Figure 3.9 The interaction between a primary electron beam and a sample in an electron 

microscope leads to a number of detectable signals [101].  

  

3.3.2.1 Transmission electron microscopy 

Figure 3.10 illustrates the principle of an electron microscope in the TEM, SEM and STEM 

modes. A transmission electron microscope (TEM) basically comprises an electron gun, 

an illumination system, an imaging system and a recording system. The electrons are 

emitted from a tungsten filament or a lanthanum hexaboride (LaB6) source and are 

accelerated by a high voltage source. The electron beam is further focused by condenser 
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lenses to a desired size and location for illuminating a sample. The electron beams 

interact with the sample. The transmission electrons travel through an aperture and are 

focused by an objective lens. An amplified image can be obtained when the image of the 

objective lens is projected on an image plane.  

 

Figure 3.10 Simplified schemes of an electron microscope in the TEM, SEM and combined 

STEM modes. Figure adapted from [98].  

In TEM, the contrast of an image is the difference in luminance (bright and dark) that 

makes an object distinguishable. The contrasts of a micrograph are classified to three 

types of contrast: 1) amplitude contrast; 2) phase contrast and 3) Z-contrast.   

Amplitude contrast can be further classified to mass-thickness contrast and diffraction 

contrast. Usually one contrast dominates in the imaging process. The mass-thickness 

contrast can be observed in bright field (BF) or dark field (DF) in TEM. In BF, the signals 

used for imaging are primarily transmission electrons; in DF, the image is composed by 

diffracted electrons. At even higher angle, the image is produced by electrons that are 

scattered by heavy elements (Pt, Pd etc.). Diffraction contrast is used to characterize 

crystallite materials. When the sample is very thin, the contrast of the micrograph is 

generated by the phase change of the electron beams (phase contrast). Z-contrast is 

dependent on the atomic number of the sample, which is widely used in STEM.  
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3.3.2.2 Scanning electron microscopy 

A scanning electron microscope (SEM) is a type of electron microscopes that produces 

images of a sample by scanning it with a focused beam of electrons. Figure 3.10 shows 

the principal components of a SEM. Similar to TEM, accelerated electrons in the SEM 

have significant amounts of kinetic energy, and this energy is dissipated as a variety of 

signal is produced when the incident electrons interact with the sample. The difference 

between SEM and TEM is that the signals used to image the sample are secondary 

electrons and backscattered electrons in SEM, while TEM utilizes transmission electrons 

and scattered electrons. For this reason the detector of SEM is located above the sample. 

The sample preparation is less complicated for SEM compared to TEM, which requires 

ultra-thin samples for transmitting electrons. SEM is used to directly observe a solid 

catalyst surface. Hence, the morphology, structure of the active sites can be analyzed by 

SEM.  

 

3.3.2.3 Scanning transmission electron microscopy 

Scanning transmission electron microscopy (STEM) is a specific mode of TEM, 

distinguished from conventional TEM by focusing the electron beam into a narrow spot 

which scans over a sample in a raster fashion. The general principle of the illumination 

system in STEM is similar to that of SEM. However, In STEM the image of a sample is 

produced from transmission electrons and scattered electrons while SEM collects 

secondary electrons and backscattered electrons.  

Figure 3.11 illustrates the STEM imaging system [102]. Bright field (BF) and dark field (DF) 

are two main imaging modes of STEM. In DF, the image is composed by electrons that 

are diffracted by a sample. At even higher angle, the image is produced by electrons that 

are scattered by heavy elements. In the high angle annular dark field (HAADF) imaging, 

an annular detector with a large radius is employed to allow the detection of electrons 

scattered to high angles. By using a STEM and a high-angle detector, it is possible to 

produce atomic resolution images where the contrast is proportional to the square of 

the atomic number (Z-contrast image). Therefore, the HAADF mode is particularly 

suitable for the imaging of heavy metal NPs on oxide substrates due to the huge 

difference in atomic numbers. The diameter distribution and the surface density of 
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heavy metal NPs can directly be obtained from STEM studies [103].  

 
Figure 3.11 Representative illustration of the STEM imaging system. BF stands for bright 

field and ADF for annular dark field. Figure adapted from [102]. 

The STEM used in this thesis is an FEI Tecnai F30ST operated at 300 kV. The obtained 

images are analyzed using the ImageJ software to determine the diameter distribution 

and surface density of the Pt NPs.  

 

3.3.2.4 Substrates 

Usually, TEM samples are prepared by cutting out cross-section of the material using a 

focused ion beam [104], which is labor-intensive and unsuitable for extremely thin films. 

Instead we used custom-made TEM grids as substrates. Figure 3.12 schematically shows 

Si3N4 membranes employed for Pt NPs studies [105]. 

 
Figure 3.12 Schematic cross-section of Si3N4 TEM membranes typically used TEM. 

The Si3N4 membrane is chosen as the supporting material because it is chemically, 

thermally and mechanically robust even when the thickness is as thin as 17 nm. The Si3N4 

membrane allows for a good transmission of the electron beam, is easy to handle and 
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can be coated by different materials, which make it an ideal substrate for Pt NPs studies. 

In this work, the Si3N4 membrane is coated by 3 nm Al2O3 using ALD (see Figure 3.12). 

While the deposition takes place on the Si3N4 membranes, the deposition growth rate is 

monitored in parallel on a seed layer. The seed layer is a Si wafer covered by 15 nm Pt or 

Pd, which is used in order to verify the stable conditions of the process during the 

depositions of Pt NPs. For this purpose, the typical, linear ALD film growth is verified by 

in-situ spectroscopic ellipsometry on this seed layer. 

 

3.4 Pt Surface temperature measurement 

3.4.1 Infrared thermometer 

In the catalytic testing, the controlled variable is the backside temperature of the Pt/Si 

wafer (Tb), which might deviate from the average temperature of the Pt film (TA). It is of 

great importance to evaluate the difference between TA and Tb at steady state. TA was 

measured by an infrared (IR) thermometer (Fluke 62 Mini, response time <500 ms).  

IR thermometers are devices that measure infrared energy emitted by an object to 

detect its temperature. Infrared radiation is a part of sunlight which can be decomposed 

by reflecting it through a prism. This radiation has energy. The relationship between 

infrared energy and temperature is described by equation 3.4: 

E ∝ T4   (3.4) 

This concept is the basic principle in the temperature measurement by means of infrared 

energy. Only the surface temperature of an object can be measured by an IR 

thermometer, which makes it an ideal instrument to accurately measure TA. A detailed 

description of the Pt temperature measurement is given in Chapter 4.  

Two fundamental components of an IR thermometer are the sensor and indicator. 

Sensor is the component which senses the temperature of an object and the indicator 

shows the temperature value in a calibrated scale. Emissivity is a major parameter in the 

temperature measurements of IR thermometers. Emissivity is defined as the ratio of the 

intensity of radiation emitted by an object surface at a specified wavelength and 

direction to that emitted by a black body under identical conditions. Therefore, the 

emissivity of a black body is 1. The emissivity of other objects ranges from 0 to 1.  
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3.4.2 Digitizer 

An IR thermometer is incapable of capturing the dynamic surface temperature of the Pt 

film Tsur(t) under electric pulses in μs. Instead Tsur(t) is correlated to the resistance of the 

Pt film (RPt) during electric pulses. RPt is measured by standard four point measurement 

based on Ohm’s law. However, the conventional four point resistance measurement is 

not suitable in this case because both voltmeter and ammeter fail to respond to an 

electric pulse in μs.  

A remote PXI chassis (NI PXIe-1073) and a PXI digitizer (NI PXI-5922) from National 

Instruments are used to record the voltage and current of the Pt film during electric 

pulses. PXI refers to PCI extensions for Instrumentation [106]; PCI stands for Peripheral 

Component Interconnection [107]. PCI is a local computer bus for attaching hardware 

devices in a computer. PXI is designed for measurement and automation applications 

that require high-performance. A digitizer is typically a device which converts analog 

data format into digital data format. The current pulse and voltage pulse are measured 

by a current probe (TCP303 current probe) and a voltage probe (P5200A active 

differential probe), respectively. By combining the PXI-5922 with software such as NI 

Labview, the voltage pulse and current pulse can be collected, analyzed, presented and 

stored in a PC with μs resolution.   
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Transient Temperature of Pt Thin Film during 

Electric Pulse 

 

Abstract 

To impose true temperature pulses on a catalyst surface, the catalyst configuration (a Pt 

film deposited on a SiO2/Si layer) is deliberately designed for rapid heating and severe 

heat loss to assure fast cooling of the Pt film. The Pt film is resistively heated up by 

supplying electric pulses, then returns to the base regime by a passive cooling process. 

The heat released by the electric pulse power and exothermic reactions rapidly dissipates 

into the SiO2/Si sink. The transient temperature of the Pt film, Tsur(t), is a combined effect 

of the heating and cooling processes. Tsur(t) was measured by correlating temperature to 

the resistance of the Pt film during rapid electric pulses (~ 100 μs). Tsur(t) rapidly reached 

the maximum value in a few tens of microseconds, and then gradually approached base 

temperature in the time scale of milliseconds. Maximum temperature change ranges 

between 90-230 °C at various pulse intensities. A temperature simulation successfully 

reproduced the temperature profile in the heating branch, but underestimates the 

cooling rate, leading to a higher simulated temperature at the end of the pulse.  

The time-averaged temperature of the Pt film remained constant when temperature 

pulses were applied to the Pt film, which excluded an undetected, average thermal effect 

as the explanation for the increased catalytic activity described in Chapter 5 & 6. In 

addition, the power input did not increase under pulsing compared to steady state 

operation at different base temperatures.  
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4.1 Introduction  

The catalyst configuration (a Pt film deposited on a SiO2/Si layer) is deliberately designed 

for rapid heating and severe heat loss to assure fast cooling of the Pt film while keeping 

a relatively simple geometry. The objective is to impose true temperature pulses on the 

Pt film. The Pt film is resistively heated up by supplying electric pulses, then returns to 

the base regime by a passive cooling process. The heat released by the electric pulse 

power and exothermic reactions rapidly dissipates into the SiO2/Si sink. The transient 

temperature of the Pt film, Tsur(t), is a combined effect of the heating and cooling 

processes. Furthermore, the pulse power input is rather small and is compensated by 

the DC power, which prevents an average thermal effect on the Pt film. In other words, 

the average temperature of the Pt film must be kept unchanged while the total power 

supplied to the system is constant. Therefore, Tsur(t), the average temperature of the Pt 

film and the total power input are measured in real-time during catalytic CO oxidation 

under temperature pulsed operation.     

Tsur(t) is a crucial parameter for understanding and evaluating the catalyst performance 

under pulsing. However, it becomes a difficult task to measure even a common 

parameter like temperature on the short time scale during an electric pulse, where 

drastic temperature changes take place within a few tens of μs. As no standard 

instrument is available to directly follow and record Tsur(t) with μs resolution, two 

approaches are applied to estimate Tsur(t) indirectly. The first method is to correlate Tsur(t) 

to the resistance of the Pt film (labeled RPt) during and after an electric pulse [108]; 

secondly, a temperature simulation is carried out to evaluate the accuracy of the 

correlation [109].  

 

4.2 Experimental setup 

4.2.1 Difference between the time-averaged temperature of the Pt film (TA) 

and the backside temperature of the Pt/Si wafer (Tb) 

Figure 4.1 illustrates the temperatures of different physical meanings when the Si 

supported Pt film is heated by DC power and electric pulses. 
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Figure 4.1 Temperatures of different physical meanings in the Pt/Si wafer when the Pt 

film is heated by DC power and electric pulses: the backside temperature of the Pt/Si 

wafer Tb, the time-averaged temperature of the Pt film TA and the transient temperature 

of the Pt film Tsur(t). 

The backside temperature of the Pt/Si wafer is labeled Tb both at steady state and under 

pulsing. The time-averaged temperature of the Pt film is coined TA. Tsur(t) deviates from 

TA only during and shortly after the electric pulse. 

TA is controlled by keeping Tb constant in such a way that whenever Tb increases due to 

the extra power supplied by electric pulses, the DC power is decreased to restore the 

preset Tb. If the temperature gradient remains small and constant in the Pt/Si wafer 

under two operation models, Tb is representative of TA. If TA increases due to the heat 

accumulation during multiple electric pulses, it is inappropriate to use the pulse 

effectiveness because reaction rates are often increased as temperature increases. 

Therefore, it is of great importance to check whether Tb is representative of TA during 

electric pulses.  

Two questions need to be addressed in order to use the pulse effectiveness: 

1. Will TA increase as a result of electric pulses even though Tb is constant after power 

compensation by decreasing the DC power? 

2. Will the Pt film cool down to Tb immediately without active cooling methods at the 

end of each electric pulse? 

TA cannot be readily monitored during the pulse period as the Pt film is enclosed inside 

the microreactor. Therefore, a parallel experiment was carried out to measure TA during 

electric pulses. To avoid measurement errors introduced by connecting a thermocouple 

with the electrically conductive surface, TA is measured by an IR thermometer (Fluke 62 

Mini, response time < 500 ms) at steady state and under pulsing. The IR thermometer 
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reads TA by measuring the amount of infrared energy radiated by the Pt surface [110]. 

The distance/spot size ratio of the IR thermometer is 10/1 and the width of the Pt film is 

4 mm. In order to entirely contain the measured area of the Pt film, the IR thermometer 

was aimed perpendicularly to the Pt surface at the shortest distance (40 mm). The 

probed spot was aligned with a laser spot. Figure 4.2 shows the setup used for measuring 

TA by the IR thermometer.  

 

Figure 4.2 Setup used for measuring TA by the IR thermometer. 

The ability of an object to absorb or emit infrared energy is called emissivity. Due to the 

low emissivity of the shiny Pt film, the IR thermometer records the surroundings 

temperature rather than TA. To improve the measurement, the Pt film was therefore 

heated over a candle to cover the surface with a thin layer of black soot which is a good 

material to emit infrared energy (the emissivity of the black soot is 1). The IR 

thermometer accurately measures the temperature of the black soot. As the black soot 

layer is very thin, it is assumed that TA is equal to the temperature of the black soot.  

The Pt/Si wafer was horizontally placed on a stainless steel plate. The Au contact pads on 

the Pt/Si wafer were connected to a DC power supply. The Pt film was heated up to 

Tb=150 °C, 180 °C and 210 °C by the DC power supply, respectively. The heating rate was 

20 °C/min. Each temperature was kept for 1.5 h to reach thermal equilibrium of the 

system. The pulse generator was switched on and the pulse intensity varied between 

100-300 mJ while the DC power was adjusted to maintain Tb stable. TA was measured by 

the IR thermometer when the system was stable again after power compensation (ca. 2 

min). Tb was measured simultaneously by a K-type thermocouple for comparison. 
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4.2.2 Power measurement  

The power imposed on the Pt film is expressed by equation 4.1: 

P = UI   (4.1) 

where: 

U     is the voltage imposed on the Pt film, V; 

I      is the current in the electric circuit, A. 

To measure the power input continuously, the power input was averaged in every 0.05 s. 

At a pulse repetition rate of 20 Hz, each data point then includes one electric pulse.  

 

4.2.3 Pt temperature sensor 

The Pt film acts as a temperature sensor to measure the transient temperature of the Pt 

film. The resistance of a metal conductor increases when temperature increases. 

Microscopically the resistance of a metal conductor, such as the Pt film, is dependent on 

electron collision processes via the metal lattice structure. When temperature increases, 

the atoms that constitute the lattice structure of the conductor start to vibrate more 

vigorously and more electron collisions occur, hence the resistance increases. Therefore, 

the temperature dependence of resistivity (thus resistance) is characterized by a linear 

relationship in equation 4.2 [111]:    

R = R0[1 + α(T − T0)]   (4.2) 

where:  

R     is the resistance at temperature T, Ω; 

R0    is the resistance at reference temperature T0, Ω; 

α0    is the temperature coefficient of resistance, °C-1; 

T     is the measured temperature, °C; 

T0    is the reference temperature, °C. 

Pt follows the R-T relationship in a highly repeatable manner over a wide temperature 

range between -200 °C to 850 °C and is therefore used in commercial resistance 

temperature detectors (RTD). For the measurement of Tsur(t), the thin Pt film is treated 
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as a typical Pt RTD. However, the characteristic temperature coefficient of resistance, i.e. 

the α value must be known before using the R-T relationship. The α value is dependent 

upon the geometry (wire or thin film) and the purity of the Pt material [112]. A standard 

measurement was carried out to determine the α value of the Pt film.  

 

Figure 4.3 Electric circuit for the α measurement. 

Figure 4.3 shows the electric circuit for the α measurement. The voltage imposed on the 

Pt film was measured by a multimeter. The current was read from the front panel of the 

DC power supply. RPt is calculated by Ohm’s law in equation 4.3: 

RPt = U
I
   (4.3) 

RPt at reference temperature 50 °C was denoted as R50  in equation 4.2, and was 

determined by passing a specific current through the Pt film to reach 50 °C. The Pt film 

then was heated step-wise up to 350 °C at a temperature interval of 50 °C. RPt was 

measured at each temperature interval. 

 

4.2.4 Transient temperature Tsur(t) during electric pulses 

Tsur(t) is proportionally correlated to RPt, which is measured by a four-point measurement 

based on Ohm’s law. A remote PXI chassis (NI PXIe-1073) and a PXI digitizer (NI PXI-5922) 

are used to record the voltage and current of the Pt film during an electric pulse. The PXI 

chassis connects to the host PC through a PCIe (Peripheral Component Interconnect 

Express) card and a communication cable (also called fat cable) [113].                                                          
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The PXI version of digitizer is incompatible with the PC installed in the microreactor 

system. Instead, a PXI express chassis (or PXIe chassis) with the digitizer card in a PXI slot 

is provided. The PXIe chassis cannot function alone as it needs a processor to guide the 

communication, which typically sits in a dedicated slot in the PXIe chassis. The PXIe 

chassis employs a so called MXI express interface boards instead of the processor board 

[114]. MXI stands for multisystem extension interface. This board effectively connects 

the PC to the digitizer. A simplified data flow chart is illustrated in Figure 4.4: 

 

Figure 4.4 A simplified data flow chart between the digitizer and the PC. 

The voltage and current were measured by a pair of high-performance probes [115]. The 

digitizer acquired and passed the voltage and current to the MXIe interface board of the 

PXIe chassis through PXI bus. This MXIe interface board interacted with another MXIe 

interface board of the PC through the fat cable. The data further passed to the PC 

processor through PCIe bus. Voltage, current, RPt and power were processed and 

presented by a Labview program. 

Tsur(t) was measured while CO oxidation over the Pt film was tested in the microreactor. 

A gas mixture of CO and O2 was flushed into the microreactor at room temperature. The 

flow rate was 2.0 ml/min in the microreactor. The gas composition was 0.4 % CO, 10.0 % 

O2 and 89.6 % Ar. Initially the microreactor was heated up to Tb (Tb =150 °C, 180 °C and 

210 °C in three experiments). The pulse generator was switched on and the pulse 

intensity was increased step-wise from 100 mJ to 300 mJ. Each pulse intensity level was 

kept for 10 min. The DC power was continuously adjusted to maintain Tb constant. A 

thorough description of the experiment are presented in Chapter 5.  

Figure 4.5 illustrates the fundamental components of the electric circuit, from which RPt 

is measured by the four-point measurement method.  
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Figure 4.5 Fundamental components of the electric circuit in the four-point measurement 

for RPt. 

A diode was installed to protect the DC power supply from potential damage due to the 

high voltage pulse. It was impractical to measure the voltage and current continuously 

between the fast electric pulses. As the sample rate was one mega samples per second 

(1 MS/s), this would lead to an excessive data flow, exceeding the storage capacity of the 

PC. Because of the high voltage during electric pulses and the presence of parasitic 

resistance (Rc) to the ground from the negative terminal of the Pt film, it was suitable to 

measure differential signals. Therefore, the voltage and current were measured in a short 

time span (0.01 s) at the high sample rate of 1 MS/s during an electric pulse by a current 

probe (TCP303 current probe) and a voltage probe (P5200A active differential probe), 

respectively, both from Tektronix. The measurement was repeated at an interval of 10 s. 

The data was recorded in the PC and post-processed by Origin 9.0.  

The current and voltage probes were calibrated to ensure correct readings before each 

measurement. The calibration method was to heat the Pt film by supplying 1.0 W power; 

the current reading was adjusted to ensure that the current in the Labview panel (from 

the current probe) was equal to the current on the front panel of the DC power supply. 

In the same way, the voltage in the Labview panel (from the voltage probe) was adjusted 

to match the voltage of the Pt film measured by a multimeter.  
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4.3 Results 

4.3.1 Time-average temperature of the Pt film (TA) during electric pulses 

The following experiment has been carried out to explore if the temperature as 

measured at the backside of the Pt/Si wafer, Tb is representative for that of the entire Pt 

film, TA, both at steady state and under pulsing. 

Table 4.1 TA at steady state and under pulsing1,2.  

Pulse intensity/ mJ Tb=150 °C Tb=180 °C Tb=210 °C 

TA /°C TA /°C TA /°C 

0 (steady state) 150.2 181.4 213.6 

100 149.8 180.8 214.0 

200 149.6 181.0 213.8 

250 149.4 181.0 213.8 

275 149.8 180.8 213.6 

300 149.6 180.6 213.0 

 

1 Tb is the backside temperature of the Pt/Si wafer, measured by a K-type thermocouple; 2 TA is 

the time averaged temperature of the Pt film under two operation models, measured by the 

IR thermometer.  

Table 4.1 lists TA and Tb under two operation models. From the second column of Table 

4.1, it can be seen that TA is 150.2 °C at steady state, slightly higher than Tb by 0.2 °C. 

When the pulse intensity increases, TA is actually lower than Tb by 0.4-0.6 °C without a 

clear correlation between TA and the pulse intensity, implying that the fluctuation of TA 

is independent on the pulse intensity. At Tb=180 °C and 210 °C (see the third and fourth 

columns of Table 4.1), TA at steady state is slightly higher than Tb by 1.4 °C and 4.0 °C, 

respectively. Still, no clear correlation between TA and the pulse intensity is found. 

In summary, TA is approximately equal to Tb when Tb≤150 °C. At Tb=180-210 °C, TA is 

slightly higher than Tb by 1.4-4.0 °C under two operation models, which indicates that a 
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small temperature gradient exists in Pt/Si wafer. However, TA is independent on the pulse 

intensity. The result shows that TA remains constant under two operation models. Later 

in this thesis we will use this result to exclude any undetected average thermal effect 

caused by the electric pulses as the explanation for increased catalytic activity, which will 

be discussed in Chapter 5 & 6. The fact that TA maintains constant is also a proof of a 

constant power input. If the power input increases when the system is in thermal 

equilibrium, TA will be higher due to more accumulated heat in the system. 

We conclude that the temperature measured by the thermocouple attached to the 

backside of the Pt/Si film is representative for the entire Pt film, within a few degrees 

deviation. This conclusion is valid for steady state as well as pulsed operation. 

 

4.3.2 Power input during electric pulse 

The idea that temperature pulses can be beneficial for boosting catalytic activity is 

implicitly based on the assumption that the total power input remains constant. The 

power input is equal to the sum of the DC power and the power of electric pulses. From 

the voltage and current data, the power input is calculated by equation 4.1 to compare 

the power input under pulsing with that at steady state. We will confirm this assumption 

for the case of CO oxidation on the Pt/Si wafer as shown in Figure 4.1. 

Figure 4.6 shows the power input imposed on the Pt film and temperature as functions 

of time during CO oxidation under pulsing. Tb=150, 180 and 210 °C in Figure 4.6 (a, b and 

c), respectively. In Figure 4.6 (a), the DC power is 14.26 W at steady state in the first 10 

min. When the pulse generator is switched on and the pulse intensity is 100 mJ, the 

temperature temporarily increases by 2.0 °C as more power is imposed on the Pt film. 

The total power increases to 14.50 W at 10.9 min and then decreases to 14.05 W at 14.5 

min when the power compensation is completed between the DC power supply and the 

pulse generator. Tb drops back to 150 °C again at 14.5 min. The total power input 

decreases by 1.4 % at 100 mJ pulse intensity with respect to the steady state value. After 

each subsequent increase of pulse intensity, the same response is observed: after an 

initial over-shoot of power input and temperature, the system stabilizes at a slightly 
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lower power level than the steady state value. The power input decreases by 3.9 % at 

300 mJ pulse intensity with respect to the steady state value. 

 

 

 
 
 
 
 
 

 
 
 
 
 
 

 

 
 
 
 
 
 
 

 

 

 

Figure 4.6 Temperature and power input as functions of time in CO oxidation under 

pulsing. Tb=150, 180 and 210 °C in subfigure (a, b and c), respectively. The pulse intensity 

(in mJ) is shown at the top of each figure. 

In Figure 4.6 (b and c), the DC powers are 17.57 W and 20.40 W at steady state, 

respectively, which evolve with time and pulse intensity in a similar way as that at 

Tb=150 °C. The power input decreases by 2.2 % at 300 mJ pulse intensity both at Tb=180 

and 210 °C with reference to the steady state value.  
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In conclusion, the power input does not increase when pulse energy is imposed on the 

Pt film after power compensation by controlling Tb constant in three measurements. In 

fact, the total power is slightly decreased by 3.9 %, 2.2 % and 2.2 % at maximum pulse 

intensity at Tb=150, 180 and 210 °C, respectively. The power drift is likely due to the 

change of heat transfer rate from the Pt film to the surroundings. The power input can 

be divided into two parts according to equation 4.4: 

P = P1 + P2   (4.4) 

where:  

P1     is the power required for heating the Pt film; 

P2     is the power for heating the rest of the microreactor.  

The heat is transferred from the Pt film to the cold surroundings through the Cu contacts 

and the o-ring (and to a lesser extent, through the gases in the reactor). In the beginning 

of an experiment, the heat transfer rate is relatively high due to a large temperature 

gradient between the Pt film and the rest of the microreactor. The power used for 

heating the rest of the microreactor, P2, is therefore relatively large. After heating the Pt 

film for 1.5 h, the temperature gradient is smaller. Less power is transferred to the 

surroundings. Consequently, P2 decreases and the total power drifts to a smaller degree, 

which still exists for longer time. It is experimentally found that the power drift is fast in 

the beginning of the heating and becomes slower with time. For the catalytic testing 

under pulsing, the microreactor is first heated for 1.5 h and the power drift is then less 

than 3.9 % in a complete measurement. 

 

4.3.3 Temperature coefficient of resistance, α 

The α value of the Pt film is determined by plotting the resistance of the Pt film (RPt) 

against temperature. The voltage imposed on the Pt film, the current through the Pt film 

and RPt at corresponding temperature are listed in Table 4.2. RPt is calibrated at six known 

points between 50-350 °C. These six points define a straight line on an R-T graph.  
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Table 4.2 The voltage, current and RPt at corresponding temperature. 

Tb/ °C U/ V I/ A RPt/ Ω 

50 5.89 0.560 10.510 

100 10.94 0.930 11.763 

150 14.57 1.126 12.940 

200 17.65 1.251 14.109 

250 20.28 1.333 15.214 

300 22.81 1.400 16.293 

350 25.22 1.452 17.341 

 

Figure 4.7 shows a typical calibration curve for the α value. The black square represents 

RPt data at each temperature; the red straight line is a linear fit. The discrete data series 

is linearly fitted at temperature between 50-350 °C. RPt increases as a linear function of 

temperature. This relationship serves as a calibration curve for the α value. Calibration is 

performed in both directions (increasing the temperature and decreasing the 

temperature) and no hysteresis is observed. The α value is then determined by taking 

the slope of this curve, divided by R50 at 50 °C. 

 

Figure 4.7 Calibration curve for the α value. The discrete black square is RPt data at each 

temperature; the red straight line is a linear fit.  
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R-T relationship is mathematically expressed by equation 4.5, from which the intercept 

and slope are obtained by the linear fitting process: 

RPt = 0.02278 T + 9.47408   when 50 ≤ T ≤ 350   (4.5) 

where: 

RPt    is the resistance of the Pt film, Ω; 

T     is the temperature, °C. 

The temperature coefficient of resistance (α = 2.167 × 10−3 °C−1 ) is obtained by 

division with R50. In return, Tsur(t) can be calculated from equation 4.2 once α is known. 

The α value is significantly lower than the standard coefficient for industrial platinum 

resistance thermometers (PRTs), which is 3.85 × 10−3 °C−1 for intentionally doped Pt 

and 3.926 × 10−3 °C−1 for reference grade Pt [116]. Note that the α value for PRTs at 

50 °C differs from the standard value, but the difference is trivial. 

The smaller α value can be related to the geometry of the Pt thin film compared to the 

standard bulk Pt. When the thickness of a thin Pt film decreases, the physical properties 

of the film change compared to the bulk material. The α value is one of these physical 

properties that is dependent on the thickness of the Pt film [117]. In bulk Pt material, RPt 

is primarily determined by the collision between electrons and the lattice structure due 

to phonons and impurities. However, additional collisions of the electron will take place 

at surface boundaries of the film. The empirical Mattheissen rule quantifies this 

additional contribution to the resistance assuming that all types of electron collision are 

independent [118], which is expressed by equation 4.6: 

Rf = Rb + Rdf + Rs   (4.6) 

where: 

Rf    is the resistance of a thin metal film; 

Rb    is the partial resistance caused by collision between electrons and phonons; 

Rdf    is the partial resistance caused by collision between electrons and impurity in 

the lattice structure; 
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Rs    is the partial resistance caused by collision between electrons and surface 

boundaries of the film; 

In the thin Pt film, the second term and the third term in equation 4.6 become more 

significant due to higher concentration of defects, impurities and the influence of the 

size effect. It becomes clear that the α value of the Pt film must be smaller than that of 

bulk Pt because there is a greater contribution from Rdf  and Rs  which are 

independent on temperature. Considering the thin film of polycrystalline Pt, the impurity 

and irregularity of the lattice structure can also play a profound role to determine a much 

smaller α value.  

 

4.3.4 Transient temperature Tsur(t) during electric pulse 

The measurement of RPt during a rapid electric pulse requires extreme dynamic range 

and accuracy from the voltage and current probes. Figure 4.8 shows the voltage, current 

and RPt as functions of time.  

 

Figure 4.8 The voltage, current and RPt as functions of time. The resistance portion in the 

second peak is erroneous due to probe dynamics.  

The current and voltage curves follow the single pulse structure. RPt increases in the first 

20 μs of the electric pulse and then decreases after passing the maximum resistance 

value. The position of the maximum RPt lags 5 μs behind the maximum voltage due to 

the heating process. One particular artifact is that RPt presents a second peak in addition 

to the single peak observed in the voltage and current curves. Although the temperature 
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estimated at the first peak RPt appears reasonable, the estimation from the second peak 

in the trailing edge of the pulse is unrealistic, as temperature is unlikely to increase when 

voltage and current are decreasing rapidly. Instead, the second peak can be explained by 

internal probe dynamics. The position of the second peak is at the point when the pulse 

generator is switched off. At this point, any fluctuation of the voltage or current could 

result in a considerable error. The probe dynamics need to be identified and the result 

reconstructed to obtain correct measurements.  

In general, two types of voltage probe are available: passive or active probes. The passive 

and active probes measure voltage changes up to 50 V and 1000 V, respectively. For this 

reason, the passive probe is not suitable for measuring the pulse voltage (max. 600 V). 

The output impedance of the passive probe can be adjusted manually with a small screw, 

while the output impedance of the active probe is fixed by the dynamics of the internal 

amplifier and cannot be adjusted. For measuring square-wave signals, the impedance of 

passive probe can be compensated such that the square-wave output from a signal 

generator is actually square in the measurement. However, the active probe cannot 

compensate the output impedance. Consequently, the square-wave output is distorted 

by the internal dynamics of the operational amplifier (op-amp) and the compensation 

network in the active probe. 

In this particular setup, the input impedance is 50 Ω for the current probe and 10 MΩ for 

the voltage probe. The voltage probe is considerably more sensitive to any impedance 

mismatch and amplifier dynamics. The passive probe was used to calibrate the active 

probe using a lower single-ended voltage source in such a way that the active probe 

measures square-wave signals correctly.  

Having identified the voltage probe as the main error source in RPt measurements, a 

compensation routine was developed using a signal generator. A lack of a reliable high-

speed current pulse generator means that it is not suitable to apply the same technique 

to the current probe. Hence, only the voltage signal is corrected. The internal dynamics 

of the active probe are illustrated by comparing the measurement of a square-wave form 

by the active probe to the measurement of the same waveform by a well-compensated 

passive probe. The square-wave signals are generated by a signal generator (Agilent 

33220A). 
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Figure 4.9 shows a small but clear difference between the square-wave signals measured 

by the active probe and the passive probe. These waveforms are obtained by averaging 

the measurements of 500 acquisitions.  

 

Figure 4.9 Square-wave signals measured by the active probe (black curve) and the 

passive probe (blue curve). 

At the rising edge of the waveform, the active probe presents voltages that are lower 

than voltages measured by the passive probe at the same time instant. This means that 

RPt derived from voltages measured by the active probe is lower than its true value at 

the rising edge of the electric pulse. The absolute voltage is smaller for the active probe, 

both at the rising edge and at the falling edge. This would lead to an underestimation of 

RPt, both at the rising and falling edges.  

Given the above measurements, standard system identification methods are used to 

extract the underlying probe dynamics from the measurement data [ 119 ]. System 

identification starts from measurements of the behavior of the system and the external 

influences (inputs to the system) and tries to determine a mathematical relationship 

between them without going into the details of what is actually happening inside the 

system. It is assumed that the probe dynamics can be described by equation 4.7: 

y(k + 1) = ∑ aiy(k − i) + ∑ bju(k − j)nb
j=0

na
i=0    (4.7) 

where: 

y(k)   is the voltage value read by the active probe at instant k, (unit: V); 

u(k)   is the actual voltage presented at the probe terminals at instant k, (unit: V); 
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ai and bj are coefficients; 

na and nb are the orders of the polynomials in the identified-system description. 

It is assumed that the only measurement errors affecting the passive probe are due to 

the measurement noise, which is zero on average and is uncorrelated with the actual 

voltage profile. Thus, u(k) is taken as the measurement of the passive probe in the 

following computations. 

The coefficients ai and bj are unknowns and must be identified. The unknowns are 

combined in one vector, i.e., Θ ≔ (a0,⋯ , ana , b0,⋯ , bnb)Tand a matrix is constructed 

by equation 4.8: 

Φ ≔ �

  y(n)           ⋯        y(n−na)                      u(n)             ⋯             u(n−nb)
y(n)             ⋯      y(n−na+1)             u(n+1)        ⋯     u(n−nb+1)

                            ⋮
y(N−1)      ⋯         y(N−na−1)           u(N−1)      ⋯      u(N−nb−1)

�   (4.8) 

where:  

N    is the total number of samples; 

n ≔ max {na, nb}. 

The vector of the predicted samples can be written in a compact form as shown in 

equation 4.9:  

�
y′(n+1)

⋮
y′(N)

� = ΦΘ   (4.9) 

Ideally, y(k) should be equal to y’(k). However, due to the measurement noise, the real 

probe dynamics may fall out of the model described by equation 4.11, there will be 

discrepancies. Hence, the solution to the identification problem is obtained by equation 

4.10 in the least-square sense [120].  

Θ∗ = arg min
Θ∈Rna+nb+2

��
y(n+1)

⋮
y(N)

� − ΦΘ�
T

��
y(n+1)

⋮
y(N)

−ΦΘ�� = (ΦTΦ)−1ΦT �
y(n+1)

⋮
y(N)

�   

(4.10) 

The best fit in the least-square sense minimizes the sum of squared residuals (the 

residual is the difference between the voltage measured by the active probe and the 

actual voltage). 
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4.3.5 Measurement reconstruction 

Having the model parameters ai and bj identified, one can proceed and reconstruct the 

actual voltage across the Pt film from the measured voltage. It is assumed that the probe 

dynamics are independent on the amplitude of the measured voltage, which is 

reasonable as the probe consists of elements with linear dynamics and is not overloaded, 

i.e., the small signal behavior identified previously should be valid throughout the whole 

experiments and the model parameters are applied to reconstruct the data. 

To this end, another optimization problem is formulated where the vector of the input 

values is unknown and is reconstructed from the available output data with the probe 

model as expressed by equation 4.11: 

�
u(n−nb)

⋮
u(N−1)

�
∗

= arg min
Φu

��
y(n+1)

⋮
y(N)

� − (ΦyΦu)Θ�
T

��
y(n+1)

⋮
y(N)

� − (ΦyΦu)Θ�   (4.11) 

where: 

Φy       ≔ �
 

  y(n)               ⋯        y(n−na)
 y(n+1)            ⋯    y(n−na+1)

⋮
  y(N−1)              ⋯      y(N−na−1)

 �; 

Φu       ≔ �
 

 u(n)              ⋯        u(n−nb)
 u(n+1)          ⋯    u(n−na+1)

⋮
  u(N−1)             ⋯      u(N−na−1)

 �. 

The voltage signals were processed by an algorithm using Matlab software. The 

computation was accomplished by Dr. V. Spinu at the Electrical Engineering Department 

at TU/e. 

The performance of the reconstruction algorithm is demonstrated by applying it to the 

square-wave signals. Figure 4.10 shows reconstruction of the voltage measured by the 

active probe.  
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Figure 4.10 Reconstruction of the voltage measured by the active probe. A good 

resemblance is observed between the signals measured by the passive probe (blue curve) 

and the reconstructed signals (red curve). The reconstructed signals are derived from the 

measurements of the active probe (black curve). 

A good resemblance is observed between the signals measured by the passive probe 

(blue curve) and the reconstructed signals (black curve). The reconstructed signals are 

derived from the measurements of the active probe (red curve). The successful 

correction of the voltage measurements at the sharp switch-on and switch-off moments 

could be applied to RPt measurement. Thus the artifact of the second peak in RPt is 

eliminated. 

By selecting na=50 and nb=5, one obtains RPt computed by the reconstructed voltage and 

current measurements. Figure 4.11 shows the comparison of RPt based on the voltage 

measurement with and without reconstruction during an electric pulse.  

 
Figure 4.11 RPt as a function of time based on the voltage measurement with and without 

reconstruction during an electric pulse. 
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It is confirmed that the second peak in the RPt measurement is due to the voltage probe 

dynamics. Figure 4.11 also shows that the RPt is noisy at Tb in the measurement, which 

should be a flat line in principle. The reason that the RPt deviates from the standard value 

at Tb is the random fluctuation of the voltage and current signals recorded at high 

frequency. To average the data over long time would eliminate this deviation.  

 

Figure 4.12 Temperature evolution of the Pt film on a broad time scale in an electric 

pulse. The pulse intensity is 300 mJ. 

Figure 4.12 shows temperature evolution of the Pt film on a broad time scale in an 

electric pulse. The pulse intensity is 300 mJ. When the voltage pulse is imposed on the 

Pt film, the temperature rapidly rises from Tb=210 °C to 440 °C in the first 20 μs, then 

decreases gradually to Tb after the peak temperature. However, the temperature is still 

higher than Tb by 5 °C after 300 μs. After 900 μs, the temperature drops back to Tb within 

1 °C deviation. Heat accumulation phenomenon is not observed (the temperature drops 

back immediately to Tb), which is in consistent with the IR thermometer measurement 

in section 4.2. 

ΔT is determined at various pulse intensities as listed in Table 4.3. The peak temperature 

change ΔT is as small as 90 °C at 100 mJ pulse intensity. When the pulse intensity is 

increased to 300 mJ, ΔT reaches 230 °C. So far, this temperature change is the sharpest 

for a chemical reactor in the literature. ΔT is expected to be even higher when the pulse 

intensity increases beyond 300 mJ. However, the Pt film may break at the connection 

between the gold pads and the Pt film for 400 mJ pulse intensity and higher. The exact 

pulse intensity at which the breakage occurs is unknown but it is empirically found that 
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the Pt film can be used over a long time during temperature pulse with 300 mJ pulse 

intensity. Hence it is chosen to stay at, or below this safe pulse intensity.  

Table 4.3 Peak temperature change ΔT at various pulse intensities at Tb=210 °C. 

Pulse intensity/ mJ  ΔT/ °C  

100 90 

200 170 

250 200 

275 220 

300 230 

 

 

4.4 Temperature simulation by finite element analysis 

4.4.1 Model construction  

The transient temperature of the Pt film Tsur(t) during a rapid electric pulse is successfully 

measured via RPt. A temperature simulation is carried out, serving as a complement to 

the measurement. However, solving 3D heat diffusion equations with a time-dependent 

heating source is far from a trivial task. Therefore, a 1D transient conduction model has 

been built to simplify the simulation, but still catch the most important parts of the 

heating and cooling processes. Figure 4.13 shows the temperature simulation model 

which includes three main components of the system: the Pt film on top, the supporting 

SiO2 layer and the Cu contact. Note that this mode excludes the 0.5 mm Si layer as it is 

difficult to solve coupled heat equations of composite layers including the Pt film, SiO2 

layer and Si wafer. The thin Au layer between the Pt film and the Cu contact is also 

omitted for the same reason. 
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Figure 4.13 Temperature simulation model of Tsur(t) includes three main components of 

the Pt/SiO2 wafer: the Pt film on top, the SiO2 layer and the Cu contact (not to scale). 

The model assumes that the power of an electric pulse is distributed to these three 

components. The heat is first generated in the Pt film by Joule heating and then lost to 

the SiO2 layer and Cu contact via heat transfer. Therefore, Tsur(t) during an electrically 

generated temperature pulse is dependent on the heat transfer rate between the Pt film 

and other components.  

 

4.4.2 1D transient conduction 

The general form of the heat equation can be derived if we define a differential control 

volume, identify relevant heat transfer processes and introduce appropriate rate 

equations [121]. The heat equation is given by equation 4.12 in a 1D transient conduction 

model with constant thermal conductivity:  

k ∂2T
∂x2

+ q̇ = ρcp
∂T
∂t

   (4.12) 

where T is the temperature field T(x,t) in a space domain as a function of time and 

position, (K); t is the time, (s); q̇ is the volumetric heat generation, (W/m3); k is the 

thermal conductivity, (W/(kg∙K)); ρ is the density, (kg/m3); cp  is the specific heat, 

(J/(kg∙K)). 

Before solving the heat equation with respect to each component in the model, five 

assumptions are made in the temperature simulation: 

1. The simulation is based on 1D transient conduction in the x direction. The heat 

transfer processes in the y and z direction are neglected; 

2. The physical properties of each component are constant: density, thermal 

conductivity and specific heat are constant as temperature increases; 
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3. The radiation and convection losses from the Pt film and backside of the Pt/SiO2 

wafer are negligible; 

4. The volumetric heat generation in the Pt film is uniform;  

5. Temperature of the Pt film is homogenous in the space domain. 

Energy conservation is valid in the system, i.e. the sum of the power used to heat the Pt 

film, which is partially transferred to the SiO2 layer and the Cu contact, is equal to the 

power of the electric pulse.  

 

4.4.3 The power of the electric pulse 

The power of the electric pulse qs(t) is computed by equation 4.1 using the data of 

voltage and current in RPt measurement. A time-dependent expression for the power as 

a function of time must be known to solve the heat equation. However, the power 

function cannot be found by conventional nonlinear curve fitting. Instead, a double 

exponential function is used to fit the measured power. The coefficients are chosen in 

such a way that the function and the experimental data fit well. Equation 4.13 expresses 

the power of the electric pulse as a function of time: 

qs(t) = 3.5026 × 104�e−8.1984×104t − e−2.8842×105t�   (4.13) 

where qs(t) is the electric power, (W); t is the time, (s). 

The volumeric heat generation in the Pt film is given by equation 4.14: 

q̇ = qs(t)
V

   (4.14) 

where q̇ is the volumeric heat generation in the Pt film, (W/m3); V is the volume of the 

Pt film, (m3). 

Figure 4.14 shows the power of an electric pulse as a function of time. The pulse intensity 

is 300 mJ. The red curve represents the experimental data and the blue curve is the data 

fitted by equation 4.15. The total energy released in an electric pulse is calculated by 

integrating the area below the power curve. Though there is noticeable deviation 

between the fitted and the experimental data between 30-50 μs, this correlation is the 

closest mathematic fit. 
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Figure 4.14 Power of an electric pulse as a function of time. Red curve represents the 

experimental data and the blue curve is the fitted data. The pulse intensity is 300 mJ. 

 

4.4.4 Solution of heat equations  

As the time-dependent power input is already determined by equation 4.13, three 

coupled heat equations can be solved with respect to the Pt film, the SiO2 layer and the 

Cu contact. For the Pt film, the heat equation is reduced to equation 4.15 as a result of 

the homogenous temperature distribution (∂
2T
∂x2

= 0) in the space domain: 

q̇ = ρcp
∂T
∂t

   (4.15) 

Tsur(t) is obtained by equation 4.16 after variable separation and integration of equation 

4.15: 

Tsur(t) = ∫ q̇
ρcP

dtt
0    (4.16) 

The heat equation for the SiO2 layer is reduced to equation 4.17 as no heat generation 

exists in this layer (i.e. q̇ = 0). All three components (Pt film, SiO2 layer and Cu contact) 

are subject to a common, known temperature Tb at initial time t0, at the beginning of the 

electric pulse. Two boundary conditions must be defined for the x coordinate because 

the heat equation is second order in the x coordinate. At each surface of the SiO2 layer, 

two Dirichlet conditions define the boundary conditions which correspond to a situation 

for which two surface are maintained at a fixed temperature as indicated by equation 

4.17-4.20. 
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ρ1cP1
∂T1
∂t

= k ∂2T1
∂x2

   (4.17) 

Initial condition:             T1(x, 0) = Tb       (4.18) 

Boundary conditions:         T1(0, t) = Tsur(t)   (4.19)                                

                          T1(L1, t) = Tb      (4.20) 

where:  

T1(x, t)   is the temperature field in the SiO2 as a function of time, (K); 

k1, ρ1, cP1  are the thermal conductivity, (W/(kg∙K)), density, (kg/m3), and specific heat, 

(J/(kg∙K)); 

L1        is the thickness of the SiO2 layer, (m); 

Tb       is the base temperature, (K). 

The assumption that the boundary conditions in the x coordinate remains constant is 

invalid here, but this will be solved later by a finite element analysis approach. 

The heat equation of the Cu contact shares the same formulae as SiO2 with equation 

4.17-4.20, except that all the subscript is changed from ‘1’ to ‘2’. The heat fluxes towards 

the SiO2 layer and Cu contact are governed by the energy conservation law: 

q1′′(0, t) = −k1
∂T1
∂x |x=0

  (4.21) 

q2′′(0, t) = −k2
∂T2
∂x |x=0

   (4.22) 

qs − q1′′A1 − q2′′A2 = q̇V   (4.23) 

where: 

q1′′(0, t) is the heat flux at the SiO2 surface, which is a function of time, (W/m2); 

q2′′(0, t) is the heat flux at the Cu surface, which is a function of time, (W/m2); 

T2      is the temperature field in the Cu as a function of time, (°C); 

A1      is the contact area between Pt and SiO2, (m2); 

A2      is the contact area between Pt and Cu, (m2); 

V       is the volume of the Pt film, (m3). 
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When a junction is formed by pressing the Cu contact and the Pt film together, only a 

small fraction of the nominal surface area is actually in contact because of the roughness 

of the contacting surface. If a heat flux passes across the junction, the uniform flow of 

heat is generally restricted to conduction through the contacting spots. The limited 

number and size of the contacting spots results in an actual contacting area which is 

significantly smaller than the nominal contacting area, typically a few percent of the Cu 

area. The effective contact area between the Pt film and the Cu contact (A2) is therefore 

defined as 3.5 % of the nominal contact area in equation 4.23 [122]. 

 

4.4.5 Finite element analysis 

The partial differential equations of the SiO2 layer and Cu contact can be solved 

analytically if the heat fluxes are constant in the boundary conditions. However, equation 

4.21-4.23 describe heat fluxes that are changing with time. Therefore, the finite element 

method (FEM) is used to address the time-dependence and new boundary conditions 

are defined for the partial differential equations of the SiO2 layer and Cu contact after 

each finite time step [123]. In each finite element, not only the boundary conditions are 

independent on time, but heat generation q̇ , surface temperature Tsur , heat flux 

q′′ into the SiO2 wafer are assumed time-invariant. The partial differential equations can 

be solved by standard methods in each finite element. Four assumptions are made in the 

FEM calculation: 

1. All heat equations are solved as time-invariant in each finite element; 

2. The Pt film is treated as a power point source with homogeneous temperature. The 

volumetric heat generation term is the power of the electric pulse minus the heat 

fluxes to the SiO2 layer and the Cu contact in a finite element; 

3. The transient temperature of the Pt film Tsur(t) is calculated accordingly; 

4. No heat generation in the SiO2 layer and the Cu contact is considered. Instead the 

heat fluxes into these two components are used as boundary conditions. 

FEM involves three steps to approach the solutions of the heat equations: 
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1. Initial step  

In the first finite element, ∆t, before the temperature pulse, temperature is assumed to 

be uniform in space and hence the heat fluxes q1′′ = q2′′ = 0. Heat is generated in the Pt 

film in ∆t. The temperature of the Pt film, calculated by equation 4.18 in the initial step, 

defines the boundary conditions at the interface between the Pt film and the SiO2 layer 

or the Pt film and the Cu contact.  

2. Propagation step  

In the next finite element ∆t2,  T1(0, t) = T2(0, t) = Tsur1 is valid as calculated in the 

initial step. The partial differential equation 4.17 can now be solved by a standard pdepe 

function in Matlab, since the initial condition and the boundary conditions are time-

invariant in a finite time element as expressed in equations 4.24-4.26.                                                                      

Initial condition:                T1(x, 0) = Tb   (4.24)                                            

Boundary conditions:            T1(0, t) = Tsur   (4.25)  

 T1(L1, t) = Tb   (4.26) 

The solution provides a new temperature distribution T1(x) in the SiO2 layer at the end 

of ∆t2, which will further be used as initial condition for the heat equation in the next 

finite element. The other crucial information of the solution is the heat flux at the 

interface between the Pt film and the SiO2 layer, which determines the power transferred 

to the SiO2.      

The heat equation of the Cu contact is solved in exactly the same way as the SiO2, except 

that the physical properties of SiO2 are substituted by the properties of Cu. Hence, the 

temperature distribution in the Cu contact, the heat flux at the interface between the Pt 

film and the Cu contact are calculated as T2(x) and q2′′(0, t), respectively. T2(x) will 

be used as initial condition for the heat equation for the Cu contact in the next finite 

element and q2′′(0, t) determines the power lost to the Cu contact. The volumetric heat 

generation rate is then updated by equation 4.27: 

q̇ = (qs − q1′′A1 − q2′′A2)/V   (4.27) 

Tsur(t) at time instant ∆t2 is calculated by equation 4.28: 

Tsur2 = ∫ q̇
ρcP

dt2∆t
∆t + Tsur1  (4.28) 
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Now we obtain T1(0, t) = T2(0, t) = Tsur2  as the surface temperature for the next 

finite element. 

3 Iteration step 

Based on the known surface temperature T1(0, t) = T2(0, t) = Tsur2, heat fluxes q1′′,

q2′′ and volumetric heat generation q̇, the propagation step is iterated in the whole time 

domain. The simulation is calculated by Matlab. The specification and physical properties 

of the component layers and materials in the Pt/SiO2 wafer are listed in Table 4.4 and 

Table 4.5, respectively.  

Table 4.4 The geometry of the component layers in the Pt/SiO2 wafer. 

Component Length (mm) Width (mm) Thickness 

Pt film  25 4 110 nm 

SiO2 layer 42 12 8 μm 

Cu contact 12 8 3 mm 

 

Table 4.5 The physical properties of the component materials in the Pt/SiO2 wafer. 

Material Thermal conductivity 

k (W/m∙K) 

Density ρ  

(kg/m3) 

Specific heat cp 

 (J/kg∙K) 

Pt 71.8 21450 133 

SiO2 1.38 2220 745 

Cu 401 8933 385 

  

4.4.6 Simulation results  

Figure 4.15 shows the measured (red curve) and simulated (blue curve) Tsur(t) as a 

function of time. The simulated Tsur(t) is consistent with the measured temperature in 

the first 20 μs, indicating that the heat transfer mode fits the rapid temperature increase 

well in the heating branch. However, the simulated Tsur(t) is increasingly deviating from 
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the measured Tsur(t) after the first 20 μs. During the cooling process, it is obvious that 

the simulated Tsur(t) is higher than the measured Tsur(t) at the same time instant. This 

means that the simulation is inaccurate in the passive cooling process.  

 
Figure 4.15 The measured (red curve) and simulated (blue curve) Tsur(t) as a function of 

time. 

The simulated Tsur(t) is dependent crucially on the material parameters, more 

importantly on the boundary conditions in the heat transfer process. Note that the 0.5 

mm Si wafer is excluded from the model. The temperature of the Si wafer is set as 

constant at room temperature in the boundary conditions, which assumes that the heat 

transfer between the SiO2 layer and the Si wafer is zero through the heating and cooling 

process. In reality, the Si wafer is also heated up and the boundary temperature increases 

in the heating process, as a result of significant heat transfer from the SiO2 layer to the 

Si wafer. If this part of the heat is instead accumulated in the Pt and SiO2 system, the 

simulated Tsur(t) will be higher than the actual value with time as shown in the cooling 

branch. In other words, the actual Tsur(t) is lower than the prediction of the mode due to 

the neglected heat transfer to the Si wafer. 

Nevertheless, the simulation predicates the temperature peak accurately. The 

consistency between the simulated and the measured Tsur(t) provides an accurate 

temperature peak. Since they are the only available physical signatures of Tsur(t) 

(although indirect), this is the best available estimation of Tsur(t), which is of great 

importance to understand the catalytic reaction on the Pt surface.  
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4.5 Conclusions 

Information about the transient temperature of the Pt film Tsur(t) is critical to understand 

the reaction processes on the Pt surface under temperature pulsed operation. Tsur(t) was 

measured by correlating Tsur(t) to RPt during electric pulses. The transient RPt was 

acquired by measuring the voltage imposed on the Pt film and the current through it. 

Furthermore, a temperature simulation was carried out to evaluate the accuracy of the 

experimental measurement.  

The peak temperature change ΔT is 230 °C in the first 20 μs of the electric pulse at 300 

mJ pulse intensity. The temperature then decreases gradually to base temperature Tb in 

a passive cooling process. However, the temperature is still higher than Tb by 5 °C after 

300 μs. After 900 μs, the temperature drops back to Tb within 1 °C deviation, which 

means that Tsur(t) remains at Tb for 98.2 % of the whole experimental time. 

A mathematical model of 1D heat transfer in the Pt/SiO2 wafer was built to simulate Tsur(t) 

during an electric pulse. The simulated temperature fits the experimental data well in 

the heating branch of the temperature pulse, successfully reproducing the peak 

temperature at maximum pulse intensity. However, the simulated temperature is higher 

than the measured data in the cooling branch of the temperature pulse. The model 

excludes the 0.5 mm Si wafer in order to simplify the boundary conditions of the heat 

equation, which is ascribed to an over simplification in the model neglecting heat 

conduction in the Si wafer.  

The time-averaged temperature of the Pt film TA is very close to Tb both at steady state 

and under pulsing. A temperature gradient of up to 4 °C is detected between TA and Tb. 

The magnitude of this temperature gradient is identical under pulsing, implying that 

changes in the catalytic activity during temperature pulses is not due to an increased TA. 

The DC power is decreased to control Tb constant. In addition, the power input (the sum 

of the DC power and the pulse power) decreases slightly within 4.0 % by power 

compensation of the DC power. No extra power is supplied to the Pt film during electric 

pulses. If catalytic reaction rate is increased under pulsing, these two factors are excluded 

as the potential explanation for the activity improvement.   
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CO oxidation on Pt model catalysts under 

temperature pulsed operation 

 

Abstract  

The goal of Chapter 5 is to investigate the effect of temperature pulsed operation on 

catalytic CO oxidation, and to determine the optimal conditions for improving the 

reaction rate. CO oxidation was tested on Pt films and supported Pt NPs as a model 

system. The experimental measurements realized by temperature programmed heating 

have shown that CO oxidation behaves as it is predicted by the Arrhenius law at low CO 

conversion. The light-off temperature (T50) was measured on all Pt catalysts at various 

conditions. CO conversion or catalytic activity increases instantaneously on all Pt samples 

for sufficient pulse intensities. Specifically, the improvement of CO conversion becomes 

significantly visible only at pulse intensities beyond 200 mJ, corresponding to 

temperature changes on the scale of 170 °C. The electric pulses need to generate a 

temperature increase of 110-140 °C above T50 to induce a kinetic transition of the 

reaction rate. A kinetic model was built to reproduce the experimental data based on the 

Langmuir-Hinshelwood mechanism. The model successfully demonstrates that a 

transient distribution of surface coverage accounts for the improved reaction rate. 
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5.1 Introduction  

Most studies of chemical processes are made with the tacit assumption that steady state 

operation is optimal. However, both theoretical and experimental studies have revealed 

the benefits of periodic operation in several chemical processes [69]. In a heterogeneous 

catalytic reactor, adsorbate concentrations on the catalyst surface are forced to change 

by periodic operation and under certain conditions even the morphology and 

crystallinity of the catalyst nanoparticles (NPs) can be altered by periodic operation [124]. 

A detailed review on the subject of periodic operation has been given in Chapter 2. 

The primary objective of this chapter is to demonstrate the effect of temperature pulsed 

operation on the rate of CO oxidation catalyzed by Pt films or supported Pt NPs. The 

experimental conditions (base temperature, CO and O2 partial pressure, Pt NPs diameter, 

space velocity and pulse intensity) are systematically investigated. The corresponding 

change of reaction rate is evaluated to find how temperature pulses can maximize CO 

oxidation rate at appropriate conditions. A tentative explanation of the increased 

reaction rate is proposed based on the experimental data, which emphasizes the change 

of coverage distribution under pulsing: under the investigated conditions, the Pt surface 

is largely covered by adsorbed CO, subsequent O2 adsorption is mostly blocked. The co-

adsorbed CO and O form separate islands on the Pt surface. Oxidation will take place 

only at the boundaries between islands, so the rate will be relatively slow. If a sharp 

temperature pulse is imposed on the Pt surface, local thermal desorption of CO will 

momentarily occur, leaving active sites for O2 to dissociatively adsorb. In fact, for CO 

oxidation on Pt(100), chemical waves can be triggered by laser-induced CO desorption 

[50]. Furthermore, the separate islands of CO and O might be mixed in the reaction fronts 

induced by the thermal pulse [125]. These mixed islands bring co-adsorbed CO and O 

into intimate contact at the elongated boundaries. The reaction rate is proportional to 

the length of the boundary between CO and O islands [126]. As a result, not only the 

coverage distribution of CO and O is instantly changed, but the islands boundaries 

between CO and O are also increased, which partially contributes to the increase of 

reaction rate. The re-population and mixing of CO and O on the Pt surface is like an 

exponential curve in the cooling of the temperature pulse and afterwards. Significant 

rate enhancement can still be maintained in the long tail of the exponential re-
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population curve. Therefore, the formation of a transient coverage distribution of CO 

and O accounts for an instantaneous surface reaction rate higher than at steady state.  

 

5.2 Experiment 

5.2.1 Catalyst preparation 

Figure 5.1 schematically shows the three different Pt/Si wafer configurations that were 

used in catalytic CO oxidation experiments.  

 

Figure 5.1 Schematic representation of the Pt model catalysts (not to scale): (a) a Pt film 

acts as catalyst and heater simultaneously; (b) the Pt film is covered by an Al2O3 film with 

10 nm thickness; (c) Pt NPs are deposited on top of the Al2O3 film.  

As described in Chapter 3, we aim at extending the applications of the temperature 

pulsed operation from the previously investigated, standard thin film catalysts to more 

realistic model catalysts. Figure 5.1 shows a standard Pt film and two samples with 

different exposed surfaces that have been prepared by ALD: (a) a continuous Pt film as 

the default configuration, which acts as catalyst and heater simultaneously; (b) a uniform 

Al2O3 film on top of the Pt film, which serves as two-dimensional analogue of a support 
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and as an inert reference and (c) Pt NPs on the Al2O3 covered Pt film, constituting the 

more realistic model of a supported catalyst. The thickness of the Al2O3 film was precisely 

controlled by the number of ALD cycles, which were synthesized with good uniformity 

over large substrates and with an excellent conformity on three dimensional surface 

topologies [127]. In contrast to the Al2O3 deposition, the ALD process of Pt produced a 

discrete film of Pt NPs with various diameters [128], rather than a uniform Pt film. The 

underlying Pt film is passivated by the Al2O3 and acts as a heater for samples b and c. 

 

5.2.2 Catalyst characterization 

5.2.2.1 Scanning transmission electron microscopy (STEM) 

The morphological properties of the Pt NPs were obtained by Scanning Transmission 

Electron Microscopy (STEM) studies. The Pt NPs (sample c) were simultaneously 

deposited on Si3N4 TEM membranes in parallel experiments for STEM characterization. 

The STEM studies were carried out using a FEI Tecnai F30ST STEM operated at 300 kV 

acceleration voltage. The Pt NPs were characterized in high angle annular dark field 

(HAADF) mode. Several images of the same area on the support were taken at varying 

focus to ensure that all NPs are identified and counted. STEM images after the catalytic 

testing could not be taken since the Pt NPs were supported on a Si3N4 membrane and 

not on the Pt film. 

The STEM images were analyzed by the imageJ software (a software for nano and micro 

scale image processing, available from Image Metrology) to determine the particle 

diameter distribution [129]. It was experimentally shown that the nucleation of Pt ALD 

evolves from Volmer-Weber island growth, via island coalescence, to film closure [90]. 

The energy barriers for the diffusion of single Pt atoms to small Pt clusters were 

calculated and it was suggested that particle ripening occurs by Ostwald ripening [130]. 

Therefore, the Pt surface area was derived from the particle diameter assuming a 

hemispherical particle shape for the Pt NPs [131]. In imageJ, the particle diameter is 

dependent on the contrast between the particles and the background. The contrast 

adjustment induces uncertainty (± 10 %) in the estimation of Pt surface area. Particle 

diameter statistics was achieved from at least 80 Pt NPs for each model catalyst.  
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5.2.2.2 X-ray photoelectron spectroscopy (XPS) 

The Pt NPs were characterized by X-ray photoelectron spectroscopy (XPS) before and 

after CO oxidation. XPS spectra were measured by a Thermo-Fischer Scientific K-alpha 

spectrometer equipped with a monochromatic Al Kα source (1486.6 eV) operating at 

150 W. Measurements were conducted at a background pressure ≤ 8 × 10−8 mbar in 

the analysis chamber. Binding energies were calibrated using the standard Al 2s peak of 

the Al2O3 support, with binding energy of 119.5 eV. For quantitative analysis of the Pt 

content, peak fitting and integration (using Shirley background corrections) was carried 

out using the CasaXPS software version 2.3.15 [132] and Scofield sensitivity factors [133].  

XPS spectra provide quantitative information about: (1) the surface composition of the 

Pt/Al2O3 catalyst; (2) the oxidation state of the Pt NPs and (3) the change of Pt surface 

content before and after CO oxidation. 

 

5.2.3 Catalytic CO oxidation  

5.2.3.1 CO oxidation by temperature programmed heating and cooling 

As the gas composition has a profound effect on the performance of catalytic CO 

oxidation, the effect of the CO content (denoted as β) on the light-off and extinction 

processes over the Pt film and the Pt NPs was investigated by temperature programmed 

heating and cooling. In the literature, β is often used to characterize the gas component 

of CO and O2 at high pressure, which directly indicates whether the reaction occurs 

under oxygen-rich or oxygen-lean condition. Here, the absolute partial pressure of CO 

and O2 is less relevant. The CO content, β is defined by equation 5.1: 

β = pCO
pCO+pO2

× 100 %   (5.1) 

where pCO and pO2 are the partial pressures of CO and O2, respectively. 

CO oxidation was tested on Pt catalysts at a total pressure of 1.5 bar in the continuous 

gas flow microreactor as described in Chapter 3. A gas mixture of CO and O2 was fed into 

the microreactor at room temperature (Ar as balance). The flow rate was set as 2.0 

ml/min in the microreactor with a volume of 0.17 cm3, corresponding to a space velocity 

of 0.20 s-1. This means that the gas in the reactor volume was replaced every 5 s. The Pt 
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catalysts were directly heated from room temperature to 150 °C at 20 °C/min by passing 

a DC current through the Pt film. The heating rate decreased to 3 °C/min above 150 °C 

where the reaction started to take place. The Pt catalysts were further heated to 

maximum temperature at 250-300 °C. The maximum temperature was maintained for 5 

min before the extinction process was initiated by cooling down. The temperature 

programmed cooling was a reverse process of the heating. The gas flow was switched to 

Ar when the temperature decreased to 50 °C. The reaction conditions of catalytic CO 

oxidation are summarized in Table 5.1. 

Table 5.1 Gas compositions in the microreactor during three different CO oxidation 

experiments by temperature programmed heating and cooling. 

 

Note: FCO, FO2/Ar, FAr represent the flow rates of CO, O2/Ar mixture and Ar in the 

microreactor, respectively; 

The performance of catalytic CO oxidation was compared in terms of the light-off 

temperature T50 for each Pt catalyst sample. T50 is defined as the temperature at which 

CO conversion reaches 50 % [134]. A kinetic transition from the regime when the surface 

is predominantly covered by CO to a regime with an O-covered surface occurs at T50 

[135]. Therefore, T50 actually reflects how CO blocking behaves, rather than the intrinsic 

catalytic activity. T50 is characteristic of the comprehensive reaction conditions, such as 

CO content, Pt NPs diameter and space velocity etc. As the main objective to impose 

temperature pulses on the Pt catalysts is to trigger this kinetic transition, it is convenient 

to correlate the effect of the temperature pulse with T50 to search appropriate conditions 

for maximizing the pulse effectiveness.   

CO content  

β (%) 

FCO  

(ml/min) 

FO2/Ar (10 % O2)  

(ml/min) 

FAr  

(ml/min) 

PCO 

(mbar) 

PO2 

(mbar) 

3.8 0.008 1.992 0 6.0 149.4 

9.6 0.020 1.872 0.108 15.0 140.4 

19.2 0.040 1.673 0.287 30.0 125.4 
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The reaction rate of CO oxidation was tracked by a quadrupole mass spectrometer (QMS, 

Preiffer Omnistar GSD 320). The main ion currents of He, CO, O2, Ar and CO2 were 

recorded (m/z=4, 28, 32, 40, 44) by the QMS. It is assumed that CO conversion is 

proportional to CO2 formation [136]. Besides, the ion currents drift gradually and slightly 

in the experiment. Therefore, the normalized 44/40 ion current was used to calculate CO 

conversion using a two-point calibration procedure: 

1. CO oxidation was conducted on the Al2O3 film by temperature programmed heating 

to 250-300 °C under reaction conditions as described in Table 5.1, the heating rate 

was 6 °C/min. The normalized 44/40 ion current was set as zero CO conversion; 

2. CO oxidation was conducted on the Pt film under identical conditions of the previous 

experiment. The normalized 44/40 ion current was set as 100 % CO conversion when 

44/40 ion current reaches maximum and maintains constant. 

Figure 5.2 shows an example of calibration signals at β=9.6 %, SV=0.20 s-1.  

 

Figure 5.2 An example of calibration signals for CO conversion at 𝛽𝛽=9.6 %, SV=0.20 s-1. 

The normalized 44/40 ion current is set as zero CO conversion on the inert Al2O3 where 

the 44/40 ion current remains low and constant at elevating temperature. The inertness 

of the Al2O3 film indicates that the thin film of Al2O3 covers the Pt film completely, 

regardless of the temperature increase of the Pt/Si wafer, i.e. the Al2O3 film remains 

intact throughout the experiments. Alternatively, the zero reference signals can also be 

obtained on each Pt catalyst sample at room temperature, which is equivalent to the 

background signal on the Al2O3 film. The experiment on the Al2O3 film can be skipped. 

The normalized 44/40 ion current is set as 100 % CO conversion on the Pt film after the 

light-off of 44/40 ion current, at the point where CO conversion reaches a plateau and 
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does not increase further with elevating temperature. Using the points at zero 

conversion and full conversion, a calibration curve for the CO conversion was obtained 

at each β value, which was repeated shortly before each measurement since the 

response factor of the QMS slightly changes with time.  

The reaction rate of catalytic CO oxidation on the Pt film and on the Pt NPs is compared 

in terms of turnover frequency (TOF). Turnover frequency refers to the number of 

reactant molecules converted to products per active site per second [85]. TOF is a useful 

parameter to compare the intrinsic reaction rate under different reaction conditions. At 

high CO conversion, the reaction rate is limited by the mass transfer of CO to the Pt 

surface. Therefore, TOF should be always measured at low CO conversion (typically less 

than 20 %) to exclude the artifacts in the rate measurement as a result of heat transfer 

and mass transfer. TOF was calculated by equation 5.2: 

TOF = FCOXNA
60VmAσ

   (5.2) 

where:  

FCO    is the CO flow rate in the microreactor; 

X      is the CO conversion; 

NA     is the Avogadro number, 6.02×1023 mol-1; 

Vm     is the molar volume at 25 °C and 1.0 bar, 2.478×104 ml/mol; 

A      is the surface area of Pt(111); 

σ      is the atomic density of Pt(111), 1.5×1015 cm-2. 

Provided that contents of CO and O2 are constant at low CO conversion during 

temperature programmed heating, we can make the classical Arrhenius plot of ln(TOF) 

against 1/T. The activation energy Ea was calculated from a linear fitting between ln(TOF) 

and 1/T. 

 

5.2.3.2 CO oxidation under temperature pulsed operation 

In order to investigate how the Pt catalysts perform under pulsing, catalytic CO oxidation 

was tested at different base temperatures (Tb), different CO contents (β), different space 
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velocities and different pulse intensities. The enhanced reaction rate achieved by pulsing 

should be compared to the performance under steady state operation. Pulse 

effectiveness is used to characterize the enhanced reaction rate under pulsing, which is 

defined by equation 5.3:  

η = r
rss
− 1   (5.3) 

where:  

r     is the time-averaged rate of CO oxidation under pulsing; 

rss    is the rate of CO oxidation at steady state. 

The microreactor was first flushed by 2.0 ml/min Ar for 20 min to remove the residue 

gas. A gas mixture of CO and O2/Ar was then fed into the microreactor channel at room 

temperature. The gas compositions are identical to Table 5.1. The catalysts were 

resistively heated from room temperature to Tb by a DC power current through the Pt 

film. CO oxidation was tested when the catalysts were held at low, intermediate and high 

base temperatures (Tb) compared to T50. Correspondingly, Tb was fixed at 150 °C, 180 °C 

and 210 °C in three experiments. Tb was kept constant for 1.5 h to reach thermal 

equilibrium of the microreactor system. After this, the pulse generator was switched on 

and the pulse intensity was increased stepwise. The pulse intensities were 100, 200, 250, 

275, 300 mJ per pulse and the pulse repetition rate 20 Hz. Each pulse intensity was 

maintained for 10 min. The DC power was continuously adjusted to maintain Tb constant 

(isothermal conditions) by a PID controller. When the first measurement was completed, 

the pulse generator was switched off and the gas composition was simultaneously 

changed either to a different β value or to a different flow rate. The QMS signals were 

stable again after a change in β value or flow rate in 20 min. The pulse generator was 

then switched on to test catalytic CO oxidation at the new β value or at the new flow 

rate. At the end of the experiment, the Pt film was cooled down to room temperature 

by switching off the DC power supply and the pulse generator. The measurement of CO 

conversion and TOF under pulsing is identical to the method applied in the experiment 

at steady state.  

Figure 5.3 shows an illustrative temperature profile as a function of experimental time 

for catalytic CO oxidation under pulsing. 
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Figure 5.3 Schematic temperature profile as a function of experimental time for catalytic 

CO oxidation under pulsing.  

 

5.3 Results  

5.3.1 Catalyst characterization 

The Pt NPs were deposited onto the Al2O3 covered Pt/Si wafers and TEM membranes in 

parallel experiments and characterized by XPS and STEM, respectively. The results of 

STEM and XPS studies are presented in the following sections.  

 

5.3.1.1 Electron microscopy 

Figure 5.4 presents HAADF-STEM images of the Pt NPs on the Al2O3 substrate. The 

corresponding histograms show the diameter distribution of the Pt NPs in the right 

column of Figure 5.4.  

The HAADF-STEM is hereafter referred to as TEM because it is irrelevant if the images 

were taken in STEM or TEM mode for the purpose of this study. The nucleation and 

growth of the Pt NPs on the Al2O3 substrates are evolving as the number of ALD cycles 

increases. Three samples were characterized: (a) after 30 ALD cycles, the diameter of the 

Pt NPs is 1.5±0.5 nm; (b) after 40 cycles, 2.5±1.0 nm; (c) after 60 cycles, 4.0±2.0 nm. The 

diameter distribution is rather large and grows broader as the diameter increases.  
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Figure 5.4 HAADF-STEM images of the Pt NPs on an Al2O3 film: (a) after 30 ALD cycles, 

diameter of the Pt NPs is 1.5±0.5 nm; (b) after 40 cycles, 2.5±1.0 nm; (c) after 60 cycles, 

4.0±2.0 nm. The diameter histograms are presented in the right column.  

The measurement of Pt NPs surface area on these model catalysts is beyond 

conventional techniques such as BET measurement or CO/H2 chemisorption due to the 

trace loading of the Pt NPs. However, the TEM images provide valuable information of 

the morphology and diameter of the Pt NPs. The Pt NPs appear mostly to have a 

hemispherical shape on oxide support in previous TEM studies [131]. For simplicity, it is 

assumed that each Pt NP is hemispherical and the exposed surface is Pt(111), which is a 

logical choice for physical parameter estimation as it is one of the two dominating crystal 

planes present in small particle size Pt catalysts [137] and will provide the baseline values. 

The total surface area of the Pt NPs is the summation of the surface area of each single 

Pt NP. The Pt NPs with average diameters of 1.5 nm, 2.5 nm and 4.0 nm are denoted as 

Pt-1.5, Pt-2.5 and Pt-4.0, respectively. The average diameter and the total surface area 

of the Pt NPs are listed in Table 5.2. Table 5.2 shows that the Pt surface areas of Pt-1.5, 
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Pt-2.5 and Pt-4.0 are only 10 %, 22 % and 53 % of the Pt film area, respectively. If the 

catalytic activity of the Pt NPs is comparable with the Pt film or even superior to the Pt 

film, the Pt loading could be greatly reduced.  

Table 5.2 Average diameter and total surface area of three Pt/Al2O3 catalysts in 

comparison with the Pt film. 

 

5.3.1.2 XPS results 

XPS measurements were performed on the supported Pt NPs in order to determine the 

Pt surface content and oxidation state before and after catalytic CO oxidation. Figure 5.5 

shows the Pt 4d spectra of fresh Pt-1.5, Pt-2.5 and Pt-4.0 catalysts.  

 

Figure 5.5 Pt 4d spectra of fresh Pt-1.5, Pt-2.5 and Pt-4.0 catalysts. The Pt 4d spectrum 

of Al2O3 is used as a background.  

Sample name Average particle diameter/ nm Total Pt surface area/ cm2 

Pt-1.5 1.5  0.10 

Pt-2.5 2.5 0.22 

Pt-4.0 4.0 0.53 

Pt film - 1 
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The Pt 4d spectrum of Al2O3, a flat line, is included as a reference. As the number of ALD 

cycles increases, the Pt 4d peaks become more intense, indicating that Pt atoms 

gradually cover a larger fraction of the Al2O3 surface. The peak positions of Pt 4d5/2 and 

4d3/2 spectra reveal the presence of metallic Pt with Eb(Pt 4d5/2) = 314.8 eV and Eb(Pt 

4d3/2) = 331.8 eV, respectively, binding energies that are typical for a Pt/Al2O3 system 

[138]. The difference of Eb(Pt 4d5/2) and Eb(Pt 4d5/2) is 17.0 eV, which is consistent with 

the reference measurement in standard XPS spectra of metallic Pt.  

Figure 5.6 show the comparison of Pt 4d spectra and Al 2s spectra between fresh (red 

curves) and used (blue curves) Pt-4.0 before and after CO oxidation, respectively. Both 

curves are virtually identical for Pt-4.0, implying that the Pt NPs remain intact after 

catalytic CO oxidation even under intense temperature pulses. The XPS spectra of Pt 4d 

and Al 2s remain unchanged for the Pt-1.5 and Pt-2.5 samples as well.  

 

Figure 5.6 Pt 4d spectra and Al 2s spectra of Pt-4.0 before and after catalytic CO oxidation. 

The reaction conditions refer to section 5.2.3. 

To observe the sintering of the Pt NPs, the relative contents of Al, C, O and Pt at the 

surface were quantified by integration of the peak area of each element before and after 

CO oxidation. Table 5.3 shows the quantification results of those elements. Note that 

XPS is a surface sensitive technique, which detects elements located at the outside of a 

sample best. The values in Table 5.3, however, have been calculated as if all elements 

are homogeneously mixed, which is not the case in a supported catalyst. We mainly use 

the analysis for comparing samples before and after reaction, but should keep the 

limited validity of the procedure in mind. 
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Table 5.3 Atomic content of Al, C, O, and Pt on the surface of Pt-1.5, Pt-2.5 and Pt-4.0. 

 

 

From Table 5.3, all three samples appear stable upon use in the catalytic CO oxidation 

experiments. The main difference is that there is more carbon contamination on the 

samples with higher Pt loading, especially for the Pt-4.0 both before and after catalytic 

testing, where the initial carbon content is 27.0 %. On this sample it also looks like carbon 

is removed during catalytic CO oxidation and that carbon is preferentially removed from 

the Al2O3 support because only the Al and O contents increase, while Pt content remains 

unchanged. This could mean that during the Pt ALD deposition, carbon is deposited onto 

the Al2O3 film and that part of the carbon is combusted during the catalytic CO oxidation 

experiment. Nevertheless, the amount of Pt on the surface remains unaltered on all of 

the samples after catalytic CO oxidation. 

The results of the XPS study are: 1) only metallic Pt is present in the Pt/Al2O3 catalysts 

before and after catalytic CO oxidation; 2) the Pt NPs are intact in terms of Pt atomic 

content before and after catalytic CO oxidation. The Pt/Al2O3 catalysts are robust enough 

to resist sintering and remain in the metallic state during CO oxidation under pulsing. 

 

 

 

 

Spectra BE/ eV 

Atomic content/ % 

Pt-1.5 Pt-2.5 Pt-4.0 

Fresh  Used  Fresh  Used  Fresh  Used  

Al 2s 119.5 35.0 34.1 31.1 30.8 25.3 29.1 

C 1s 285.0 10.2 11.5 14.2 13.8 27.0 17.2 

O 1s 531.7 53.7 53.3 52.3 53.0 42.8 48.8 

Pt 4d 314.8 1.1 1.1 2.4 2.4 4.9 4.9 
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5.3.2 CO oxidation by temperature programmed heating and cooling 

CO oxidation has been first tested by conventional temperature programmed heating 

and cooling in order to get a basis of comparison for the results which are obtained when 

applying temperature pulses. Figure 5.7 (a-h) shows the results of CO oxidation on the 

Pt-1.5, Pt-2.5, Pt-4.0 samples and a Pt film at CO content β=3.8 %, 9.6 % and 19.2 % (see 

equation 5.1). More specifically, Figure 5.7 (a,b,c,d) illustrates CO conversion as a 

function of catalyst temperature and Figure 5.7 (e,f,g,h) shows Arrhenius plots 

representing the natural logarithm of the reaction rate (TOF) as a function of 1/T. The 

discrete squares are the experimental data and the straight lines are obtained by linear 

fit. The dependence of CO conversion on the catalyst temperature is clearly exponential 

in the plotted interval, which is restricted to CO conversion less than 20 %. 

Figure 5.7 (a) displays CO conversion as a function of catalyst temperature on the Pt-1.5. 

CO conversion was measured at the heating branch (red curve) and the cooling branch 

(blue curve), respectively. CO conversion follows a typical light-off behavior, which can 

be divided into three different activity regions [134]. At low temperature, the Pt surface 

is mainly covered by CO since the CO desorption rate is low and the sticking coefficient 

of O2 on Pt much lower than that of CO [139]. The reaction is limited by dissociative 

adsorption of O2. At slightly higher temperature, CO desorption becomes more 

significant. CO coverage decreases, leaving space for O2 to dissociatively adsorb which in 

turn increases the reaction rate. As the reaction rate increases, CO coverage continues 

to decrease. As the temperature continues to increase, the reaction is further 

accelerated in the form of a rapid light-off curve from low CO conversion to high CO 

conversion.  

The full consumption of CO (after the light-off point) indicates a kinetic transition from 

dominant CO coverage prior to light-off, to a surface predominantly covered by oxygen 

after light-off. After the kinetic transition, the reaction rate is controlled by the 

impingement rate of CO. In other words, the reaction rate is no longer adhering to the 

Arrhenius equation. 
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Figure 5.7 (a, b, c, d): CO conversion as a function of catalyst temperature on Pt-1.5, Pt-

2.5, Pt-4.0 and Pt film at CO content 𝛽𝛽=3.8 %, 9.6 % and 19.2 %; (e, f, g, h): Arrhenius 

plots represent the natural logarithm of reaction rate (TOF) as a function of 1/T for each 

𝛽𝛽 value at CO conversion below 20 % on four Pt catalysts.  

While cooling the Pt sample, the reaction proceeds from the region with high CO 

conversion to the one with low CO conversion. At intermediate temperature, the CO 
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conversion decreases rapidly. The extinction is the other direction of kinetic transition in 

the light-off. The light-off and the extinction curves are mostly overlapped. CO 

conversion drops back to zero when cooling down to 150 °C.  

Figure 5.7 (b,c,d) show the same series of CO conversion on the Pt-2.5, Pt-4.0 and Pt film, 

respectively. The light-off and extinction curves are very similar to those of the Pt-1.5 in 

Figure 5.7 (a) except that the light-off shifts to lower temperature at the same β value.  

Figure 5.7 (e, f, g, h) show the Arrhenius plots that represent the natural logarithm of the 

reaction rate (TOF) as a function of 1/T for CO conversion less than 20 %. The slope of 

the Arrhenius plot is equal to (−Ea
R

), which is used to calculate the apparent activation 

energy Ea. Ea contains contributions from the heats of adsorption of the reactants, which 

explains the variation in values across these different experiments [4]. We will not 

analyze these differences here further, but simply note that the apparent activation 

energies are consistent with values reported in the literature [36]. The obtained Ea of 

catalytic CO oxidation varies between 86.9-112.7 kJ/mol as summarized in Table 5.4.  

Table 5.4 Ea in catalytic CO oxidation by temperature programmed heating. 

CO content   

β (%) 

Ea (kJ/mol) in the heating branch 

Pt-1.5 Pt-2.5 Pt-4.0 Pt film 

3.8 97.5 96.4 112.7 86.9 

9.6 89.7 102.8 93.3 96.8 

19.2 100.4 105.2 90.5 92.7 

 

The corresponding Ea values confirms that no mass transport influence the observed 

reaction rate. The rate determining step (RDS) is most likely the dissociative adsorption 

of O2 on the Pt catalyst in CO oxidation at low temperature. If this RDS could be 

accelerated under pulsing, the overall reaction rate is expected to increase 

substantially. Therefore, this situation is favorable for the study of temperature pulsed 

operation since the objective is to increase reaction rate by optimizing the surface 

coverage of CO and O species. In addition, there is no clear dependence of the Ea on the 
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diameter of the Pt NPs and β values, indicating that the nature of chemisorption bonds 

is independent of the Pt NPs diameter and β values. In other words, CO oxidation is not 

noticeably surface sensitive on the Pt NPs. Basically, on the CO dominant surfaces, the 

reaction is limited by the O adsorption rate, and the reaction activation energy is similar 

to the desorption energy of CO [140]. Since, at high CO coverages, the CO desorption 

energy does not vary much with the change of crystal face, the reaction rate is insensitive 

to surface structures.  

Figure 5.8 shows T50 as a function of β on the Pt-1.5 (black curve), Pt-2.5 (red curve), Pt-

4.0 (blue curve) and Pt film (pink curve) in the heating branch.  

 

Figure 5.8 T50 as an increasing function of 𝛽𝛽 on the Pt-1.5 (black curve), Pt-2.5 (red 

curve), Pt-4.0 (blue curve) and Pt film (pink curve). 

For each Pt catalyst, T50 is an increasing function of β, which is reasonable since CO 

inhibiting becomes more severe as β increases. For instance, T50 is 191 °C on the Pt film 

at β=3.8 %, and increases to 253 °C at β=19.2 %. It is expected to observe even higher 

T50 if β continues to increase. The trend is similar during cooling as during heating.  

T50 is smaller on large Pt NPs than on small Pt NPs as more Pt material is deposited on 

the Al2O3 support which is logical since high Pt loading corresponds to lower weight 

hourly space velocity (WHSV). At low WHSV, CO conversion is higher due to longer 

residence time of CO on the Pt active sites [141]. The Pt film shows the lowest T50 at 

identical reaction conditions among all the samples. From the literature, the shift of T50 

is related to the shift of CO desorption temperature on Pt NPs with different sizes, rather 

0 5 10 15 20
180

200

220

240

260

280

300

320
β=100×pCO/(pCO+pO2)

Pt-2.5

Pt film

Pt-4.0

Pt-1.5

T 50
/ °

C

CO content β/ %

110 
 



CO oxidation on Pt 

than the intrinsic catalytic activity. The increase of CO conversion is synchronized with 

the CO desorption temperature. A TPD study in the literature shows that CO desorbs 

primarily at 510 K (237 °C) for smaller Pt NPs, associated with Pt atoms in a low 

coordination state at stepped and defected sites. For larger Pt NPs with 4.0 nm particle 

size and the Pt film, CO desorption peak at 400 K (127 °C) becomes dominant due to the 

formation of Pt(111) terraces on larger Pt NPs and on the continuous film [30]. In 

conclusion, the order of catalytic activity is Pt film > Pt-4.0 > Pt-2.5 > Pt-1.5 in terms of 

T50 at identical β value.  

 

5.3.3 CO oxidation under temperature pulsed operation 

5.3.3.1 CO conversion on Pt film under temperature pulsed operation 

To allow comparison with earlier work by Stolte [3], CO oxidation was tested on the Pt 

film at increasing pulse intensity. Figure 5.9 shows typical CO conversion on the Pt film 

at steady state (0-10 min) and under pulsing (10-60 min) at Tb=150 °C and CO content 

β=9.6 %. The space velocity was 0.02 s-1.  

 

Figure 5.9 CO conversion on the Pt film at steady state (0-10 min) and under pulsing (10-

60 min).  

The blue curve represents CO conversion on the Pt film as a function of experimental 

time. CO oxidation under pulsing is labeled and marked by a red background color. 

Lighter red area stands for weak pulse intensity while dark red area represents strong 

pulse intensity. CO conversion changes instantaneously once the pulse intensity is 
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increased to 200 mJ. CO conversion is 0.7 % at steady state, and then increases gradually 

with pulse intensity to 16.2 % at maximum pulse intensity.  

As a preliminary explanation, it is conceivable that the temperature pulse changes the 

distribution of CO and O by desorption of CO and enhanced dissociation of O2 and 

thereby increases the reaction rate. The effect of the temperature pulse is dependent 

on the pulse intensity. The more intense the temperature pulse is, the more probable it 

becomes that CO and O approaches optimal configurations. We present a more detailed 

discussion later on. 

Tb is maintained at 150 °C through the whole measurement, which indicates that TA (the 

average temperature of the Pt film under pulsing) remains constant. The improvement 

of CO conversion is not due to a higher TA. The first measurements realized by Stolte et 

al. [3], which forms the basis of this work, have thus been confirmed in the modified 

microreactor. 

In order to better characterize the pulse effectiveness, the experimental measurements 

were repeated by using different Pt catalysts, Tb, β and gas hourly space velocities (GHSV). 

To make the comparison between different experiments more straightforward, CO 

conversion was plotted against pulse intensity (rather than the full experiment as shown 

in Figure 5.9). Each data point was obtained by averaging CO conversion in the last one 

minute at each pulse intensity interval in Figure 5.9.  

 

5.3.3.2 CO conversion and TOF on different Pt model catalysts  

Figure 5.10 shows the results of catalytic CO oxidation on the Pt-1.5, Pt-2.5, Pt-4.0, Pt 

film and Al2O3 at β=3.8 % (PCO=6 mbar, PO2=149.4 mbar) and Tb=180 °C. The space 

velocity is 0.20 s-1. The reference measurement on the Al2O3 film confirms that the Al2O3 

surface is chemically inert as both CO conversion and TOF remain zero even at maximum 

pulse intensity. TOF is only valid when CO conversion less than 20 %.    

Both CO conversion and TOF are increased significantly on all Pt catalysts under pulsing 

once the pulse intensity exceeds 200 mJ (a temperature change of 170 °C). Figure 5.10 

(left) shows that CO conversion is increased to 100 % at maximum pulse intensity on the 

Pt film, Pt-4.0 and Pt-2.5, independent on the initial CO conversion at steady state. It 
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seems that the triggered light-off phenomena are universal on a continuous Pt film and 

discrete Pt NPs by temperature pulses. For instance, CO conversion is increased from 2.4 % 

at steady state to 100 % at maximum pulse intensity on Pt-2.5. Correspondingly, Figure 

5.10 (right) shows that TOF is increased from 0.24 s-1 at steady state to 1.10 s-1 at pulse 

intensity of 250 mJ on Pt-2.5. TOF values are omitted at high CO conversion. In addition, 

CO conversion reaches 100 % on the Pt film at pulse intensity of 250 mJ, implying that 

the kinetic transition could also be induced at pulse intensity lower than 300 mJ. CO 

conversion maintains at 100 % when the pulse intensity further increases to 300 mJ on 

the Pt film. 

  

Figure 5.10 CO conversion (left) and TOF (right) as a function of pulse intensity on Pt-1.5, 

Pt-2.5, Pt-4.0, Pt film and Al2O3 film at Tb =180 °C. TOF was calculated at CO conversion 

less than 20 % on Pt-1.5, Pt-2.5 and Pt-4.0. 

The Pt NPs respond to the temperature pulse in a similar way as the Pt film, which 

indicates that the thermal inertia of the 10 nm Al2O3 is negligible and the Pt NPs can also 

be heated up and cooled down without any delay. The stack consisting of an Al2O3 film 

on a Pt heater can be considered as a general substrate providing the opportunity to 

investigate other supported catalyst systems. Moreover, the Pt loading is considerably 

decreased by the application of dispersed Pt NPs, greatly saving the cost of the Pt 

catalysts. The power input supplied to the Pt film remains constant by power 

compensation between the DC power supply and the pulse generator in all experiments.  
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5.3.3.3 CO conversion and TOF at different Tb 

CO oxidation was tested under pulsing at Tb=150 °C, 180 °C and 210 °C in order to 

optimize the pulse effectiveness. Figure 5.11 shows the CO conversion and TOF on Pt-

2.5 as a function of pulse intensity at Tb=150 °C, 180 °C and 210 °C.  

 

Figure 5.11 CO conversion (left) and TOF (right) on Pt-2.5 as a function of pulse intensity 

at Tb=150 °C, 180 °C and 210 °C. TOF was calculated at CO conversion less than 20 % in 

each measurement. 

CO conversion and TOF increase as Tb increases at steady state. At Tb=150 °C, CO 

conversion increases from 0.6 % at steady state to 15.7 % at maximum pulse intensity. 

The light-off phenomenon does not occur under these conditions. At Tb=180 °C, CO 

conversion increases from 2.4 % at steady state to 100 % at pulse intensity of 300 mJ. At 

Tb=210 °C, CO conversion increases from 10.4 % to 100 % at pulse intensity of 250 mJ 

and maintains at full conversion upon further increasing to 300 mJ. TOF also increases 

significantly at high pulse intensity on each Pt sample.  

The light-off phenomenon can be triggered by temperature pulses at a proper Tb=180 °C 

on Pt-2.5, close to the light-off temperature (T50 =239 °C). The pulse effectiveness at 

maximum pulse intensity (denoted as ηm) is 41 at Tb=180 °C. The ηm value is trivial at Tb 

approaching T50 when CO conversion is already higher than 10 % at steady state. When 

Tb is far below the T50, the ηm value is moderate as no kinetic transition occurs. The pulse 

effectiveness is dependent on (T50-Tb), which will be comprehensively discussed in 

section 5.5.  
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5.3.3.4 CO conversion and TOF at different CO contents 

The pulse effectiveness (η) is dependent on the CO content (β values). To determine an 

optimal β to maximize η, catalytic CO oxidation was tested under pulsing at β=3.8 %, 9.6 % 

and 19.2 % while keeping other parameters constant. Figure 5.12 shows the CO 

conversion and TOF on Pt-2.5 against pulse intensity at various β values.  

  

Figure 5.12 CO conversion (left) and TOF (right) on Pt-2.5 as a function of pulse intensity 

at various 𝛽𝛽.  

At β=3.8 %, CO conversion increases to a greater extent at pulse intensity higher than 

200 mJ, compared to the performance at β=9.6 % and 19.2 %. The difference is simply 

due to that light-off is initiated at the maximum pulse intensity for low β. TOF increases 

as the pulse intensity exceeds 200 mJ. The ηm values are 41 and 18 at β=3.8 % and 9.6 %, 

respectively, indicating that the ηm value decreases as β increases. We recall that T50 

increase monotonously as β increases. Hence, the different performance of CO oxidation 

among those β values is dependent on (T50-Tb). The pulse effectiveness becomes less 

profound when (T50-Tb) > 60 °C, as the cases at high CO content. 

 

5.3.3.5 CO conversion at different gas hourly space velocity (GHSV) 

CO oxidation was further tested on the Pt film under pulsing at space velocity of 0.02 s-1 

and 0.20 s-1 to investigate the dependence of pulse effectiveness on space velocity. 

Figure 5.13 shows the CO conversion and TOF as a function of pulse intensity at space 

velocity of 0.20 s-1 (black curve) and 0.02 s-1 (red curve). 
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Figure 5.13 CO conversion (left) and TOF (right) as a function of pulse intensity on Pt film 

at space velocity of 0.20 s-1 (black curve) and 0.02 s-1 (red curve) at Tb=180 °C and 

𝛽𝛽=9.6 %.  

Figure 5.13 shows that at Tb=180 °C, CO conversion and TOF are dependent on space 

velocity. At low space velocity, CO conversion increases from 4.4 % at steady state to 100 % 

at maximum pulse intensity. At high space velocity, CO conversion increases from 4.7 % 

at steady state to 38.2 % at maximum pulse intensity. It appears that the CO+O2 gas 

mixture can be ignited on the Pt catalyst more readily at lower GHSV. At high GHSV, TOF 

is also high because more CO molecules are converted. It has been reported that T50 

increases as GHSV increases [142]. Therefore, (T50-Tb) is dependent on the GHSV in these 

experiments, which seems to have a profound effect on the performance of CO oxidation 

under pulsing. 

  

5.4 Kinetic simulation of CO oxidation  

This section is devoted to the kinetic simulations of catalytic CO oxidation under pulsing. 

The objective of the kinetic simulation is not to exactly reproduce the experimental 

results but to illustrate the observed trends and to rationalize that the experimentally 

increased reaction rate is theoretically conceivable under pulsing. Specifically, it was 

previously found that the pulse intensity must exceed a threshold to obtain a noticeable 

increase of reaction rate. The simulation provides insight for the existence of such 

threshold.  

Langmuir-Hinshelwood (L-H) mechanism is applied to describe the transient kinetics. 
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The standard mathematical model of CO oxidation on Pt consists of two mean-field 

kinetic equations with the variables CO and O coverage [143]: 

dθCO
dt

= k1PCO(1 − θCO − θO) − υ2e−
E2
RTθCO − υ5e−

E5
RTθCOθO   (5.4) 

dθO
dt

= k3PO2(1 − θCO − θO)2 − υ4e−
E4
RTθO2 − υ5e−

E5
RTθCOθO   (5.5) 

The meaning and values of the kinetic parameters are listed in Table 5.5. The pre-

exponential factors (chosen from measurements at high pressure) are two orders of 

magnitudes lower than the ones at UHV conditions. This discrepancy has been attributed 

to the coverage-dependence of pre-exponential factors, which decreases by a factor of 

103 or more at high coverage [144].  

Firstly, the reaction rate and surface coverage at steady state are calculated to obtain a 

reference for comparison. Although a substantial time is required for the reaction system 

to achieve a new steady state following a temperature pulse, it can be helpful to assume 

that steady state is established instantaneously at each temperature. Second, the 

transient rate and coverage are simulated under pulsing, which are compared with 

steady state ones at the corresponding temperature. In the steady state simulation, the 

surface coverages of CO and O are converged to constant values at each temperature 

(dθCO
dt

= dθO
dt

= 0), while in the transient simulations, θCO and θO are time dependent 

(dθCO
dt

≠ 0 and dθO
dt

≠ 0), tending towards the steady state value it would achieve if the 

temperature change was sufficiently slow. The transient TOF and the steady state TOF 

are both calculated by the last term in equation 5.4. 

In essence, these two simulations can be considered as a comparison between two 

experiments in which the catalyst is heated and cooled at two extreme rates. In one 

experiment, the temperature change is infinitely slow that the system always remains at 

steady state; in another experiment, the system constantly struggles to retain steady 

state in the rapid heating and cooling.  
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5.4.1 Steady state solution 

Employing relevant kinetic data and the steady state approximation (dθCO
dt

= dθO
dt

= 0), 

equations 5.4-5.5 are solved numerically by the ‘fsolve’ function in matlab 2013, yielding 

the steady state rate and surface coverages. Realistic and practical kinetic parameters 

found in the literature are chosen for the simulation [80,135], as listed in Table 5.5. 

Specifically, typical window of experimental conditions is cited. For instance, at steady 

state the temperature ranges between 100-500 °C, partial pressures of CO and O2 are 

fixed at 6.0 mbar and 149.4 mbar, respectively. 

Table 5.5 Kinetic parameters for catalytic CO oxidation at steady state [80,135]. 

 

Figure 5.14 shows the simulated steady state TOF and the coverages as a function of 

temperature.  

Parameter Value Unit 

T 100-500 °C 

PCO (CO partial pressure) 6.0 mbar 

PO2 (O2 partial pressure) 149.4 mbar 

k1 (rate constant of CO adsorption) 8×106 bar-1∙s-1 

k3 (rate constant of O2 adsorption) 3×105 bar-1∙s-1 

ν2 (pre-exponential factor of CO desorption) 3×1014 s-1 

ν4 (pre-exponential factor of O desorption) 8×1013 s-1 

ν5 (pre-exponential factor of reaction) 5×1011 s-1 

E2 (activation energy of CO desorption) 120 kJ/mol 

E4 (activation energy of O desorption) 160 kJ/mol 

E5 (activation energy of reaction) 88 kJ/mol 
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Figure 5.14 Coverage of CO, O and TOF as a function of temperature. CO2 desorption is 

fast and irreversible. Simulation parameters from Table 5.5. 

In Figure 5.14, the CO coverage is close to the unity at temperature below ca. 250 °C and 

decreases as temperature increases. The O coverage firstly behaves in the contrary way: 

starting from zero and increasing towards a maximum value. However, the O coverage 

decreases again at high temperature. The different behaviour is attributed to the lower 

activation energy of CO desorption, compared to the one of O2 desorption, i.e., E2 < E4. 

Upon heating, CO desorption rate increases rapidly while O desorption is negligible. 

When temperature exceeds a critical value, O desorption becomes dominating. The 

reaction rate maximizes when the combination of temperature and surface coverage is 

optimal, then decreases as temperature continues to increase. In practice, it is difficult 

to observe the decreasing rate as temperature increases with supported catalysts 

because the reaction becomes transfer-limited at high temperature.  

 

5.4.2 Temperature pulsed operation solution 

For the transient simulations under pulsing, the surface coverages of CO and O are time 

dependent at each temperature (dθCO
dt

≠ 0  and dθO
dt

≠ 0) during pulsing. Therefore, 

equations 5.4-5.5 are solved numerically by the ‘ode23s’ function in matlab 2013, 

yielding transient θco, θo and TOF. In order to demonstrate the beneficial effect of 

temperature pulses on catalytic CO oxidation, the transient θco, θo and TOF are compared 

to the steady state ones (assuming dθCO
dt

= dθO
dt

= 0) at corresponding temperature.  
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The kinetic simulations of CO oxidation under pulsing was tested for two cases. One 

corresponds to the experiment in which the reaction rate was increased considerably 

(PCO=6.0 mbar, PO2=149.4 mbar, Tb=180 °C and pulse intensity of 300 mJ). The other one 

refers to the experiment in which no applaudable improvement was found (PCO=6.0 mbar, 

PO2=149.4 mbar, Tb=180 °C and pulse intensity of 100 mJ).  

The kinetic parameters for these two simulations are listed in Table 5.6, with the other 

parameters strictly consistent with Table 5.5. The temperature profile is divided into 

three parts: 1) rapid heating time (t1) in the first 25 μs, 2) rapid cooling time (t2) between 

25-100 μs and 3) base time (t) at Tb=180 °C until 0.05 s.  

Table 5.6 Kinetic parameters for CO oxidation under pulsing. 
 

Parameter Value Unit 

Tb (base temperature) 180 °C 

ΔT1 (temperature change at 100 mJ) 90 °C 

ΔT2 (temperature change at 300 mJ) 230 °C 

Heating time t1 25 μs 

Cooling time t2 75 μs 

Base time t 0.05 s 

 

To simplify the kinetic simulation, the temperature profiles during the heating and 

cooling processes are both linear during pulsing. Heating and cooling curves in reality 

are exponential curves as function of time. Figure 5.15 shows the temperature profile 

used in the kinetic simulation of CO oxidation. The temperature profile of 100 mJ is 

similar to Figure 5.15, except that the temperature change is 90 °C. 
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Figure 5.15 Temperature profile for the kinetic simulation of CO oxidation during the 

pulse and after the pulse. When the pulse intensity is 300 mJ, ΔT=230 °C. 

 

5.4.2.1 Kinetics of CO oxidation at pulse intensity of 300 mJ (ΔT=230 °C) 

The kinetic simulation have been realized separately at heating time, cooling time and 

base time. The end point of heating time at 25 μs provides the initial conditions for 

cooling time; the end point of cooling time at 100 μs serves as the initial conditions of 

base time. Figure 5.16 (a,b,c) shows the comparison of the transient θCO, θO and TOF 

(dθCO
dt

≠ 0 and dθO
dt

≠ 0 at each temperature) with the steady state ones (assuming 

dθCO
dt

= dθO
dt

= 0 at corresponding temperature) in the heating time, cooling time and 

base time, respectively. The transient θCO, θO and TOF are represented by the dashed 

blue, red and black curves, respectively; the steady state θCO, θO and TOF are plotted by 

the same colors but in solid curves. Figure 5.16 (d) shows the comparison of converted 

CO number during pulsing (red curve) with that at steady state (blue curve). The x-axis 

is broken to display the converted CO number in the short pulse and in the long base 

regime in the same graph. Simulation conditions: PCO=6.0 mbar, PO2=149.4 mbar, 

Tb=180 °C and ΔT=230 °C.  

 

 

 

 

0.0000 0.0001 0.0499 0.0500
150

200

250

300

350

400

450

T/
°C

t/s

    121 



Chapter 5 

 

 

 

 

 

 

 

 

 

 

Figure 5.16 (a,b,c) The transient 𝜃𝜃𝐶𝐶𝐶𝐶 , 𝜃𝜃𝐶𝐶  and TOF plus the steady state ones in the 

heating time, cooling time and base time, respectively. Figure 5.16 (d) Comparison of 

converted CO number during pulsing (red curve) with that at steady state (blue curve); 

the x-axis is broken to display the converted CO in the short pulse and in the long base 

regime in the same graph. 

Figure 5.16 (a) shows the steady state θCO starts to decrease at 5 µs, while the transient 

θCO slowly decreases with time lagging behind. This is expected because the transient 

coverages are tending towards the steady state values. The steady state θO evolves in an 

opposite trend, which increases upon heating because more Pt adsorption sites are 

made available for the dissociative adsorption of O2. Besides, O2 desorption is an 

activated process with a higher activation energy. Usually adsorbed O is removed from 

the surface by dosing a CO beam into the system. The increase of the transient θO is 

insignificant as a certain time is required to reach its steady state value. The transient θO 

eventually increases to 0.01 at 25 µs, lower than the steady state one (0.7). In the heating 

process, a much higher rate constant, together with an improved coverage distribution 

of CO and O, lead to a continuously increasing transient TOF. Nevertheless, the steady 

state TOF at corresponding temperature evidently surpasses the transient TOF, mainly 

due to a higher steady state θO. The peak of the steady state TOF is a result of optimal 
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combination of rate constant and surface coverage. 

Figure 5.16 (b) shows that the steady state θCO rapidly increases to unity and θO 

decreases to zero in 75 µs in the cooling, exactly in a reverse way as being heated up. In 

contrast, the transient θCO continues to decrease in 25-35 µs despite that the Pt is cooling 

down. After 35 µs, the transient θCO turns to increase due to re-adsorption in the cooling 

process, but still lower than the steady state θCO between 45-100 µs. The transient θO 

firstly increases to 0.3, which in principle will decrease gradually due to the CO poisoning 

at low temperature. However, the decrease of the transient θO is a slow process that 

requires longer time than the cooling time. This is the reason that the transient θO 

appears stable between 70-100 μs. If the cooling time is longer, the decrease of the 

transient θO can be indeed observed. The comparison shows that the transient θCO and 

θO can persist for a longer time before settling back to a CO-covered surface. 

At the beginning of the cooling process, when the temperature is changed to the lower 

value, there is a short time period where both the rate constant and the surface coverage 

are high. This results in the peak at 35 μs in the transient TOF which deceases afterwards. 

The steady state TOF also reaches a maximum value, then decreases even more rapidly 

than the transient one. The turning point is at 55 µs (corresponding to 320 °C), after 

which the transient TOF maintains higher value due to the transient θCO and θO, while 

the steady state TOF approaches trivial value at low temperature.  

Figure 5.16 (c) shows that the transient θCO and θO continue to evolve far from the steady 

state ones at base temperature, as equilibrating always requires time span in seconds or 

even minutes. The time unit is second in Figure 5.16 (c). The transient TOF decreases as 

the product of θco and θo decreases in the transient process, but much higher than the 

steady state TOF.   

The converted CO number is calculated by integrating TOF with time. Figure 5.16 (d) 

shows the CO converted number at steady state is higher than the transient one during 

the pulse. However, the converted CO number in the transient state surpasses in the 

total duration (a pulse time plus waiting time to the next pulse). This is seemingly due to 

a slow repopulation of the surface. Therefore, it is not the increased rate during the 

temperature pulse that increases the conversion, but the increased rate at transient 

coverages after the pulse that makes a difference. 
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5.4.2.2 Kinetics of CO oxidation at pulse intensity of 100 mJ (ΔT=90 °C) 

The kinetics of CO oxidation at low pulse intensity is also investigated using the same 

procedure as in section 5.4.2.1. The simulation conditions are PCO=6.0 mbar, PO2=149.4 

mbar, Tb=180 °C and pulse intensity of 100 mJ (ΔT=90 °C).  

Figure 5.17 (a,b,c) shows the transient θCO, θO and TOF (dθCO
dt

≠ 0 and dθO
dt

≠ 0 at each 

temperature) and the steady state ones (assuming dθCO
dt

= dθO
dt

= 0 at corresponding 

temperature) in the heating time, cooling time and base time, respectively. The transient 

θCO, θO and TOF are represented by the dashed blue, red and black curves, respectively; 

the steady state θCO, θO and TOF are plotted by the same colors but in solid curves, 

respectively. Figure 5.17 (d) shows the comparison of converted CO number during 

pulsing (red curve) with that at steady state (blue curve). 

 

 

 

 

 

 

 

 

 

 

Figure 5.17 (a,b,c) The transient 𝜃𝜃𝐶𝐶𝐶𝐶 , 𝜃𝜃𝐶𝐶  and TOF plus the steady state ones in the 

heating time, cooling time and base time, respectively; the left y-axis is broken to show 

small changes of coverage. Figure 5.17 (d) Comparison of converted CO number during 

pulsing (red curve) with the steady state one (blue curve); the x-axis is broken to display 

the converted CO in the short pulse and in the long base regime in the same graph. 

To observe the coverage change in Figure 5.17 (a,b,c), the left y-axis is broken to show  

0.00 0.01 0.02 0.03 0.04 0.05
0.00000

0.00005

0.00010
0.99980

0.99985

0.99990

Steady state θO 

Steady state θCO 

0.000

0.001

0.002

0.003

0.004

Steady state TOFC
ov

er
ag

e 
of

 C
O

 a
nd

 O Transient θCO

Transient TOF

Transient θO

TO
F/

s-1

t/ s

a 

c 

b 

d 

0.00000 0.00005 0.00010 0.01 0.02 0.03 0.04 0.05

0

1x10-4

2x10-4

N
um

be
r o

f c
on

ve
rte

d 
C

O

t/ s

Steady state 

Transient

0 5 10 15 20 25
0.000

0.005

0.010
0.970
0.975
0.980
0.985
0.990
0.995
1.000

0

5

10

15

Steady state θO

Steady state θCO

Transient θCO

Transient θOC
ov

er
ag

e 
of

 C
O

 a
nd

 O

t/ µs

TO
F/

s-1

Steady state TOF

Transient TOF

30 40 50 60 70 80 90 100
0.000

0.005

0.010
0.970

0.975

0.980

0.985

0.990

0.995

1.000

Steady state θCO

Steady state θO

0

5

10

15
Transient θCO

Transient θOC
ov

er
ag

e 
of

 C
O

 a
nd

 O

Steady state TOF

Transient TOF

TO
F/

s-1

t/ µs

124 
 



CO oxidation on Pt 

the near-zero O coverage and near-unity CO coverage. From Figure 5.17 (a,b), it appears 

that the transient θCO, θO and TOF only change slightly by weak temperature pulse, which 

is quite different from the behavior at 300 mJ. The change of the steady state coverage 

and TOF is more significant than the transient ones. The steady state TOF exceeds the 

transient one due to a high θO at high temperature (the transient θO remains 10-5-10-4 

and the steady state θO varies between 10-5-0.008). Figure 5.17 (c) shows that the 

transient TOF is higher than the steady state value by 2-8 times at base regime, as the 

transient θO is higher than the steady state θO by 2-8 times. CO coverage is nearly unity 

both at steady state and at transient state. 

Figure 5.17 (d) shows that the converted CO number is trivial for both cases due to low 

TOF. The converted CO number at transient state is always lower than the steady state 

one, despite that the transient TOF is temporarily higher in the base regime. In 

conclusion, the temperature pulse with 100 mJ fails to increase the reaction rage 

because the Pt surface is still predominantly inhibited by CO. 

 

5.5 Discussion  

5.5.1 Optimal conditions for temperature pulse 

This section is to clarify what the optimal conditions are to maximize the pulse 

effectiveness. Base temperature Tb, CO content β, diameter of the Pt NPs and flow rate 

(space velocity) all play a role in the temperature pulsed operation. Specifically, the CO 

conversion and the pulse effectiveness are dependent on (T50-Tb), i.e. how close Tb is to 

T50 on each Pt catalyst. The experimental results under different conditions can be 

conveniently compared if Tb is substituted by (T50-Tb). T50 is an important indicator for a 

kinetic transition of low rate branch (CO covered surface) to high rate branch (O-covered 

surface), which is characteristic of combined reaction conditions. 

Figure 5.18 summarizes CO conversion against the pulse intensity and (T50-Tb) on all Pt 

catalysts at various conditions in a 3D graph.  
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Figure 5.18 CO conversion as a function of pulse intensity and (T50-Tb) on all Pt catalysts 

at various conditions. For explanation see texts.  

Three experiment series are distinguished in Figure 5.18. The first comparison was made 

among different Pt catalysts as indicated by the red bars. The second comparison was 

made on the Pt-2.5 among different Tb values as shown by the green bars and the red 

bar of the Pt-2.5. The third comparison was made on the Pt-2.5 among different β values 

as indicated by the orange bars and the red bar of the Pt-2.5. The conversion on the Pt-

2.5 is higher than on the Pt-4.0 when (T50-Tb)=30 °C, due to a higher Tb for the Pt-2.5 in 

these two experiments. The previous results are generalized by arranging all the 

experiments in Figure 5.18. From Figure 5.18 it is clear that:  

1. CO conversion or catalytic activity increases instantaneously on all Pt samples at 

sufficiently high pulse intensity.  

2. The improvement of CO conversion becomes significantly visible only at pulse 

intensity beyond 200 mJ, corresponding to temperature pulse of 170 °C. Hence, the 

threshold of temperature pulse is 170 °C for significant rate improvement. 

3. It is more efficient to heat the catalyst via pulsing than via DC current. The 

temperature pulse is most efficient when (T50-Tb)=30~60 °C. Therefore, the electric 
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pulses need to generate a temperature increase of c.a. 110-140 °C above T50 to yield 

significant enhancement of the reaction rate.  

4. To reach maximum energy efficiency, it is recommended to choose the lowest base 

temperature and Pt loading where full conversion can still be reached at maximum 

pulse intensity. An ideal condition is to have a system where the microreactor can 

stay at room temperature and supply all the heat by electric pulses. 

It is believed that transient coverages of CO and O play an important role under pulsing. 

In fact, the dynamic evolution of the surface coverage is well-illustrated by the kinetic 

simulation of CO oxidation. At low pulse intensity (for instance, 100 mJ), the surface 

coverage of CO and O cannot be significantly optimized. Consequently, the reaction rate 

remains identical to that at steady state. In contrast, the distribution of CO and O 

coverage undergoes a transient state at high pulse intensity (for instance, 300 mJ). Firstly, 

the inhibiting effect of the adsorbed CO on oxygen adsorption is locally relieved through 

pulse-induced desorption of CO; secondly, the separated islands of co-adsorbed CO and 

O are mixed to a sufficient extent, which increases the islands boundaries in the chemical 

wave [50]. These mixed islands bring co-adsorbed CO and O into intimate contact at the 

elongated boundaries. Furthermore, according to the kinetic simulations, it is not the 

increased rate during the actual temperature pulse that increases the conversion, but 

the increased rate at transient coverages after the pulse that makes a difference. 

Therefore, the overall rate under pulsing surpasses the average steady state rate, as the 

transient CO and O coverages yield a higher rate than the steady state one, and steady 

state conditions are recovered only slowly after a temperature pulse. 

 

5.5 .2 Comparison with state-of-the-art  

The question to be addressed is that why the electric pulses need to generate a 

temperature increase of c.a. 110-140 °C above T50 to yield significant enhancement of 

the reaction rate. Furthermore, why the performance of those experiments is superior 

to the previous results obtained by Stolte even in an identical methodology?  

To answer these questions, the results are compared with state-of-the-art as listed in 

Table 2.2 in Chapter 2. CO oxidation was tested on a Pt(100) sample at low pressure [50]. 
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The Pt (100) sample was irradiated by a single laser pulse. Similar to the heating effect 

of electric pulses, local thermal desorption of CO was induced by laser irradiation, 

generating a reaction front which freely propagates as a chemical wave across the 

surface. Not only the reaction rate was increased, but the velocity of the chemical wave 

was doubled. Three basic principles were proposed for the excitation of chemical waves 

in CO oxidation: 

1. The chemical waves propagating on the surface are autocatalytic. The removal of the 

dense, metastable CO layer is autocatalytic on a single crystal surface, i.e., the 

reaction rate accelerates as a result of CO desorption, which in turn consumes more 

and more adsorbed CO.  

2. There exists a threshold for the magnitude of the temperature perturbation. A 

minimum power density of the laser pulse has to be reached to stimulate thermal 

CO desorption. In our study, a minimum pulse intensity must be reached to obtain 

considerable rate increase. 

3. The excitation of chemical wave is dependent on the steady state conditions, which 

should be close to the kinetic transition conditions. 

The explanation for the existence of a power threshold to trigger chemical waves is 

straightforward, either by laser pulse or electric pulse. In the fast heating process (a few 

hundred degree temperature rise in 100 us), it is well-know that the peak for CO thermal 

desorption will be shifted to much higher temperatures than with ordinary temperature 

programmed desorption (TPD). In addition, the external parameters (PO2, PCO and 

temperature) for the excitability of chemical waves are close to those for the occurrence 

of a kinetic transition of low rate branch (CO covered surface) to high rate branch (O-

covered surface), which is characterized by the light-off temperature. 

Bearing these fundamental concepts in mind, we analyze our results as well as the ones 

in the literature. Firstly, we compare our results with Stolte’s work. He found that CO 

oxidation rate can be increased by a factor of only 4-5 at maximum pulse intensity, while 

we discover that the CO conversion can be increased from low value to 100 %. The steady 

state conditions (PO2, PCO, base temperature, Pt NPs diameter and space velocity) are 

different between these two measurements. Specifically, the base temperature (Tb) is 

far below the light-off temperature (T50) in his study. The chemical waves cannot be 
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triggered in this condition. As a consequence, the surface coverage of CO and O can only 

be perturbed slightly even at the maximum pulse intensity. In our experiment, the steady 

state condition is close to the kinetic transition as Tb approaches T50. It is hypothesized 

that chemical waves are generated by pulse-induced thermal CO desorption. Transient 

CO and O coverages account for the sharp rate increase as shown in the kinetic 

simulation. Only at appropriate conditions, significant rate increase occurs when the 

temperature perturbation exceeds a threshold. 

For the other experiments, the heating rate as well as temperature amplitude are simply 

too low. The catalysts were often heated up by an external heating source. The inertness 

of the large quantity of the system dampens the temperature change, which ranges a 

few tens of degree in timescale of seconds or even minutes (see Table 2.2). It is not 

sufficient to trigger CO desorption by slow temperature cycling. The kinetics stays at the 

CO covered regime (low rate branch). Besides, the steady state conditions are chosen 

randomly, usually far from the kinetic transition. Reaction rate of CO oxidation is 

increased by 0.7-1.7 fold by slow forced temperature cycling. This rate increase was also 

attributed to the presence of a transient surface coverage generated by the temperature 

oscillations, or to the coupling of the kinetics and the temporal partial pressure variation. 

Nevertheless, the variation of the transient coverage or partial pressure seems to be 

subtle compared to this work, mostly due to the slow temperature cycling. 

 

5.6 Conclusion 

The effect of temperature pulsed operation on the behavior of catalytic CO oxidation on 

a Pt film and Pt NPs has been systematically investigated. Electrical pulse is imposed on 

the Pt model catalysts, therefore temporarily providing high surface temperature in μs 

while the power input remains constant. The results show a significant improvement of 

the CO conversion and TOF in catalytic CO oxidation on Pt model catalysts under pulsing. 

Specifically, the CO conversion is increased as much as 41 fold at the maximum pulse 

intensity compared to the value at base temperature. In addition, Pt/Al2O3 responds to 

the temperature pulse in a similar way as the Pt film, indicating that the thermal inertia 

of the 10 nm Al2O3 support is negligible and the Pt NPs can also be heated up without 
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any delay. This implies that the stack consisting of the Al2O3 film on the Pt film can be 

considered as a general catalyst support to investigate other industrial catalysts.  

The experimental results obtained by temperature programmed heating in the 

microreactor have shown that the reaction behaves as it is predicted by the Arrhenius 

law. The activation energy is independent on the diameter of the Pt NPs. The order of 

activities is Pt film>Pt-4.0>Pt-2.5>Pt-1.5 in terms of the light-off temperature T50 in 

catalytic CO oxidation. A kinetic transition occurs at T50 from the regime when the 

surface is predominantly covered by CO to a regime with an O-covered surface, which is 

characteristic of the combined reaction conditions. 

It is generalized from all the experiments that CO conversion is dependent on the pulse 

intensity and the difference between the light-off temperature and base temperature 

(T50-Tb). The threshold of temperature pulse for significant rate improvement is 170 °C. 

Besides, the temperature pulsing is most efficient when (T50-Tb)=30~60 °C. Therefore, 

the electric pulses need to generate a temperature increase of c.a. 110-140 °C above T50 

to trigger thermal CO desorption, thereby yield significant enhancement of the reaction 

rate.  

The following mechanism of CO oxidation under pulsing has been proposed by a dynamic 

kinetic study. Firstly, the inhibiting effect of the adsorbed CO on O2 adsorption is locally 

relieved through pulse-induced desorption of CO, leading to transient CO and O 

coverages; secondly, the separated islands of co-adsorbed CO and O are mixed by 

exciting chemical waves, which increases the islands boundaries. These two factors 

partially contribute to the rate increase. Furthermore, according to the kinetic 

simulations, it is not the increased rate during the actual temperature pulse that 

increases the conversion, but the increased rate at transient coverages after the pulse 

that makes a difference. Therefore, the overall rate under pulsing surpasses the average 

steady state one, as the transient CO and O coverages yield a higher rate than the steady 

state value, and steady state conditions are recovered only slowly after a temperature 

pulse. 
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Selective CO oxidation on Pt model catalysts under 

temperature pulsed operation 

 

Abstract  

In order to investigate the effect of high temperature pulses on competitive reactions, 

selective CO oxidation was tested on a Pt film and supported Pt nanoparticles with 1.5 

nm diameter (Pt-1.5) by temperature programmed heating and by temperature pulsed 

operation. The CO consumption rate is very low both on the Pt film and Pt-1.5 at 

temperature lower than 180 °C. At temperature higher than 180 °C, the rate of CO 

desorption is accelerated and CO coverage is decreased, leading to higher CO 

consumption rate. However, the side reaction H2 oxidation also starts to occur. The 

selectivity rapidly decreases to a great extent in a span of 10-20 °C. The Pt model 

catalysts proved to be poor catalysts in selective CO oxidation due to low CO consumption 

rate at low temperature and significant loss of selectivity at high temperature. The 

results under pulsing show that the rate of CO oxidation is accelerated by a factor of 

about 1.5-4 in a similar way as in pure CO oxidation (without H2). However, the selectivity 

decreases as the CO consumption rate increases under two operation models. In addition, 

the selectivity decreases more rapidly under pulsing at the same CO consumption rate, 

indicating that H2 oxidation is actually favored in the competition for O2 by temperature 

pulses. 
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6.1 Introduction  

After exploring how the temperature pulses increase the rate of CO oxidation by 

optimizing the surface coverage of CO and O on the Pt surface at specific conditions, the 

next step of complexity is to introduce a third reactant, H2, to learn more about the effect 

of temperature pulses on competitive reactions and about the mechanisms at play. 

Hence, selective CO oxidation is chosen as a model reaction in this chapter, which is also 

relevant in an industrial context, for removing trace CO in H2 gas used in proton exchange 

membrane fuel cells (PEMFC) [ 145 ]. It is expected to observe different reaction 

behaviors due to the dynamic change of surface coverage under temperature pulsed 

operation. 

The mechanism of selective CO oxidation is widely assumed as a competitive reaction of 

CO and H with O on the Pt surface (in a Langmuir−Hinshelwood reaction mechanism), 

which predicts low activity of Pt catalysts at low temperatures due to the inhibiting effect 

of adsorbed CO on the O2 adsorption. It is experimentally found that the reaction occurs 

in the low-rate branch, on a surface predominantly covered with adsorbed CO at 

conditions which prevail in the selective CO oxidation on Pt/Al2O3 [24]. The side reaction 

H2 oxidation is accelerated and the selectivity towards CO oxidation is rapidly decreased 

at elevated temperature [146]. The selectivity is dependent on the ratio of CO coverage 

to H coverage (θCO/θH) on a Pt surface. Calculations based on diffuse reflectance infrared 

fourier transform spectroscopy (DRIFT) results showed that for a CO partial pressure of 

10 kPa in a gas mixture of CO, O2 and H2, θCO was higher than 90 % of the saturation 

coverage up to 200 °C [147]. The selectivity is high at low temperature as θCO/θH is very 

high. On the contrary, at a high temperature pulse, CO coverage is no longer close to 

saturation [148]. On other hand, the heat of CO adsorption on Pt is about 17 kJ/mol 

higher than the value for H2 [149]. As a consequence, the θCO/θH ratio decreases during 

a temperature pulse and the selectivity is expected to continuously decrease. 

In this chapter, we present the results of selective CO oxidation in a gas mixture of CO, 

O2 and H2 over Pt film and an ALD prepared Pt/Al2O3 catalyst under steady state 

operation and under temperature pulsed operation. The objective is to test the dynamic 

pulse concept for the competitive reactions of CO oxidation and H2 oxidation, and to 
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distinguish different reaction behavior between two operation models. In this sense, the 

results also shed light on the transient surface processes under pulsing. 

 

6.2 Selective CO oxidation on Pt model catalysts: experimental 

details 

6.2.1 Selective CO oxidation on Pt film and supported Pt nanoparticles by 

temperature programmed heating 

Selective CO oxidation has been first tested on Pt film and Pt-1.5 (Pt/Al2O3 catalyst with 

1.5 nm Pt NPs) by temperature programmed heating to characterize the reaction 

behavior in the modified microreactor. The flow rate was set as 2.0 ml/min in the 

microreactor, corresponding to a space velocity of 0.20 s-1. A gas mixture of CO, O2 and 

H2 was fed into the microreactor at room temperature (Ar as balance). The Pt film was 

resistively heated from room temperature to 200 °C at a heating rate of 20 °C/min. The 

heating rate slowed down to 10 °C/min above 200 °C and the Pt film was further heated 

up to 300 °C. This maximum temperature was maintained for five min before cooling 

down. The gas flow was switched to Ar when the temperature decreased to 50 °C. The 

CO:O2 ratio was chosen as 1:10 because the light-off temperature T50 would be much 

higher in a more realistic reformate gas composition such as CO:O2=1:1 or 1:0.5. 

Although it would be interesting to study these gas compositions, the microreactor 

temperature would not allow this (mainly because of the kalrez o-ring melting 

temperature). The reaction conditions are summarized in Table 6.1. 

Table 6.1 Reaction conditions for selective CO oxidation at various gas composition. 

 

Note: FCO, FO2/Ar, FH2, FAr, are the flow rates of CO, O2/Ar mixture, H2 and Ar, respectively. 

NO 
Gas composition 

CO:O2:H2 
Catalyst 

FCO 

(ml/min) 

FO2/Ar (10 % O2 ) 

(ml/min) 

FH2 

(ml/min) 

FAr 

(ml/min) 

1 1:10:5 Pt film 0.0096 0.96 0.048 0.9824 

2 1:10:80 Pt-1.5 0.0096 0.96 0.768 0.2624 
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The effluent from the microreactor was analyzed by a quadruple mass spectrometer 

(QMS) to determine CO, O2, H2 consumption rates and selectivity. The ion currents of H2, 

H2O, CO, O2, Ar and CO2 were recorded (m/z=2, 18, 28, 32, 40, 44) by the QMS. It is 

assumed that the consumption rates of CO, O2 and H2 are proportional to the changes of 

normalized ion currents of 28/40 and 32/40, 2/40, respectively.  

The calibration curves of CO, O2 and H2 consumption rates on the Pt catalysts were 

accomplished by temperature programmed heating. The maximum consumption rates 

of CO, O2 and H2 are determined by the corresponding ion currents at temperatures well 

above the light-off temperature. The zero consumption rates of CO, O2 and H2 were 

obtained by the respective ion currents at room temperature. Using the maximum and 

zero consumption rates of CO, O2 and H2, the normalized ion currents 28/40, 32/40, 2/40 

were converted to consumption rates of CO, O2 and H2, respectively. In principle, the H2O 

formation rate is also proportional to the normalized 18/40 ion current. However, the 

H2O formation curve cannot be used to calculate the selectivity towards CO oxidation 

due to significant background H2O signal and strong drift during the programmed 

heating process.   

For selective CO oxidation on Pt catalysts, the most widely used definition is the ratio of 

the moles of O2 converted to CO2 with respect to the moles of all O2 consumed [145-

149]. This definition is called overall selectivity because the selectivity is stable at steady 

state conditions. In our study, however, the selectivity is changing either in temperature 

programmed experiment or in pulsed experiment. Instead, equation 6.1 is used to define 

the selectivity (strictly it is called instantaneous selectivity) [150].  

S =  100 𝑟𝑟CO
rCO+rH2

 (%)   (6.1) 

where: 

rCO and rH2 are the CO and H2 consumption rates, respectively; 

Another and quite different definition is to take ‘the ratio of CO consumption rate to the 

H2 consumption rate’, S =  𝑟𝑟CO
rH2

, a quantity that goes from zero to infinity. This definition 

comes directly from the comparison of the desired reaction rate with the side reaction 

rate. Since H2 conversion at low temperatures is zero (within experimental error), this 
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definition is not well suited to visualize the changes in conversion taking place in these 

experiments. 

A very confusing situation arises when equation 6.1 is occasionally used to define 

instantaneous yield [ 151 ]. To avoid such confusion, it is suggested that such 

instantaneous yield should be called instantaneous selectivity. 

The selectivity is calculated at high temperature when a sufficient reaction rate can be 

measured. Furthermore, CO, O2 and H2 consumption rates are expressed in ml/min, 

which are more straightforward to interpret because both will appear on a similar scale 

on the y-axis.  

Similar to CO oxidation on Pt catalysts, we can make the classical Arrhenius plot of ln(TOF) 

against 1/T, provided that contents of CO and O2 are constant at low CO conversion. The 

activation energy Ea of selective CO oxidation was calculated from a linear fitting 

between ln(TOF) and 1/T. 

 

6.2.2 Selective CO oxidation on Pt film and Pt-1.5 under temperature 

pulsed operation 

Selective CO oxidation was performed over Pt film and Pt-1.5 nanoparticles at various 

CO:O2:H2 ratios under pulsing. Detailed reaction conditions are identical to Table 6.1, 

except that the catalyst is periodically heated by temperature pulses.  

The flow rate was set as 2.0 ml/min in the microreactor, corresponding to a space 

velocity of 0.20 s-1. A gas mixture of CO, O2, H2 and Ar flows into the microreactor channel 

at 1.5 bar, with the gas composition specified in Table 6.1. The Pt film was resistively 

heated from room temperature to base temperature (Tb=180 °C) by the DC power supply. 

The heating rate was 20 °C/min. Tb was kept constant for 1.5 h to reach thermal 

equilibrium of the microreactor system. After this, the pulse generator was switched on 

and the pulse intensity was increased at intervals of 100 mJ, 200 mJ, 250 mJ, 275 mJ and 

300 mJ. Each pulse intensity level was maintained for five minutes. The Pt film cooled 

down to room temperature and the flow rate of inlet gas was set as 50 ml/min Ar when 

all measurements were completed. For the Pt-1.5, the experiment procedure was 
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exactly identical to the Pt film except that Tb was increased to 240 °C to have reasonable 

O2 consumption rate and selectivity.  

The quantification method of CO consumption rate, O2 consumption rate and selectivity 

is similar to that in the temperature programmed heating, except that the H2 

consumption rate is calculated from the H2O signal (m/z=18) due to small change of the 

H2 signal (there is excessive H2 in the gas mixture). During the pulsing period, the H2O 

signal is stable with negligible drift at specific pulse intensity.  

 

6.3 Results   

6.3.1 Selective CO oxidation by temperature programmed heating 

To verify that the catalyst and microreactor perform as expected and in accordance with 

literature studies, selective CO oxidation has been first tested on Pt film and Pt-1.5 

(Pt/Al2O3 catalyst with 1.5 nm Pt NPs) by temperature programmed heating. These 

measurements are also intended to serve as internal references for temperature pulsed 

operation experiments. As the effect of temperature pulses depends on the gas 

composition, it is also important to investigate the behavior of selective CO oxidation at 

different ratios of CO,O2 and H2.  

Figure 6.1 (left) shows the normalized ion currents 2/40, 18/40, 32/40, 32/40 and 44/40 

in selective CO oxidation on the Pt film by temperature programmed heating. Figure 6.1 

(right) shows the CO, O2, H2 consumption rates and selectivity against temperature. 

The CO consumption rate follows a typical light-off process, which can be divided into 

three different activity regions: low rate region, light-off region and high rate region. We 

interpret these as follows. Below 180 °C, the CO consumption rate is trivial as the Pt 

surface is mostly covered by adsorbed CO. As the temperature increases, the CO 

adsorption shifts to the gas phase and CO desorption accelerates. Correspondingly, the 

CO consumption rate increases first slowly and then rapidly picks up at 206 °C, reaching 

maximum value at 213 °C, where all CO molecules are consumed. The sudden increase 

in CO consumption rate at the light-off temperature (T50=206 °C), which is defined as the 

temperature at 50 % CO consumption, is related to the rapid CO desorption. 
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Figure 6.1 Left: normalized ion currents 2/40, 18/40, 28/40, 32/40 and 44/40 in selective 

CO oxidation on the Pt film by temperature programmed heating. Right: rCO, rO2 and rH2 

(consumption rate) and selectivity towards CO consumption against temperature. 

Figure 6.1 (right) shows that the O2 consumption rate follows the trends of the CO 

consumption rate at temperatures below 206 °C, which indicates that H2 oxidation is yet 

to occur (confirmed by the ion current of H2O in the QMS). At temperatures higher than 

206 °C, O2 consumption rate increases rapidly, still in-phase with CO consumption rate. 

At temperatures above 213 °C, when H2 oxidation starts to be significant, the O2 content 

in the microreactor drops sharply and O2 consumption rate reaches maximum value 

(corresponding to full consumption of CO and H2). Figure 6.1 (right) also shows that the 

selectivity towards CO oxidation is initially close to 100 % at 180 °C, which continuously 

and slowly decreases to 89 % upon heating to 206 °C (T50). In this temperature range, CO 

oxidation remains dominating with respect to H2 oxidation. H2 oxidation starts to take 

off at temperature above 206 °C, which consumes more O2 than CO oxidation. 

Consequently, selectivity abruptly decreases to 17 % at 220 °C (the theoretical selectivity 

is 17 % when CO and H2 are fully combusted). In fact, the experimental results above 

213 °C are irrelevant since H2 oxidation proceeds rapidly after all CO have been depleted.  

To investigate selective CO oxidation under more realistic reformate gas conditions (CO 

and O2 in excessive H2 atmosphere) as relevant for purifying H2 in the application of fuel 

cell, the gas composition was changed to CO:O2:H2=0.0096:0.096:0.768 ml/min. 

Furthermore, to extend the model catalyst to more realistic Pt/Al2O3 catalyst, the catalyst 

was also changed to the supported Pt-nanoparticles (Pt-1.5).  

Figure 6.2 (left) shows the normalized ion currents 2/40, 18/40, 28/40, 32/40 and 44/40 

in selective CO oxidation on the Pt-1.5 by temperature programmed heating. Figure 6.2 
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(right) shows the corresponding CO, O2, H2 consumption rates and selectivity against 

temperature.  

 

Figure 6.2 Left: normalized ion currents 2/40, 18/40, 28/40, 32/40 and 44/40 in selective 

CO oxidation on the Pt-1.5 by temperature programmed heating. Right: rCO, rO2 and rH2 

(consumption rate) and selectivity towards CO consumption against temperature. 

The trends are similar to Figure 6.1, except that T50 shifts from 206 °C to 257 °C. The 

normalized 2/40 ion current slightly increases between 290-300 °C due to drift in the 

QMS, while the normalized ion currents 28/40, 32/40 and 44/40 remain constant at this 

temperature range. The CO consumption rate follows a typical light-off process. Below 

240 °C, the CO consumption rate is negligible. As temperature increases, the CO 

consumption rate increases first slowly and then rapidly picks up at 257 °C, reaching a 

maximum rate (full CO-conversion) at 267 °C. The sudden increase in CO consumption 

rate at T50 is similar to the light-off phenomenon on the Pt film. The O2 consumption rate 

follows the CO consumption rate at low temperatures. Figure 6.2 (right) also shows that 

the selectivity towards CO oxidation is initially close to 100 % at 240 °C, but slowly 

decreases to 94 % upon heating to 257 °C (T50). H2 oxidation starts to take off at 

temperature above 257 °C. As a result, the selectivity sharply decreases to 5 % at 280 °C 

(the theoretical selectivity is 5 % when CO and O2 are fully combusted). The rapid change 

of selectivity indicates that H2 oxidation is preferred when CO is almost consumed at high 

temperature. In other words, high CO consumption rate always leads to poor selectivity 

in the presence of sufficient amounts of O2. 

Figure 6.3 show the Arrhenius plots that represent the natural logarithm of the reaction 

rate (TOF) of CO oxidation as a function of 1/T.  

150 200 250 300
0.00

0.05

0.10

0.15

0.20

1.00

1.05

1.10

Io
n 

cu
rre

nt
 (m

/z
=x

)/(
m

/z
=4

0)

44/40 (CO2)28/40 (CO)

32/40 (O2)

2/40 (H2)

CO:O2:H2 =0.0096:0.096:0.768 ml/min
                                              on Pt-1.5

18/40 (H2O)

Temperature (°C)
240 250 260 270 280 290
0

20

40

60

80

100

Temperature (oC)

Se
le

ct
iv

ity
 1

00
×r

C
O
/(r

C
O
+r

H
2) 

(%
)

G
as consum

ption (m
l/m

in)

0.00

0.04

0.08

0.12

0.16

0.20

Selectivity rH2

rO2

rCO

CO:O2:H2 =0.0096:0.096:0.768 ml/min on Pt-1.5

138 
 



Selective CO oxidation on Pt 

 

Figure 6.3 Arrhenius plots represent the natural logarithm of reaction rate (TOF) as a 

function of 1/T for Pt film and Pt-1.5. 

The quantitative determination at CO oxidation rates as a function of temperature yields 

Ea values of 78.3 kJ/mol and 59.0 kJ/mol for the Pt film and Pt-1.5 respectively, largely 

consistent with the values reported in the literature [152]. The activation energy of 

selective CO oxidation is lower than the Ea in pure CO oxidation (without H2) by around 

25 kJ/mol, suggesting that H2 enhances the rate of CO oxidation on the Pt surface. 

T50 of pure CO oxidation on the Pt film and supported Pt nanoparticles (Pt-1.5) can be 

deduced by the relation between T50 and relative CO content in Figure 5.8 in Chapter 5, 

which are estimated to be 222 °C and 275 °C on the Pt film and Pt-1.5, respectively. The 

presence of H2 in a CO and O2 mixture reduces T50 by 15 °C, implying that the addition 

of H2 relieves the CO inhibiting effect on the surface. 

From these two measurements, we conclude that CO oxidation is the main reaction at 

low temperature while H2 oxidation is completely suppressed both on the Pt film and 

supported Pt nanoparticles. As temperature increases, the CO desorption rate is 

accelerated and CO coverage starts to decrease. Correspondingly, H2 and O2 start to 

adsorb dissociatively on the vacant Pt surface, leading to the light-off of CO oxidation 

rate. Meanwhile, the side reaction H2 oxidation starts to take off and the selectivity 

rapidly decreases within a span of 10-20 °C. At high temperature, all CO molecules are 

consumed due to excessive O2.  
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6.3.2 Selective CO oxidation under temperature pulsed operation 

Selective CO oxidation was performed over Pt film and Pt-1.5 nanoparticles under 

pulsing. The aim is to compare the results under pulsing to steady state operation and 

to distinguish different reaction behaviours under two operation models.  

Figure 6.4 (left) shows the selectivity and the CO, O2, H2 consumption rates against pulse 

intensity on the Pt film at Tb=180 °C. Figure 6.4 (right) shows the comparison of selectivity 

as a function of CO consumption rate from two operation models.  

   

Figure 6.4 Left: rCO, rO2 and rH2 (consumption rate) and selectivity towards CO 

consumption against pulse intensity on Pt film at Tb =180 °C. Right: comparison of 

selectivity towards CO consumption against rCO under temperature programmed heating 

and temperature pulsed operation.  

The consumption rates of CO, O2 and H2 all increase as pulse intensity increases to 300 

mJ. However, the increase of consumption rate is small at pulse intensity less than 275 

mJ. When the pulse intensity is further increased to 300 mJ, the light-off phenomenon 

takes place (at about 206 °C) and the CO consumption rate rapidly increases by 10 times, 

reaching maximum values corresponding to full CO conversion. This phenomenon is 

similar to the experimental result in pure CO oxidation in Chapter 5. As a reference, the 

light-off phenomenon occurs at 206 °C in the temperature programmed heating 

experiment. The sudden increase of H2 consumption rate is in-phase with the light-off of 

CO consumption rate. Hence, the temperature pulse changes the dynamic equilibrium 

of the competitive reactions between CO and H2 oxidation.  

Correspondingly, the selectivity is initially close to 100 % at low pulse intensity, but starts 

to decrease when the pulse intensity increases to 275 mJ. When CO oxidation and H2 
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oxidation take off simultaneously at pulse intensity of 300 mJ, the selectivity abruptly 

decreases to 17 %, identical to the result at steady state at high temperature. In other 

words, the combustion of H2 becomes a predominant reaction at pulse intensity of 300 

mJ. Therefore, the pulse intensity at 275 mJ is the most suitable condition for the 

selective oxidation of CO over Pt catalysts if the objective was to remove CO from H2, 

because of increased CO consumption rate with minimum H2 loss. The rate of selective 

CO oxidation is greatly accelerated by the temperature pulse in a similar way as in pure 

CO oxidation. However, the H2 consumption rate is increased to a greater extent 

simultaneously at high pulse intensity, leading to a low selectivity.     

A key question in this study is whether the competitive reactions behave in a different 

way under pulsing compared to steady state operation. For this reason, the comparison 

of selectivity as a function of CO consumption rate under two operation models is 

plotted in Figure 6.4 (right). The points of CO consumption rate at steady state are 

obtained from the data in the temperature programmed heating experiment. At low CO 

consumption rate, the reaction under pulsing behaves similarly as under steady state. 

However, the selectivity under pulsing decreases to a greater extent than that during 

temperature programmed heating as CO consumption rate increases, indicating that 

different reaction kinetics play a role in temperature pulses. When the CO consumption 

rate reaches maximum, the selectivity under pulsing is identical to steady state because 

all the CO and H2 are combusted. The comparison shows that, at specific conditions, the 

reaction behavior is different under pulsing.  

To investigate this different reaction behavior on Pt NPs and in gas composition more 

representative for reformate gas clean-up, selective CO oxidation was further tested over 

Pt-1.5 in excessive H2 atmosphere. Tb was set as 240 °C to obtain a reasonable O2 

consumption rate and selectivity. Figure 6.5 (left) shows the selectivity, the CO, O2 and 

H2 consumption rates against pulse intensity on Pt-1.5 at Tb =240 °C. Figure 6.5 (right) 

shows the comparison of selectivity as a function of CO consumption rate under two 

operation models.  
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Figure 6.5 Left: rCO, rO2 and rH2 (consumption rate) and selectivity towards CO 

consumption against pulse intensity on Pt-1.5 at Tb =240 °C. Right: comparison of 

selectivity towards CO consumption against rCO under two operation models.  

Similar to Figure 6.4, the consumption rates of CO, O2 and H2 monotonically increase as 

pulse intensity increases. It appears that both CO oxidation and H2 oxidation are 

enhanced by pulsing. Meanwhile, the selectivity continues to decrease between 200-

300 mJ, implying that H2 oxidation is favored in the competition for O2 by the 

temperature pulse. There is still sufficient O2 content for oxidizing the remaining 

reactants CO and H2 even at the maximum pulse intensity (i.e. full conversion is not 

reached, neither for CO nor O2). The light-off of CO and H2 consumption rates does not 

occur. Hence the effect of the temperature pulse is well illustrated in this system because 

neither CO oxidation or H2 oxidation are limited by the reactant itself or the oxidant. 

In Figure 6.5 (right), at identical CO consumption rate, the selectivity under pulsing is 

compared to the value in the temperature programmed heating. In general, the 

selectivity decreases as CO consumption rate increases in both operation modes. At low 

CO consumption rate, the reaction under pulsing behaves similarly as under steady state. 

However, a different picture emerges when the CO consumption rate increases under 

pulsing. The selectivity decreases more rapidly under pulsing. For instance, the 

selectivity is 34 % at 0.0039 ml/min CO consumption rate under pulsing, while the 

selectivity is 83 % at the same CO consumption rate at steady state. This result indicates 

that a different reaction kinetic plays a role in temperature pulses which actually favors 

H2 oxidation.  
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6.4 Discussions  

6.4.1 Selective CO oxidation by temperature programmed heating 

The results of selective CO oxidation by temperature programmed heating are consistent 

with the general trend in the literature [153]. For instance, CO oxidation dominates on 

the Pt film and on the Pt-1.5 nanoparticles at low temperature. CO consumption rate 

increases as temperature increases, following a typical light-off curve similar as in pure 

CO oxidation (without H2). In addition, the rate of H2 oxidation rapidly increases when 

CO is fully converted to CO2, leading to a decreasing selectivity. At low CO consumption 

rates, H2 oxidation rate is nearly zero and selectivity is close to 100 % [154]. The reported 

high selectivity on Pt can easily be rationalized by the blocking action of adsorbed CO, 

thereby reducing the rate of H2 adsorption and oxidation at low temperature [155]. 

When significant CO desorption occurs at high temperature, CO coverages abruptly 

decreases, resulting in more active sites. Above this temperature, H2 oxidation is no 

longer suppressed by CO. Therefore, the selectivity is expected to decrease with 

temperature, as was demonstrated for the Pt film and Pt-1.5.  

The exact kinetics and the mechanism of CO oxidation in a H2 atmosphere are still under 

debate [156]. Particularly, Pt is an exceptionally active catalyst for H2 oxidation at low 

temperature, given the unusual low activation energy (ca. 20-50 kJ/mol). On the other 

hand, the apparent activation energy of CO oxidation is essentially equal to the CO 

desorption energy in the CO inhibition regime (ca. 120-160 kJ/mol). Hence, it is unknown 

how trace amount of CO affect the selectivity, which is surprisingly high considering both 

the high activity of the Pt catalysts for H2 oxidation and the large partial pressure ratio 

of pH2/pCO (pH2/pCO=80 on the Pt-1.5 nanoparticles) in the above experiments. In the 

presence of CO and H2, complex kinetic interactions occur on Pt catalysts: CO inhibits the 

light-off of H2 oxidation whereas H2 promotes the oxidation of CO. T50 of selective CO 

oxidation is reduced by around 15 °C on the Pt film and Pt-1.5 in the presence of H2, 

indicating that CO oxidation is enhanced by the presence of H2. This rate enhancement 

was previously found for CO oxidation on Pt/γ-Al2O3, where the rate at 150 °C was 

increased by a factor of about three upon the addition of 0.27 kPa H2 to 1.01 kPa CO 

[157]. The promoting effect of H2 is attributed to the formation of a HCO intermediate, 
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or to a faster reaction pathway involving adsorbed CO and OH leading to an increase in 

the oxidation rate. The activation energy of selective CO oxidation is lower by around 25 

kJ/mol than that for pure CO oxidation (without H2), another proof that H2 enhances the 

CO oxidation. The activation energy on Pt-1.5 is even lower than Ea on the Pt film, 

implying that the OH species play a role in this system, thereby decreasing Ea on the 

Pt/Al2O3.  

In this study, Pt model catalysts prove to be poor catalysts for selective CO oxidation. 

Firstly, CO consumption rate is very low at low temperature; second, the selectivity 

decreases rapidly upon heating, leading to a significant loss of H2. Hence, our aim was to 

explore if temperature pulsed operation can bring beneficial effect on the selective CO 

oxidation, and at the same time distinguish different reaction behavior by pulsing. 

 

6.4.2 Selective CO oxidation under temperature pulsed operation  

Three reaction regimes are distinguished in the selective CO oxidation on the Pt film and 

Pt-1.5 nanoparticles under pulsing: (1) at low pulse intensity (≤100 mJ), CO consumption 

rate remains low and selectivity is close to 100 %; (2) at intermediate pulse intensity 

between 200-275 mJ, CO consumption rate increases by a factor of about two while 

selectivity starts to decrease; (3) at high pulse intensity (300 mJ), CO consumption rate 

reaches maximum value on the Pt film at the expense of selectivity on the supported Pt 

nanoparticles. 

The selectivity is plotted against CO consumption rate under two operation models in 

Figure 6.4 and Figure 6.5. The comparison clearly shows that the selectivity at the same 

CO consumption rate decreases more rapidly under pulsing than under steady state 

conditions. In other words, H2 oxidation is in fact favored in the competition for O2 by 

temperature pulses.  

The selectivity is positively correlated to the reaction ratio between CO oxidation and H2 

oxidation by rewriting equation 6.1 to equation 6.2 [158]: 

S =  100 rCO/rH2
rCO/rH2+1

 (%)  (6.2) 
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where rCO = kCOe−
ECO
RT PCOa PO2b    (6.3)  

      rH2 = kH2e−
EH2
RT PH2c PO2d    (6.4) 

kCO and kH2 are the pre-exponential factors; ECO and EH2 are the activation energies          

for CO oxidation and H2 oxidation; PCO, PO2, PH2 are the partial pressure of CO, O2 and H2;    

a, b, c, d are the reaction orders.  

The reaction ratio rCO
rH2

 is determined by kinetic parameters as shown in equation 6.3: 

rCO
rH2

= kCOPCO
a PO2

b−d

kH2PH2
c e(EH2−ECORT )   (6.5) 

From equations 6.2 and 6.5, the dependence of the selectivity on temperature is 

determined by the sign and the magnitude of (EH2-ECO). If EH2>ECO, the selectivity 

decreases as temperature increases, and vice versa. In this study, it is most likely that 

EH2>ECO because the selectivity decreases as temperature increases.  

Experimentally, the selectivity decreases at high pulse intensity, indicating that rCO/rH2 

is indeed decreased by the temperature pulse. Hence, this model of operation is not 

beneficial for the removal of CO in H2 stream due to the loss of H2. However, the main 

purpose of these experiments is to distinguish different reaction behaviors between two 

operation models. The expectation is that the transient coverage during the pulse would 

make a difference.  

The different reaction behavior can be qualitatively explained by a hypothetical dynamic 

surface process. Firstly, H2 oxidation is completely suppressed because most active sites 

are blocked by CO. The temperature pulse is high enough to excite CO desorption. CO, 

H2 and O2 start to competitively adsorb on vacant sites. CO oxidation rate is significantly 

enhanced when adsorbed CO and O have an optimal surface coverage ratio. H2 oxidation 

is also triggered by the dissociative adsorption of H2 and O2 on Pt atoms. At the same CO 

consumption rate, the ratio of θCO/θH is lower in a transient state compared to the one 

at fixed temperature, leading to the decrease of selectivity. However, this hypothesis 

needs further work to verify by experiments and theoretical calculations.  
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6.5 Conclusions 

Selective CO oxidation was tested on the Pt film and supported 1.5 nm Pt nanoparticles 

by temperature programmed heating and by temperature pulsed operation. The most 

important conclusions are listed in the following: 

1. Low reaction rate corresponds to high selectivity towards CO oxidation at low 

temperature. CO oxidation dominates on the Pt film and on Pt-1.5 while H2 oxidation 

is suppressed at low temperature.  

2. High reaction rate (close to full CO consumption) results in poor selectivity due to 

that H2 oxidation starts to be significant at high temperature. 

3. T50 of selective CO oxidation is reduced by about 15 °C on the Pt film and Pt-1.5 in 

the presence of H2, indicating that CO oxidation is enhanced by the presence of H2.  

4. The results under pulsing show that the rate of selective CO oxidation is accelerated 

in a similar way as in pure CO oxidation. However, the selectivity decreases at high 

pulse intensity on the Pt film and Pt-1.5, indicating that the θCO/θH ratio is decreased 

by the temperature pulse. Hence, this mode of operation is not suitable for the 

removal of CO in H2 streams due to the loss of H2.  

5. At the same CO consumption rate, the selectivity under pulsing is much lower than 

the one at steady state, indicating that H2 oxidation is favored in the competition 

for O2 by temperature pulses. In temperature pulses, competitive adsorption 

between CO and H2 occurs for reactive sites on an empty Pt surface (pre-adsorbed 

CO desorbs in temperature pulses), leading to a temporarily low θCO/θH and thus a 

low selectivity. At steady state, the competitive adsorption between CO and H2 takes 

place on a Pt surface mostly pre-adsorbed by CO, which suppresses the rate of H2 

oxidation.  
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Conclusions and Outlook

 

7.1 Conclusions 

Periodic operation is a process intensification technique for improving the performance 

of catalytic reactors. It was found that a considerable increase in reaction rate can be 

achieved in a flow reactor by periodically applying temperature pulses. A modified 

microreactor was developed to test catalytic reactions under temperature pulsed 

operation. The motivation of this thesis is positioned on four points: 1) confirmation of 

the experimental results obtained during the work of Stolte using a modified 

microreactor with a more general concept of model catalyst; 2) a kinetic simulation for 

CO oxidation under pulsing; 3) A preliminary study of selective CO oxidation to 

investigate the dominating mechanism under pulsing and 4) an indirect measurement of 

the Pt surface temperature under rapidly oscillating conditions. This section explicitly 

discusses the main contributions of this work including highlights and limitations. 

 

7.1.1 Main achievements 

The main achievements of this thesis are: 

1. A follow-up study of ‘pulsed activation’ by Stolte et al has been carried out [3]. A 

number of improvements are worth mentioning based on the previous study. First, 

the reaction rate of CO oxidation on Pt model catalysts is increased by 41 times under 

pulsing than steady state operation with constant power input. In contrast, the pulse 

effectiveness is only three to four in the previous study. The pulse effectiveness is 

dependent on the pulse intensity and the difference between the light-off 

temperature and base temperature (T50-Tb). The threshold of temperature pulse for 

significant rate increase is 170 °C at pulse intensity of 200 mJ. Besides, the 
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temperature pulse is most efficient when (T50-Tb)=30~60 °C. Therefore, the electric 

pulses need to generate a temperature increase of c.a. 110-140 °C higher than T50 to 

trigger thermal CO desorption and chemical waves, thereby yield significant rate 

increase. Second, supported Pt NPs are employed in the catalytic testing, which 

extend the application of temperature pulsed operation to realistic supported 

catalysts. The Pt NPs responds to the temperature pulse similar as the original Pt film 

catalyst. The results are superior to the prior art due to the special design of both 

fast heating and cooling at large magnitude, while slow temperature cycling was 

applied in the literature.  

2. The following mechanism of CO oxidation under pulsing has been proposed by a 

dynamic kinetic study. The distribution of CO and O coverages undergoes transient 

process at high pulse intensity. Firstly, the inhibitive effect of the adsorbed CO on O2 

adsorption is locally relieved through pulse-induced thermal desorption of CO, 

leading to transient CO and O coverages; secondly, the separated islands of co-

adsorbed CO and O are mixed by exciting chemical waves, which increases the 

islands boundaries. These two factors partially contribute to the rate increase. More 

importantly, the kinetic simulation suggests that it is not the increased rate during 

the temperature pulse that increases the conversion, but the increased rate at 

transient coverages after the pulse that makes a difference. In summary, the overall 

rate under pulsing surpasses the average steady state rate, as the transient CO and 

O coverages yield a higher rate than the steady state one, and steady state conditions 

are recovered only slowly after a temperature pulse. 

3. The results of selective CO oxidation under pulsing show that the rate of selective 

CO oxidation is accelerated in a similar way as in pure CO oxidation. However, the 

selectivity decreases at high pulse intensity both on a Pt thin film and on Al2O3 

supported Pt nanoparticle model catalysts. More importantly, at the same CO 

consumption rate, the selectivity under pulsing is always lower than the steady state 

value, indicating that H2 oxidation is favored in the competition for O2 by the 

temperature pulse. This interesting difference is tentatively attributed to the 

transient process on the Pt surface subjected to temperature pulses. During and 

shortly after a temperature pulse, competitive adsorption between CO and H2 occurs 
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for reactive sites on an empty Pt surface (thermal CO desorption is induced by the 

temperature pulse), leading to a temporarily low θCO/θH. At steady state, the 

competitive adsorption between CO and H2 takes place on a Pt surface mostly pre-

adsorbed by CO, which suppresses the rate of H2 oxidation.  

4. The transient temperature of the Pt film Tsur(t) has been determined by both 

experimental measurement and simulation. It is found that temperature change 

induced by pulsing can easily be a few hundred degrees (in our study 230 °C within 

20 μs). The temperature cools down to base temperature in 900 μs at a pulse 

repetition rate of 20 Hz, which is well before the next temperature pulse. Therefore, 

the energy of multiple electric pulses does not accumulate to reach high surface 

temperature. 

 

7.1.2 Main limitations 

This study is a preliminary exploration of temperature pulsed operation and the model 

reactions are very general and ideal. A number of limitations are worth mentioning: 

1. Flat model catalysts were employed in this thesis. Dispersed Pt nanoparticles were 

deposited on a thin Al2O3 layer, and were heated by a Pt film beneath the Al2O3 layer. 

A shortcoming of this configuration is that the catalyst loading is extremely small 

(0.06-1.0 ng). Consequently, the catalytic conversion in absolute terms is also very 

small, making it difficult to detect by conventional instruments. Therefore, reactions 

that can be studied are limited to ones with high turnover frequency (TOF) such as 

CO oxidation. This excludes studies of many interesting reactions operated on an 

industrial scale. 

2. Limited pulse intensity and maximum temperature change. The maximum pulse 

intensity is limited to 300 mJ, corresponding to a maximum temperature change of 

about 230 °C. In fact, the pulse generator was designed to supply electric pulses up 

to 650 mJ. However, physical breakup of the Pt film is a common problem occurring 

when pulse intensities become larger.  
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7.2 Outlook 

7.2.1 Catalyst structure  

To test other reaction systems with low intrinsic rate, the catalyst structure must be 

changed to increase catalyst loading and improve the absolute reaction rate. Two 

catalyst configurations are taken into consideration. 

The first configuration is a monolithic catalyst. Figure 7.1 (left) shows that a monolithic 

catalyst support consists of many parallel channels separated by thin walls that are 

coated by catalytic active substances (washcoat), most commonly a metal like Pt. The 

channels of monolith may be round or polygonal (mainly square or hexagonal). This 

structure is reminiscent of a honeycomb. The cell density ranges from 30 to 200 per cm2 

with the separating thickness from 0.05 to 0.3 mm. The monolithic catalyst has been 

applied to develop the concept of ‘nano heater’ by Gracia et al [84]. They experimentally 

observed that, in some Mott NPs such as LaCoO3 perovskite NPs, the temperature of the 

NPs can be increased rapidly by absorbing microwave (MW) irradiation. The rapid 

heating often takes place in association with the insulator to metal transition (IMT) in 

Mott materials. Under suitable conditions, the intense absorption of MW irradiation 

leads to extremely high heating rates, above 600 °C/s.  

 

Figure 7.1 Left: a monolithic catalyst is an extruded substrate widely used in vehicle 

catalytic converters [159]; Right: the Mott nanoparticles are heated rapidly by absorbing 

microwave irradiation. Figure adapted from [84]. 

Figure 7.1 (right) illustrates that the Mott NPs are heated by absorbing MW irradiation; 

the rest part of the catalyst is relatively cool. In the metal/monolith system, the catalyst 

loading is considerably higher than the flat model catalyst. If the active components are 

Pt group metals in the monolith, the catalyst could be heated by a more powerful pulse 
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generator, thereby obtaining even higher temperature pulses.  

 

Figure 7.2 An α-alumina tube coated with Pt/Al2O3 catalyst [82]. 

Another simple catalyst configuration is a catalyst tube. Figure 7.2 shows how a layer of 

Pt/Al2O3 catalyst has been formed on a thin α-alumina tube with a few millimeters in 

outer diameter. Pt wire mounted along the center-line of the tube provides heating. Inlet 

gas flows through the surface of the outer surface of the tube. The catalyst loading is 

dependent on the outer surface of the tube, which can be significantly higher than the 

loading on a flat model catalyst. The Pt wire in the center-line of the tube can be 

periodically heated by electric pulses in a similar way as the Pt film in our study. 

Therefore, temperature pulsed operation can be extended to this configuration. 

 

7.2.2 Reaction system 

Although in principle temperature pulsed operation can be applied to many 

heterogeneous reactions, it is not expected to gain benefit equally in all reactions. 

Therefore, it is of great importance to choose a proper reaction system to maximize the 

pulse effectiveness. The following systems are among those that might be suitable for 

future study: 

1. Partial oxidation and oxidative dehydrogenation of alkanes on Pt-Sn bimetallic 

catalysts [ 160 ]. Dehydrogenation of alkanes, which are abundant in liquefied 

petroleum gas and natural gas, offers enticing routes to make up the shortage of 

olefins [161]. Huff and Schmidt first reported the selective dehydrogenation of 

ethane, propane and n-butane over a Pt-loaded monolithic catalyst at millisecond 

contact time [162]. If the temperature pulse is applied to the monolithic catalyst, the 

reaction rate is expected to increase due to the accelerated activation of C-H bond 

in alkanes. More importantly, the selectivity can also be improved by preventing 

deep oxidation during the rapid cooling of the temperature pulse.  
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2. NO reduction and CO oxidation on supported Pt group metals [163]. In this reaction 

the first step is the dissociative adsorption of NO. The O atoms produced are then 

removed by the reducing agent CO. The N atoms can combine to give N2, or react 

with chemisorbed NO to give N2O (particularly important at low temperatures). It 

has been suggested that CO and NO adsorb competitively on the same sites. CO has 

a strong inhibiting effect on the adsorption of NO. The dissociation of NO is the rate 

determining step, which could be increased by desorbing CO under pulsing.  

 

7.2.3 Increase maximum temperature change 

The maximum temperature change in the current setup is limited by the physical 

breakup of the Pt film on the Si wafer, not by electric limitations. The most significant 

results are obtained at maximum pulse intensity of 300 mJ, which corresponds to a 

temperature change of 230 °C. The primary cause of the Pt/Si wafer breakup is unknown. 

Consequently it is unclear what would have to change so that the Pt film could withstand 

at pulse intensity of 650 mJ, corresponding to a temperature change greater than 600 °C. 

Therefore, more investigation is needed to understand how the geometry could be 

changed to withstand more intense electric pulse.  

 

7.2.4 Research tool for kinetic study 

Although temperature pulsed operation is introduced as a form of process intensification, 

industrial use is not the only potential application. It could be transformed to a truly 

useful tool for kinetic determinations, by modifying its design to allow even faster 

temperature changes of catalyst. Non-steady state techniques such as step switching 

input flows, temporal analysis of products, temperature programming, as well as 

impulse response and frequency analysis are powerful methods to investigate reaction 

kinetics and mechanisms. The microreactor could also be used for precise intrinsic 

kinetic studies of other reactions which, when carried out under periodic operation, do 

not necessarily exhibit increases in rate or selectivity.
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Summary  

The Effect of Temperature Pulsed Operation on Catalytic Reactions 

Most studies of chemical processes are made with the tacit assumption that steady state 

operation is optimal. However, since the beginning of the 1970s, both theoretical and 

experimental studies have revealed that the performance (productivity or selectivity) of 

a chemical reactor can be increased by periodic operation. A transient state will be 

established when a sudden change is applied to any one of the four principal variables: 

concentration, temperature, pressure and residence time (space velocity). For some 

heterogeneous catalytic reactions, the reaction rate and selectivity are expected to 

increase if the adsorbate concentrations are optimized during periodic operation.   

Temperature pulsed operation is a special technique in the field of periodic operation. 

The ambition is to improve reaction rate, selectivity and energy efficiency with respect 

to steady state operation. The strategy applied in this thesis is to change the catalyst 

temperature rapidly both during the heating and cooling processes. With a novel design 

of catalyst configuration and microreactor, it is possible to achieve abrupt temperature 

change in catalytic reactions. These properties, coupled with a well-defined supported 

model catalyst material, make it well suited for the study of the effects of temperature 

pulsed operation on a catalytic reaction.  

To implement high temperature pulses, a microreactor was built based on a previous 

prototype, which used a 110 nm Pt film on a Si wafer as a catalytic layer. In the newly 

developed and modified microreactor, the Pt film can be heated in approximately 20 μs 

by application of short high voltage pulses through the thin film. The transient 

temperature of the Pt film follows the pulse structure. The peak temperature change ΔT 

is 230 °C at maximum pulse intensity applied (300 mJ). The temperature reaches the 

maximum value in the first 20 μs, and then gradually approaches base temperature Tb. 

The initial cooling rate is also very high. However, the temperature is still 5 °C higher than 

Tb after 300 μs. After 900 μs, the temperature drops back to Tb within 1 °C deviation. The 

original simple design of the catalyst (a continuous thin film) is modified by atomic layer 

deposition technology to complement the bulk Pt catalyst with supported Pt NPs. It then 
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becomes possible to investigate the performance of supported NPs under pulsing. 

CO oxidation and selective CO oxidation in a H2 stream were chosen as model reactions 

to investigate the effect of the temperature pulsed operation. These reactions are well 

studied and understood, which makes them suitable to investigate a novel model of 

operation. Firstly, the steady state reaction behavior of CO oxidation and selective CO 

oxidation was characterized by temperature programmed heating experiments. Then, 

the effect of pulsing on the behavior of these reactions was investigated. The catalysts 

used in these experiments were a Pt film and Pt/Al2O3 with diameter of 1.5 nm, 2.5 nm 

and 4.0 nm (denoted as Pt-1.5, Pt-2.5 and Pt-4.0, respectively). The catalyst was 

continuously heated by a DC power supply and periodically heated by electric pulses. 

The total power input maintained constant during the electric pulse by decreasing the 

DC power to offset the pulse energy. 

The experimental results obtained by temperature programmed heating have shown 

that the reaction behaves as it is predicted by the Arrhenius law. The average activation 

energy of CO oxidation on Pt catalysts is 95.9 kJ/mol, in good agreement with literature 

results. The order of activities is Pt film>Pt-4.0>Pt-2.5>Pt-1.5 in terms of light-off 

temperature (T50) in CO oxidation. A kinetic transition from the regime when the surface 

is predominantly covered by CO to a regime with an O-covered surface occurs at T50. 

Therefore, T50 actually reflects how CO blocking behaves, rather than the intrinsic 

catalytic activity. 

The application of temperature pulsed operation with low pulse intensity (less than 200 

mJ) has had no significant effect on the reaction behavior. The system behaves as being 

under steady state conditions. In contrast, when the pulse intensity exceeds 200 mJ, the 

measured CO conversion is higher under pulsing compared to the one recorded under 

steady state conditions. Pt/Al2O3 responds to the temperature pulse in a similar way as 

the Pt film. The pulse effectiveness (reaction rate enhancement) is as high as 41. The 

stack consisting of the Al2O3 film on the Pt film can be considered as a general catalyst 

support, which provides the opportunity to investigate other industrially relevant 

catalysts and reactions. The DC power offset assures that the total power input does not 

increase during pulsing. Furthermore, the time averaged temperature of the Pt surface 

is constant under pulsing. Both of these explanations can thus be ruled out as the cause 
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of the increased catalytic activity.  

It is generalized from all pulsing experiments that CO conversion is dependent on the 

pulse intensity and the applied base temperature, relative to the light off temperature 

(T50-Tb). The threshold of temperature pulse for significant rate increase is 170 °C. The 

temperature pulse is most efficient when (T50-Tb)=30~60 °C. Therefore, the electric pulse 

needs to generate a temperature increase of c.a. 110-140 °C above T50 to yield significant 

rate increase. The following mechanism of CO oxidation under pulsing is proposed by a 

dynamic kinetic study. The distribution of CO and O coverages undergoes transient 

process at high pulse intensity. Firstly, the inhibitive effect of the adsorbed CO on O2 

adsorption is locally relieved through pulse-induced thermal desorption of CO, leading 

to transient CO and O coverages; secondly, the separated islands of co-adsorbed CO and 

O are mixed by exciting chemical waves, which increases the islands boundaries. These 

two factors partially contribute to the rate increase. More importantly, the kinetic 

simulation suggests that it is not the increased rate during the temperature pulse that 

increases the conversion, but the increased rate at transient coverages after the pulse 

that makes a difference. Therefore, the overall rate under pulsing surpasses the average 

steady state rate, as the transient CO and O coverages yield a higher rate than the steady 

state one, and steady state conditions are recovered only slowly after a temperature 

pulse. 

Selective CO oxidation is carried out over Pt film and ALD prepared Pt/Al2O3 catalyst 

under steady state operation and under temperature pulsed operation. The objective is 

to test the dynamic pulse concept for the competitive reactions between CO oxidation 

and H2 oxidation, and to distinguish different reaction behaviors between two operation 

models. 

The results of selective CO oxidation under pulsing show that the rate of selective CO 

oxidation is accelerated in a similar way at high pulse intensity as in pure CO oxidation 

(without H2). However, the selectivity decreases at high pulse intensity both on the Pt 

film and Pt nanoparticles. Most importantly, at the same CO consumption rate, the 

selectivity under pulsing is always lower than the one at steady state, indicating that H2 

oxidation is favored in the competition for O2 by the temperature pulse. This difference 

is attributed to the dynamic process on the Pt surface in temperature pulses. In 
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temperature pulses, competitive adsorption between CO and H2 occurs for reactive sites 

on a completely empty Pt surface (thermal CO desorption is induced by high temperature 

pulses), leading to a temporarily low θCO/θH. At steady state, the competitive adsorption 

between CO and H2 takes place on a Pt surface mostly pre-adsorbed by CO, which 

suppresses the rate of H2 oxidation.  
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