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Abstract 

Critical phenomena in heterogeneous catalysis have attracted a considerable interest 

throughout history due to their intriguing dynamical complexity. The coordinated 

interplay of various phenomena, such as surface interactions, nonlinear reaction 

mechanisms and the transport of energy and mass, determine the likelihood of dynamic 

patterns in certain catalytic systems. In this work, pulse experiments performed with a 

Temporary Analysis of Products (TAP) reactor showcase the complex dynamic behavior 

of CO oxidation over a Pt catalyst and exhibit its dependence on the pulsed CO/O2 ratio 

and the local bed temperature. Pulse responses exhibit a dynamic transition between 

two critical values of the reaction rate for feed mixtures richer in O2 due to the controlled 

interactions of the adsorbed species on the surface of the catalyst. 
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1. Introduction 

The kinetics of CO oxidation on Pt are generally considered to follow a Langmuir-

Hinshelwood mechanism [1], where CO and O2 are adsorbed from the gas phase onto 

the surface of the catalyst. Generally, adsorption/desorption processes of CO and O2 

over Pt are considered complex multi-step processes. However, in typical models of the 

Ideal Adsorbed Layer (IAL), a single active site is sufficient for a CO molecule to adsorb, 

whereas O2 requires a pair of sites to dissociate and thus form the adsorbed oxygen 

species in two separate steps [2]. The adsorbed species can then react to produce CO2, 

which rapidly desorbs from the surface [1]. Following the product formation step, the 

previously occupied active sites become available for reactants to adsorb. Since 

reactivity depends on the presence of adsorbed CO and oxygen on the surface, their 

respective coverages greatly affects the reaction rate and the apparent catalyst activity. 

The differences between the adsorption of CO and O2 creates a competitive dynamic for 

available sites. Since CO is able to adsorb freely on a single site, extensive CO 

coverages can form dense layers that hinder O2 dissociation due to limited available site 

pairs [3, 4]. In contrast, adsorbed oxygen allows the adsorption of CO, even for a 

surface saturated with oxygen atoms [5]. Both CO and O2 can form non-uniform 

distributions on the surface of the catalyst consisting of segregated domains or islands 

[6-8]. CO oxidation is thereby limited to the reaction between the adsorbed CO and 

oxygen species present on the boundaries of their respective surface islands [9]. 

Critical phenomena for CO oxidation on Pt can arise as a result of the interplay 

between adsorption/desorption processes and the interaction of surface species. The 

reaction rate can change dynamically depending on the surface coverage of the 

adsorbed species and the partial pressures of CO and O2 in the gas phase. For surfaces 

predominantly covered with oxygen, the reaction rate increases proportionally with 

respect to the partial pressure of CO, reaching a region once a sufficient CO coverage is 

reached. Beyond this point, adsorbed CO starts to impede the adsorption of O2 and the 

reaction rate is consequently diminished [8, 10]. These underlying complexities of the 

reaction mechanism can be a factor that favors critical phenomena, such as the 

occurrence of multiple steady states [11-14]. Under certain conditions, special dynamic 



behaviors such as oscillations can appear around the maximum reaction rate of the 

system, which is achieved during the dynamical transitions between high and low 

reactivity regimes [15]. Feedback mechanisms that cause periodic transitions of 

reactivity can involve various types of dynamically complex surface phenomena, such as 

adsorbate induced reconstructions of the Pt surface [5, 16, 17], the appearance of 

subsurface oxygen phases [18, 19] or the formation of non-uniform spatiotemporal 

patterns of CO and oxygen islands on the catalyst surface [20-23]. The objective of this 

work is to analyze the dynamic kinetics of CO oxidation over a Pt catalyst under 

transient reaction conditions. For this purpose, pulse experiments with a Temporal 

Analysis of Products (TAP) reactor are performed under different CO/O2 mixtures and 

various temperature conditions to observe their influence on the temporal evolution of 

the pulse responses. 

2. Materials and methods 

2.1. Catalyst synthesis and support preparation 

The synthesis methodology followed the approach presented in the work of 

Ramachandran et al. [24]. The catalyst consists of Pt nanoparticles (NPs) supported on 

non-porous quartz particles via Atomic Layer Deposition (ALD). NPs were deposited at 

200°C by cyclically alternating the exposure of quartz particles to the pulses of 

(methylcyclopentadienyl)trimethylplatinum (MeCpPtMe3) vapor and ozone (O3) gas. The 

MeCpPtMe3 precursor was heated to 30°C and the delivery line to 60°C. MeCpPtMe3 

was pulsed into the reaction chamber using Ar as a carrier gas. Both ALD half cycles 

were performed in a static way: the precursor/reactant was pulsed for 10 sec reaching a 

pressure of 1 mbar after which the valves to the pumping system were kept closed and 

the quartz particles were exposed to the gas for an additional 20 sec, resulting in a total 

exposure of 30 sec. In between two pulses the chamber was evacuated. This process 

was conducted for 100 cycles, to assure the deposition of sufficient Pt on the surface of 

the non-porous particles. The deposited layer was then treated under a Temperature 

Programmed Reduction (TPR) with H2. 

2.2. Setup description and reactor configurations 



CO oxidation experiments with the ALD Pt catalyst were performed in a TAP-3E 

reactor system previously detailed by Gleaves et al. [25-27]. Four main sections 

comprise the setup: a pulse valve manifold, a microreactor, a high vacuum analysis 

chamber and a computer system for control and data acquisition (seeFigure 1A). The 

manifold contains two high speed electromechanical pulse valves, each with its own 

separate gas feed line for testing different gas mixtures, and couples directly to the 

microreactor inlet. The valves’ opening time can be tuned within a microsecond 

resolution from the main computer for precisely adjusting the gas pulse intensity and 

defining the transport conditions within the microreactor bed. The manifold also offers 

the option of continuous flow experiments at higher pressures (up to 2 bar) through the 

use of a needle valve connection. When coupled, the manifold forms a sealed 

connection with the microreactor, thus ensuring a separation between the high vacuum 

conditions inside the reactor and the outside atmosphere. The microreactor consists of a 

quartz tube with a length of (44.6 ± 0.1) mm and a diameter of (4,0 ± 0.1) mm housed in 

a stainless steel enclosure. A metallic heating wire is wrapped around the quartz tube 

and a thermocouple is placed at the center of the reactor bed for correctly measuring 

and controlling the bed temperature during experiments. An Eurotherm controller is 

responsible of regulating the bed temperature with a PID algorithm and a Mastech DC 

Power Supply that feeds the heating element. The analysis chamber is equipped with an 

Extrel Quadrupole Mass Spectrometer (QMS) located just beneath the microreactor 

outlet for sampling the pulse response of the gas components. High vacuum conditions 

in the order of 10-7 torr are achieved in the chamber during experiments due to the 

combined work of a Varian turbomolecular pump and a water cooled diffusion pump. 

Reactor bed configurations were prepared in accordance with the Thin-Zone TAP 

reactor (TZTR) model proposed by Shekhtman [28]. This model consists of a thin 

catalyst layer placed at the center of the reactor between two large beds of inert 

particles. The TZTR configuration is often employed during pulse experiments due to a 

series of advantages, such as the minimization of concentration and temperature 

gradients across the catalytic layer, the mathematical separation of transport and 

reaction and the option of determining kinetic parameters with moment calculations. An 

example of this configuration is presented in Figure 1B. The catalytic layer for all 



experiments was prepared by separately weighing and posteriorly placing (10.7 ± 0.1) 

mg of the Pt catalyst between two large inert zones filled with quartz particles with an 

average diameter smaller than 250 µm, thus forming a thin zone of (0.8 ± 0.1) mm in 

length. This active layer was put in direct contact with the reactor’s thermocouple for an 

adequate measurement and control of the reaction temperature during experiments. 

Before experiments, the reactor was heated up to 500°C for 20-30 min for preactivation. 

Pulse reduction experiments with a H2/Ar mixture at such temperatures did not show any 

significant water formation before or after CO oxidation experiments. 

Figure 1 (A) General schematic of the TAP-3E reactor system (B) Graphical 

representation of the Thin-Zone TAP reactor (TZTR) configuration. Dark gray particles 

represent the thin layer formed by catalytic particles, whereas light gray particles 

indicate the large inert zones comprised by non-active quartz particles 

2.3. Pulse experiments with multiple CO/O2 ratios and variable temperatures 

In order to observe the influence of the pulsed CO/O2 ratio on the reaction’s dynamic 

response, different reactant gas mixtures were prepared separately for each set of 

experiments. CO (99,997%), O2 (≥ 99,995%) and Ar (≥ 99,999 %) were mixed in a gas 



preparation tank, with the latter serving as an inert standard for all experiments. The 

proportion between CO and O2 was adjusted by controlling their respective partial 

pressures during the mixing stage. These were determined from the observed pressure 

differences in the tank’s manometer when filling up the tank with each gas. Experiments 

were conducted with the following CO/O2 gas ratios: 1:1, 1:2, 2:1 and 3:1. The amount 

of pulsed molecules for CO and O2 ranged in the order of 1015-1016 molecules, in 

accordance to the proportions dictated by the CO/O2 ratios in the feed mixtures. 

Different temperature conditions were evaluated for each set of reactant gas ratios. At 

first, pulse experiments were carried out at a stable temperature of 300°C. Afterwards, 

pulse experiments were performed under an increasing temperature ramp with a rate of 

5°C/min, from 300°C to 450°C. Subsequently, another series of pulse experiments were 

then conducted at a controlled 450°C. Lastly, experiments were then carried out under a 

temperature ramp descending from 450°C to 300°C with a cooling rate of 5°C/min. 

Sufficient time was allocated during the temperature ramp experiments for collecting 

data during the ramp and after temperature stabilized at its final value. For each 

experiment, the total number of pulses was 800, the width of each pulse 150 μs and the 

data collection time per pulse was set to 4 sec, with a millisecond sampling resolution. 

The MS was configured to track the 28, 32, 40 and 44 AMUs in order to respectively 

analyze CO, O2, Ar and CO2. Different signal gains were employed for each set of feed 

mixtures to account for the impact of gas composition on signal intensity. Separate 

experiments with CO2 and Ar were done to evaluate the fragmentation of CO2 and its 

contribution to the 28 AMU signal. 

2.4. TAP Data Correction and Analysis 

A baseline correction procedure was applied to all raw pulse data collected from CO 

oxidation experiments in order to eliminate possible offsets in the voltage signals 

generated by the QMS. Such shifts tend to be uniform and can raise or lower the pulse 

signals [29]. A simple vertical shift in the other direction is sufficient to translate the 

baseline of the signal as close as possible to zero. This correction procedure was 

developed in MATLAB and involves the adjustment of each pulse by subtracting the 

average value of its baseline before the pulse is injected to the reactor. Such values 



represent the baseline response of the QMS and therefore correspond to the reference 

values assigned by the baseline correction subroutine. Following this process, pulse 

data was also averaged by taking the mean of the collected pulse responses at the 

outlet of the reactor. This data shows of the average time evolution of the flowrate of a 

given chemical species at the outlet of the microreactor. 

3.  Results 

3.1. Pulse experiments with 1:1 and 1:2 CO/O2 feed ratios 

The average pulse responses for all species in an experiment with a 1:1 CO/O2 

mixture at 300°C are presented in Figure 2A, where the responses of CO and O2 exhibit 

a more drastic decay after their peak compared to the Ar response. CO oxidation at 

these conditions is evident from the clear CO2 signal that appears during the collection 

time. Nevertheless, the CO2 response in Figure 2A exhibits an exceptionally 

characteristic shape. This signal initially rises as it normally would in the case of product 

formation, forming a small peak. However the curve does not fully decay after this point, 

but rather decays slightly before forming a plateau with a 1 sec duration, forms a second 

peak and then slowly decays to its baseline. Moreover, the CO and O2 signals also 

display a remarkable change in their curvature during this phenomenon, with a 

noticeable descent taking place at the same time the second CO2 peak appears. These 

traits can be observed with more detail in Figure 2B. 

The temperature evolution of the CO2 response provides a more complete view of the 

double peak phenomenon. Figure 3A displays the CO2 responses under a temperature 

ramp of 5°C/min, from 300°C to 450°C. It can be observed during the pulse profile that 

the timing of the second CO2 peak changes consistently with incremental temperature 

values. As temperature rises with the ramp, the duration of the plateau between both 

CO2 peaks is gradually shortened. At approximately 360°C and above, the double peaks 

the in CO2 responses start to seemingly merge with each other, until a single and fully 

developed peak is consistently achieved at temperatures beyond 380°C. This behavior 

at higher temperatures can be further observed in the average pulse responses at 

450°C shown in Figure 3B, where a single and fully developed CO2 pulse exhibits a 



decay similar to the Ar signal. Furthermore, reactant signals do not display any 

inconsistent changes in their shape unlike their respective counterparts at 300°C. The 

system also produces a consistent CO2 response for the temperature ramp from 450°C 

to 300°C, with the unified CO2 peak reducing its intensity before splitting again in a 

double peak response at lower temperatures, similar to the pattern observed in Figure 

3A. 



 

 

Figure 2. Average responses for a pulse experiment with a 1:1 ratio of CO/O2. Signal 

gains κ𝐶𝑂 = 8 ; κ𝑂2
= 8 ; κ𝐴𝑟 = 8 ; κ𝐶𝑂2

= 8. (A) Average pulse responses of CO, O2, Ar 

and CO2 at 300°C. (B) Detailed view of the double peak phenomenon, showcasing the 

second CO2 peak that occurs after the plateau 



 

Figure 3. Evolution of the CO2 pulse response with increasing temperatures under a 1:1 

CO/O2 ratio. (A) Pulse responses of CO2 during an experiment under an increasing 

temperature ramp from 300°C to 450°C (5°C/min). (B) Average pulse responses of CO, 

O2, Ar and CO2 at 450°C. Signal gains 𝜅𝐶𝑂 = 8 ; 𝜅𝑂2
= 8 ; 𝜅𝐴𝑟 = 8 ; 𝜅𝐶𝑂2

= 8 

Figure 4A presents the average pulse responses for a 1:2 CO/O2 ratio at 300°C. It 

can be seen that the CO2 signal also exhibits a double peak response, albeit with a 

smaller peak intensity and a slightly longer plateau. Moreover, with the appearance of 

the second CO2 peak, the CO and O2 responses show a weaker descent in curvature at 



300°C compared to the one observed with a 1:1 ratio. These features can be observed 

with greater detail in Figure 4B. Under the increasing temperature ramp, shown in Figure 

5A,the double peak response gradually merges together into a fully developed single 

peak in a similar manner to the response observed with a 1:1 CO/O2 ratio. The average 

pulse responses at 450°C shown in Figure 5B are similar to those observed in Figure 3B 

as well, presenting a sharp CO and O2 responses in conjunction with a strong CO2 

signal containing a single peak. The reactant responses display a consistent curvature 

during the experiment, without any radical and sudden changes. The descending 

temperature ramp also reproduces the behavior of the CO2 response displayed in Figure 

5A, with the double peak response appearing after the single CO2 peak splits apart at a 

low enough temperature. 



 

Figure 4. Average responses for a pulse experiment with a 1:2 ratio of CO/O2 at 300°C. 

Signal gains 𝜅𝐶𝑂 = 8 ; 𝜅𝑂2
= 8 ; 𝜅𝐴𝑟 = 7 ; 𝜅𝐶𝑂2

= 8. (A) Average pulse responses of CO, 

O2, Ar and CO2. (B) Detailed view of the double peak phenomenon, showcasing the 

small second CO2 peak that occurs after the plateau 



 

Figure 5. Evolution of the CO2 pulse response with increasing temperature under a 1:2 

CO/O2 ratio. (A) Pulse responses of CO2 during an experiment under an increasing 

temperature ramp from 300°C to 450°C (5°C/min). (B) Average pulse responses of CO, 

O2, Ar and CO2 at 450°C. Signal gains 𝜅𝐶𝑂 = 8 ; 𝜅𝑂2
= 8 ; 𝜅𝐴𝑟 = 7 ; 𝜅𝐶𝑂2

= 8 

3.2. Pulse experiments with 2:1 and 3:1 CO/O2 feed ratios 

The average pulse responses for a 3:1 CO/O2 feed ratio at 300°C are shown in 

Figure 6A, where the CO2 response exhibits a weak signal intensity. Most importantly, 



the shape of the CO2 signal displayed in Figure 6B does not present a double peak or a 

plateau, but its tail end is rather characterized by a slow and almost linear decay. Similar 

pulse responses can be observed for a 2:1 CO/O2 ratio (see Supplementary 

Information). Additionally, the curvature of the CO and O2 pulse responses lacks any 

abrupt changes, unlike the sharp descents in their respective signals observed with 1:1 

and 1:2 CO/O2 gas ratios at the time of the second CO2 peak. 



 

Figure 6. Average responses for a pulse experiment with a 3:1 ratio of CO/O2 at 300°C. 

Signal gains 𝜅𝐶𝑂 = 7 ; 𝜅𝑂2
= 8 ; 𝜅𝐴𝑟 = 8 ; 𝜅𝐶𝑂2

= 8. (A) Average pulse responses of CO, 

O2, Ar and CO2. (B) Detailed view of the CO2 response 

Pulse responses at higher temperatures are also similar for both 2:1 and 3:1 CO/O2 

ratios. Figure 7 displays the CO2 responses for a feed with a 3:1 CO/O2 ratio under a 

temperature ramp from 300°C to 450°C. The slow decaying responses at 300°C start to 

increase in intensity and exhibit a steeper decay with increasing temperatures. Figure 

7B shows that, at 450°C, the CO2 response is a small and fully developed single pulse, 



whereas the CO and O2 responses showcase a sharp profile similar to those obtained 

with feed mixtures richer in O2. Experiments with descending temperature ramps for 

both 2:1 and 3:1 CO/O2 ratios produced a trend consistent with the behavior shown in 

Figure 7A. 

 

 

Figure 7. Evolution of the CO2 pulse response with increasing temperature under a 3:1 

CO/O2 ratio. (A) Pulse responses of CO2 during an experiment under an increasing 

temperature ramp from 300°C to 450°C (5°C/min). (B) Average pulse responses of CO, 

O2, Ar and CO2 at 450°C. Signal gains 𝜅𝐶𝑂 = 7 ; 𝜅𝑂2
= 8 ; 𝜅𝐴𝑟 = 8 ; 𝜅𝐶𝑂2

= 8 



4. Discussions 

In a TAP experiment, the pulse responses of reactant and product species provide 

information regarding the surface interactions between multiple adsorbed species on a 

catalyst’s surface. The dynamic nature of the reaction pathway of CO oxidation taking 

place on the surface of the Pt catalyst can be strongly affected by the ratio of CO and O2 

in the feed. The relative amount of both reactants in the gas phase during each pulse 

has a direct influence on the total active site coverage of the adsorbed CO and oxygen 

species, which in turn determines reaction dynamics, surface phenomena and the 

apparent kinetics. Mechanistic implications of the CO/O2 ratios in the gas phase can be 

analyzed by comparing the temporal behavior of pulse responses obtained with different 

feed mixtures at the same temperature conditions. Since Ar acts an inert standard, the 

shape of its pulse response solely reflects the influence of transport within the reactor 

bed. However, the average CO and O2 responses in Figure 2 through Figure 7 exhibit a 

more drastic decay after their peak compared to the inert reference for all CO/O2 ratios 

at both 300°C and 450°C. This behavior is typically indicative of a process defined by 

irreversible adsorption and reaction for both CO and O2 [26]. 

CO oxidation at 300°C is evident from the clear CO2 signals that appear during 

collection times in all experiments, particularly for those with 1:1 and 1:2 CO/O2 ratios. 

These responses describe the series of processes involving product formation and 

desorption from the surface of the catalyst, coupled with diffusion from the active thin 

zone towards the outlet of the reactor. Nevertheless, CO2 responses in Figure 2Figure 4 

exhibit an exceptionally characteristic shape. The plateau is the most relevant part of 

this double peak response, because it signifies a steady release of CO2 at the outlet 

despite the transient nature of the pulse experiment. This behavior lies in stark contrast 

with the sustained decay of the Ar response, so it must be necessarily induced by 

adsorption/reaction phenomena on the surface of the catalyst. Furthermore, the abrupt 

descents in the curvatures of the CO and O2 responses take place at the same time the 

second CO2 peak appears. This observation further reinforces the hypothesis that the 

particular behavior of the CO2 response is directly caused by surface phenomena that 

affects both reactant responses as well. 



A sustained yet slowly decaying product pulse would be possible in the case of 

reversible adsorption with a slow CO2 desorption compared to its rate of formation and 

adsorption on the surface [26]. However, this scenario can be easily discarded given the 

well-known fast and irreversible nature of CO2 desorption in the CO oxidation 

mechanism involving Pt sites [1]. Furthermore, any influence from the support can be 

neglected due to the lack of significant interactions between CO2 and the quartz support. 

This was verified across pulse experiments with CO2 and a reactor bed comprised of 

quartz particles similar to those acting as the catalyst’s support. Moreover, the shape of 

the double peak response also provides information that rejects the possibility of a slow 

CO2 desorption. Under this condition, the CO2 signal after the initial peak would feature 

a broad bump caused by the slow desorption followed by a steady decay that would 

settle more slowly than the Ar signal. On the other hand, the CO2 responses shown in 

Figure 2B andFigure 4B exhibit a rather sharp second peak, followed by a decay that 

closely resembles that of the Ar response. This behavior suggests that the second peak 

is rather caused by an additional surge in CO oxidation instead of a slow CO2 

desorption. An abrupt increase in the rate of reaction would also imply an immediate 

decrease of the remaining CO and O2 molecules still inside the reactor. Either due to an 

increased consumption in the additional formation of CO2, or because of their adsorption 

on sites previously occupied by CO and oxygen species consumed in the second surge 

of activity. Such decreases in the reactant concentrations at the outlet are confirmed by 

the sudden descents in curvature observed for both the CO and O2 responses in Figure 

2B and Figure 4B, well synchronized with the second CO2 peak.  

The temperature evolution of the CO2 responses in Figure 3 and Figure 5 provides a 

deeper insight on the mechanistic origins of the double peak phenomenon. The CO2 

response that characterizes lower temperatures implies the existence of surface 

phenomena that limits the interactions between adsorbed CO and oxygen species. The 

plateau that follows the initial CO2 peak shows that CO oxidation on the surface of the 

catalyst is carried out in a controlled manner, regulating the release of CO2 in such a 

way that causes a constant response at the outlet despite the decreasing concentrations 

of CO and O2 in the gas phase during each pulse. Furthermore, the second peak after 

the plateau period indicates that the system reaches a critical point of activity resulting in 



a surge of CO2 formation. This is in line with the simultaneous descents in the slopes of 

the CO and O2 pulse responses at 300°C, which in turn demonstrate a sudden increase 

of the adsorption and reaction rates. Overall, these observations suggest a reaction 

mechanism that dictates an organized surface distribution of the adsorbed species and 

thus controls the CO2 formation step. 

The existence of a mechanism involving organized storage structures, such as 

surface islands, [6-8] for CO and O2 can describe the aforementioned experimental 

behavior. Separate domains of adsorbed CO and oxygen atoms restrict the oxidation of 

CO to the boundaries of these islands, consequently limiting the rate of CO2 formation. 

As reaction progresses, vacant sites on the islands’ peripheries are replenished by 

either molecules adsorbed from the gas phase, or by the surface diffusion of species 

already present within the bulk of the islands. Naturally, the gas phase availability of CO 

and O2 in the surroundings of the catalyst layer changes during each pulse, first 

increasing rapidly before decreasing as these molecules are transported across the 

active zone and exit the reactor. This controlled reaction between adsorbed species 

describes the initial peak and the plateau in the CO2 responses at lower temperatures 

presented in Figure 2Figure 3A,Figure 4Figure 5A. The plateau section of the double 

peak responses is a kinetic fingerprint of the structural organization of the adsorbed 

species. Due to the diminishing gas phase concentrations of CO and O2, surface 

diffusion becomes increasingly more relevant in replenishing vacant sites at the 

boundaries. Consequently, the coverage of the CO and oxygen islands becomes 

sufficiently reduced at some point, thus breaking the organization that restrains the CO2 

formation rate. This in turn frees sites and allows the remaining CO and O2 in the gas 

phase to adsorb and react rapidly. This would explain the second activity peak observed 

in the CO2 responses and the sharp descents in the curvature of the CO and O2 signals 

of Figure 2B andFigure 4B. 

A reaction mechanism involving CO and oxygen islands can also elucidate the flat 

profile observed in the double peak response of CO2 at lower temperatures. The 

inherently transient nature of the experiment implies time dependent reactant 

concentrations in the gas phase, which consequently suggest non-steady surface 

coverages for both reactant domains during the course of the reaction. The initial and 



final peaks of the CO2 signal are an indication that the island mechanism can cause the 

reaction rate to transition between two critical values depending on the state of the 

surface islands over the duration of the pulse. The initial rise and peak of the CO2 

response indicates the first critical value of the reaction rate and corresponds to the 

adsorption of CO and O2 from the gas phase, initially with a high reactant concentration, 

before the organization of the adsorbed species into surface islands becomes dominant. 

As these continue to grow and cover the surface of the catalyst, CO oxidation becomes 

limited to their boundaries and the reaction rate is consequently restrained. This 

transition to a “low” activity regime is determined by the dynamic evolution of the CO and 

oxygen islands, and is characterized by the decay after the initial peak and the posterior 

formation of the plateau. During this stage, the surface coverages of the adsorbed 

species may change dynamically due to the interplay between the formation of CO2 at 

the islands’ peripheries, the adsorption of reactants from the gas phase and the surface 

diffusion from to the bulk of the islands towards their boundaries. Surface coverages do 

not reach critical points during this restrained regime, as evidenced by the sustained 

behavior of the plateaus observed in the double peak responses. However, as islands 

begin to reduce and disperse, the reaction rate attains a second critical value after the 

dynamic surface coverages reach a new critical point. This transition to the high activity 

regime causes the second CO2 peak and the abrupt descents of the CO and O2 signals. 

In summary, the dynamic evolution of the islands’ surface coverages determine the 

existence of two critical points for the reaction rate. The first corresponds to the initial 

organization of the surface islands and the second to their collapse. The transition 

between these critical points involve a restrained reaction rate due to the organized CO 

and oxygen domains that limit CO oxidation to their boundaries.  

Surface islands and the dynamic transitions between activity regimes also account for 

the responses obtained during the temperature ramps and at 450°C. The reduced 

duration of the plateau between peaks and their posterior merging into a single and fully 

developed pulse can be explained by the increased mobility of the adsorbed CO atoms 

at higher temperatures [30, 31]. This favored surface diffusion disperses the CO islands 

and reduces their size, extending their overall reactive boundaries and increasing their 

interactions with the oxygen islands. Consequently, this improved reactivity translates 



into the shorter transitional periods and stronger second peaks observed in Figure 3A. 

Furthermore, as temperatures continue to rise, CO is able to react with the oxygen at the 

surface without any significant surface restrictions, thereby generating a single and 

highly intense CO2 peak. At 450°C, the sharp CO pulse profiles presented in Figure 3B 

Figure 5B shows the fast rate of CO adsorption, while the broader O2 signals suggest an 

increased desorption step at higher temperatures [1].  

The different adsorption mechanisms of CO and O2 also play a key role in the 

formation of islands and their overall surface coverage. Due to its dissociative behavior 

[1, 2], the adsorption of a O2 molecule requires two free adjacent active sites to form its 

adsorbed species, in contrast with CO that only requires a single free active site. 

Therefore, the CO/O2 ratio in the gas phase possesses a strong influence in the reaction 

mechanism and its dynamic behavior. Previously, it was found that CO2 is not formed if 

a surface saturated with CO is exposed to O2 [3, 4]. This is a direct consequence of the 

necessity of vacant adjacent sites for molecular O2 to adsorb on the surface. On the 

other hand, CO has been found to adsorb on oxygen covered surfaces [5]. Based on the 

discussed experimental results with 1:1 and 1:2 CO/O2 ratios, gas phase mixtures richer 

in O2 can result in a high activity and complex dynamic transitions due to the surface 

island mechanism. 

With a 1:2 CO/O2 ratio in the feed, the surface coverage of oxygen becomes more 

dominant over the CO islands. CO oxidation takes place on the surface with more 

limitations due to the smaller amounts of CO. This is evidenced in the smaller peaks and 

the longer plateau in the CO2 responses of Figure 4Figure 5A. Additionally, the smaller 

descents in the slopes of the CO and O2 further suggests that the second surge in 

activity is more limited due to the smaller availability of CO in the gas phase. The 

increased surface mobility of CO at higher temperatures, combined with the larger 

amount of oxygen covering the surface, results in a quicker vanishing of the plateau 

compared to the trend presented in Figure 3A. 

Due to the increased CO concentration in experiments under 2:1 and 3:1 CO/O2 

ratios, CO can adsorb more easily on the surface of the catalyst, consequently limiting 

the free surface for O2 adsorption. This becomes apparent from the average pulse 



responses displayed in Figure 6, corresponding to a feed mixture with a 3:1 CO/O2 ratio 

at 300°C. The diminished intensity of the CO2 signal suggests that CO oxidation is more 

limited compared to feed ratios rich in oxygen. This decreased activity can be directly 

explained by the excessive CO coverage that that reduces the amount of adsorbed O2 

and thus, diminishes the reaction rate [3, 4]. Another major departure from the 

responses obtained with feed mixtures richer in O2 lies in the shape of the CO2 

responses, which do not possess a double peak or a plateau. However, as seen in 

Figure 6B, the CO2 signal shows a slow and almost linear decay towards their baselines.  

These patterns are also described by the restrained rate of CO oxidation introduced 

by the surface island mechanism. The separation of the CO and oxygen domains on the 

surface limits CO2 formation to their boundaries, which in turn controls the formation and 

subsequent release of CO2 in a manner somewhat similar to the trend observed in 

Figure 2 Figure 4. However, the excessive CO coverage on the catalyst’s surface 

hinders the adsorption of O2 from the gas phase and limits CO oxidation even further. 

The increased CO concentration in the gas phase forces the CO2 response to decay 

over time as vacant sites are more likely to be occupied by CO. Therefore, CO2 

formation cannot be sustained throughout the duration of the pulse due the limited O2 

adsorption. The absence of a flat response shows that the reaction rate cannot reach a 

second critical point on a surface predominantly covered with CO. Therefore, the 

reaction rate reaches a maximum and posteriorly suffers a slow relaxation evidenced by 

the virtually linear decay of the CO2 signal displayed in Figure 6B. Additionally, the 

curvature of the pulse responses for CO and O2 lacks any abrupt changes, unlike the 

sharp descents observed with 1:1 and 1:2 CO/O2 gas ratios at the time of the second 

CO2 peak. Such behavior is also indicative of a more controlled CO oxidation rate that 

decays progressively due to a lack of a sufficient oxygen coverage. 

The surface island mechanism is also responsible for the behavior at higher 

temperatures. Due to the increased surface mobility of CO under such conditions, the 

CO islands become smaller and more dispersed, which favors the adsorption of oxygen. 

CO oxidation is thus enhanced since CO and oxygen coverages are better balanced 

compared to lower temperatures. This explains the larger intensity and steeper decay of 

the CO2 responses in Figure 7A, under the increasing temperature ramp, and in Figure 



7B at 450°C. Additionally, the sharper profiles of the O2 responses in Figure 7B confirm 

that O2 adsorption is favored at higher temperatures for feed mixtures richer in CO. 

5. Conclusions 

TAP experiments involving CO oxidation under transient conditions provide 

information on the reaction mechanism and surface phenomena for a catalyst consisting 

of Pt NPs deposited on quartz particles via ALD. In particular, the influences of 

temperature and the proportions of CO and O2 in the gas phase on the reaction pathway 

are identified by analyzing the features of the transient responses of CO2 and both 

reactants. With CO/O2 ratios of 1:1 and 1:2, the CO2 response at 300°C consists of a 

peculiar double peak curve, with a flat plateau between peaks. This type of response is 

indicative of a dynamic transition between critical values of the reaction rate introduced 

by the restrained interactions between segregated islands of adsorbed CO and oxygen 

on the catalyst’s surface. As the boundaries of these domains interact to form CO2, the 

interplay between the surface diffusion of reactant species in the islands’ bulk and the 

adsorption of CO and O2 from the gas phase sustains the reaction rate in a transition 

period between critical surface coverages of the adsorbed CO and oxygen species. This 

mechanism explains the temporal evolution of the double peak responses and the 

abrupt changes in the curvature of the CO and O2 signals during the formation of the 

second CO2 peak. On the other hand, a slow and virtually linear decay was observed for 

CO2 responses in pulse experiments with feed mixtures with a richer CO content at 

300°C. With 2:1 and 3:1 CO/O2 ratios, the increased CO coverage hinders the 

adsorption of O2 due to the latter’s dissociative nature. This consequently limits the 

surface coverage of the adsorbed oxygen species and diminishes the overall rate of CO 

oxidation over the duration of the pulse response. 

Pulse experiments also detail the dynamic evolution of the kinetics of CO oxidation at 

higher temperatures. The double peak responses exhibit shorter plateaus with 

increasing temperatures, until their double peaks merge to form single and intense CO2 

peaks. This behavior can be ascribed to an increased surface mobility of the adsorbed 

reactant species, which in turns favors the dispersion of the islands and increases their 

mutual interactions. Therefore, transitions between critical points become more unstable 



under higher temperatures due to the less restrained interactions between adsorbed CO 

and oxygen species on the surface of the catalyst. Dispersion of the islands at higher 

temperatures is also responsible for improving O2 adsorption in feed mixtures with 

higher proportions of CO, thus greatly increasing the rate of CO oxidation. 

Author contributions 

Conceptualization: JIM, VVG, DC 

Data curation: JIM 

Formal Analysis: JIM 

Methodology: JIM 

Software: JIM 

Investigation: JIM 

Visualization: JIM  

Funding acquisition: VVG, DC 

Project administration: VVG, DC 

Supervision: VVG, DC 

Writing – original draft: JIM 

Writing – review & editing: JIM, VVG, DC, JD, JM, GY 

Declaration of Competing Interest 

The authors hereby declare no competing interests. 

Acknowledgements 

JIM, VG and DC would like to express their gratitude to the Flemish Research Fund 

for their financial support (Fonds Wetenschappelijk Onderzoek grant: FWO 3G005417). 

The authors are grateful to the Department of Solid State Sciences from Ghent 

University for synthesizing the Pt catalyst used in TAP experiments. 

References 



[1] T. Engel, G. Ertl, Elementary Steps in the Catalytic Oxidation of Carbon Monoxide on 

Platinum Metals, in: D.D. Eley, H. Pines, P.B. Weisz (Eds.) Advances in Catalysis, 

Academic Press, New York, N.Y., 1979, pp. 1-78. 

[2] M. Boudart, G. Djega-Mariadassou, Kinetics of Heterogeneous Catalytic Reactions, 

Princeton University Press, Princeton N.J., USA, 1984. 

[3] M. Boudart, F. Rumpf, The catalytic oxidation of CO and structure insensitivity, 

Reaction Kinetics and Catalysis Letters, 35 (1987) 95-105. 

[4] D.J. Burnett, A.T. Capitano, A.M. Gabelnick, A.L. Marsh, D.A. Fischer, J.L. Gland, In-

situ soft X-ray studies of CO oxidation on the Pt(111) surface, Surface Science, 564 

(2004) 29-37. 

[5] G. Ertl, Oscillatory Catalytic Reactions at Single-Crystal Surfaces, in: D.D. Eley, H. 

Pines, P.B. Weisz (Eds.) Advances in Catalysis, Academic Press, San Diego CA, 1990, 

pp. 213-277. 

[6] H.P. Bonzel, R. Ku, Mechanisms of the catalytic carbon monoxide oxidation on Pt 

(110), Surface Science, 33 (1972) 91-106. 

[7] J.L. Gland, E.B. Kollin, Carbon monoxide oxidation on the Pt(111) surface: 

Temperature programmed reaction of coadsorbed atomic oxygen and carbon monoxide, 

The Journal of Chemical Physics, 78 (1983) 963-974. 

[8] J.L. Gland, E.B. Kollin, Vibrational characterization of carbon monoxide oxidation on 

the Pt(111) surface, Surface Science, 151 (1985) 260-270. 

[9] D.M. Haaland, F.L. Williams, Simultaneous measurement of CO oxidation rate and 

surface coverage on PtAl2O3 using infrared spectroscopy: Rate hysteresis and CO 

island formation, Journal of Catalysis, 76 (1982) 450-465. 

[10] M. Ehsasi, M. Matloch, O. Frank, J.H. Block, K. Christmann, F.S. Rys, W. 

Hirschwald, Steady and nonsteady rates of reaction in a heterogeneously catalyzed 

reaction: Oxidation of CO on platinum, experiments and simulations, The Journal of 

Chemical Physics, 91 (1989) 4949-4960. 



[11] V.I. Bykov, G.A. Chumakov, V.I. Elokhin, G.S. Yablonskii, Dynamic properties of a 

heterogeneous catalytic reaction with several steady states, Reaction Kinetics and 

Catalysis Letters, 4 (1976) 397-403. 

[12] A.N. Gorban, V.I. Bykov, G.S. Yablonskii, Macroscopic clusters induced by diffusion 

in catalytic oxidation reactions, Chemical Engineering Science, 35 (1980) 2351-2352. 

[13] G.S. Yablonskii, V. Bykov, A. Gorban, V.I. Elokhin, Kinetic Models of Catalytic 

Reactions, Elsevier, Amsterdam, 1991. 

[14] L.V. Lutsevich, V.I. Elokhin, A.V. Myshlyavtsev, A.G. Usov, G.S. Yablonskii, Monte 

Carlo modeling of a simple catalytic reaction mechanism: Comparison with langmuir 

kinetics, Journal of Catalysis, 132 (1991) 302-310. 

[15] M.M. Slin'ko, N.I. Jaeger, Oscillating Heterogeneous Catalytic Systems, Elsevier, 

Amsterdam, 1994. 

[16] G. Ertl, P.R. Norton, J. Rüstig, Kinetic Oscillations in the Platinum-Catalyzed 

Oxidation of Co, Physical Review Letters, 49 (1982) 177-180. 

[17] R.C. Yeates, J.E. Turner, A.J. Gellman, G.A. Somorjai, The oscillatory behavior of 

the CO oxidation reaction at atmospheric pressure over platinum single crystals: Surface 

analysis and pressure dependent mechanisms, Surface Science, 149 (1985) 175-190. 

[18] H. Rotermund, J. Lauterbach, G. Haas, The formation of subsurface oxygen on 

Pt(100), Applied Physics A Solids and Surfaces, 57 (1993) 507-511. 

[19] J. Lauterbach, K. Asakura, H.H. Rotermund, Subsurface oxygen on Pt(100): kinetics 

of the transition from chemisorbed to subsurface state and its reaction with CO, H2 and 

O2, Surface Science, 313 (1994) 52-63. 

[20] S. Jakubith, H.H. Rotermund, W. Engel, A. von Oertzen, G. Ertl, Spatiotemporal 

concentration patterns in a surface reaction: Propagating and standing waves, rotating 

spirals, and turbulence, Physical Review Letters, 65 (1990) 3013-3016. 

[21] M.D. Graham, G. Kevrekidis Ioannis, K. Asakura, J. Lauterbach, K. Krischer, H.H. 

Rotermund, G. Ertl, Effects of Boundaries on Pattern Formation: Catalytic Oxidation of 

CO on Platinum, Science, 264 (1994) 80-82. 



[22] G. Ertl, Oscillatory Kinetics and Spatio-Temporal Self-Organization in Reactions at 

Solid Surfaces, Science, 254 (1991) 1750-1755. 

[23] S. Nettesheim, A. von Oertzen, H.H. Rotermund, G. Ertl, Reaction diffusion patterns 

in the catalytic CO‐oxidation on Pt(110): Front propagation and spiral waves, The 

Journal of Chemical Physics, 98 (1993) 9977-9985. 

[24] R.K. Ramachandran, J. Dendooven, M. Filez, V.V. Galvita, H. Poelman, E. Solano, 

M.M. Minjauw, K. Devloo-Casier, E. Fonda, D. Hermida-Merino, W. Bras, G.B. Marin, C. 

Detavernier, Atomic Layer Deposition Route To Tailor Nanoalloys of Noble and Non-

noble Metals, ACS Nano, 10 (2016) 8770-8777. 

[25] J.T. Gleaves, J.R. Ebner, T.C. Kuechler, Temporal Analysis of Products (TAP)—A 

Unique Catalyst Evaluation System with Submillisecond Time Resolution, Catalysis 

Reviews, 30 (1988) 49-116. 

[26] J.T. Gleaves, G.S. Yablonsky, P. Phanawadee, Y. Schuurman, TAP-2: An 

interrogative kinetics approach, Applied Catalysis A: General, 160 (1997) 55-88. 

[27] J.T. Gleaves, G. Yablonsky, X. Zheng, R. Fushimi, P.L. Mills, Temporal analysis of 

products (TAP)—Recent advances in technology for kinetic analysis of multi-component 

catalysts, Journal of Molecular Catalysis A: Chemical, 315 (2010) 108-134. 

[28] S.O. Shekhtman, G.S. Yablonsky, S. Chen, J.T. Gleaves, Thin-zone TAP-reactor – 

theory and application, Chemical Engineering Science, 54 (1999) 4371-4378. 

[29] M. Ross Kunz, T. Borders, E. Redekop, G.S. Yablonsky, D. Constales, L. Wang, R. 

Fushimi, Pulse response analysis using the Y-procedure: A data science approach, 

Chemical Engineering Science, 192 (2018) 46-60. 

[30] V.J. Kwasniewski, L.D. Schmidt, Surface diffusion of CO on Pt(111), Surface 

Science, 274 (1992) 329-340. 

[31] A. von Oertzen, H.H. Rotermund, S. Nettesheim, Diffusion of carbon monoxide and 

oxygen on Pt(110): experiments performed with the PEEM, Surface Science, 311 (1994) 

322-330. 

 



 

  



Supplementary Information 

 

 

Figure S1. Average responses for a pulse experiment with a 2:1 ratio of CO/O2 at 

300°C. Signal gains κCO = 7 ; κO2
= 8 ; κAr = 8 ; κCO2

= 8. (A) Average pulse responses 

of CO, O2, Ar and CO2. (B) Detailed view of the CO2 response. 

  



 

Figure S2. Evolution of the CO2 pulse response with increasing temperature under a 2:1 

CO/O2 ratio. (A) Pulse responses of CO2 during an experiment under an increasing 

temperature ramp from 300°C to 450°C (5°C/min). Irregular signal intensities caused by 

a momentaneous instability in the pulse valve’s mechanism. (B) Average pulse 

responses of CO, O2, Ar and CO2 at 450°C. Signal gains κCO = 7 ; κO2
= 8 ; κAr = 8 ; 

κCO2
= 7. 

 


