
1 
 

Investigation of Ni catalyst activation during plasma-assisted methane 

oxidation  

Yudong Li, Michael Hinshelwood, and Gottlieb S. Oehrlein* 

Department of Materials Science and Engineering and the Institute for Research in Electronics 

and Applied Physics, University of Maryland, College Park, MD 20742, USA 

*Corresponding author: oehrlein@umd.edu  

Abstract 

Atmospheric pressure plasma has shown promise in improving thermally activated catalytic 
reactions through a process termed plasma-catalysis synergy. In this work, we investigated 
atmospheric pressure plasma jet (APPJ)-assisted CH4 oxidation over a Ni/SiO2.Al2O3 catalyst. 
Downstream gas-phase products from CH4 conversion were quantified by Fourier transform 
infrared spectroscopy (FTIR). The catalyst near-surface region was characterized by in-situ 
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). The catalyst was observed 
to be activated at elevated temperature (500 °C) if it was exposed to the APPJ operated at large 
plasma power. “Catalyst activation” signifies that the purely thermal conversion of CH4 using 
catalysts which had been pre-exposed to plasma became more intense and produced 
consistently CO product, even if the plasma was extinguished. Without the application of the 
APPJ to the Ni catalyst surface this was not observed at 500 °C.  The study of different exposure 
conditions of the activated catalyst indicates that the reduction of the catalyst by the APPJ is 
likely the cause of the catalyst activation. We also observed a systematic shift of the vibrational 
frequency of adsorbed CO on Ni catalyst when plasma operating conditions and catalyst 
temperatures were varied and discussed possible explanations for the observed changes. This 
work provides insights into the plasma-catalyst interaction, especially catalyst modification in 
the plasma catalysis process, and potentially demonstrates the possibility of utilizing the 
surface CO as a local probe to understand the plasma-catalyst interaction and shed light on the 
complexity of plasma catalysis.  
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1. Introduction 

Atmospheric pressure plasmas produce reactive species, such as neutrals, ions, electrons, and 

photons, which can be applied in material processing [1], waste treatment [2], surface 

decontamination [3], and catalysis [4]. Plasma-catalysis is a growing field that has shown 

potential to improve conventional thermally-driven catalytic reactions, including ammonia 

synthesis [5], CO2 reduction [6], hydrocarbon reforming [7], and others.  

Syngas with a lower H2/CO ratio is beneficial for the synthesis of valuable oxygenate chemicals 

like methanol [8]. Compared to dry reforming and water reforming of methane, the partial 

oxidation of methane to syngas is an exothermal process and the energy utilization is more 

efficient [9]. The main products of partial oxidation reactions of CH4 are CO, CO2, H2O and H2 

[9]. The mechanism and reaction pathways of partial oxidation of CH4 still remains unclear [10, 

11]. For instance, researchers have not reached an agreement on whether the primary product 

is CO or CO2. Two reaction mechanisms are widely considered: (i) CH4 is broken down to CHn, 

which is further oxidized to CO and CO2 over the catalyst [12]; (ii) CH4 undergoes combustion 

with O2 over the catalyst to CO2. Subsequently, the generated CO2 is reformed with CH4 to 

produce CO [11].  

Compared to the tremendous effort invested in the investigation of conversion rates and 

selectivity among different catalysts, fundamental research on the mechanism of plasma 

catalysis has drawn less attention. One of the difficulties is the lack of clear understanding of 

the thermal catalytic reaction pathways, as illustrated above the example of methane partial 

oxidation. The addition of plasma to the system increases complexity by increasing possible 
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reaction pathways, and thus reaction mechanism(s) become more complex as thermal 

reactions and additional plasma induced effects start to interact [13]. Another obstacle is the 

difficulty to implement in-situ surface characterization. The plasma source usually physically 

contacts the catalyst, e.g. in a packed bed dielectric barrier discharge system [14], and thus 

makes the system difficult to be probed by surface characterization techniques. Moreover, the 

plasma-assisted catalytic reactions take place at high pressure, e.g., atmospheric pressure, 

which precludes the application of many standard surface characterization techniques that 

require a vacuum environment. The lack of surface characterization data and information on 

surface species is a major limitation for clarifying and distinguishing reaction pathways.  

The plasma-catalyst coupling usually results in a synergistic effects that are reflected by an 

enhancement of reactions, e.g. improvement of the product yield [14] or a reduction of 

activation energy [15]. The plasma-catalysis synergy effect is thought to result from three 

aspects: (i) Plasma-produced reactive species are transported to the catalyst surface and 

enhance the surface reaction rates [13]; (ii) High-energy plasma-produced species activate 

stable reactants, e.g. dehydrogenation of CH4 to CHn takes place, and the more reactive species  

interact with the catalyst surface with a lower energy barrier [15]; (iii) Plasma directly induces 

reactions in the plasma gas phase [16]. In addition, plasma can modify the catalyst surface, e.g., 

change the surface composition and morphology [17-20], which may be responsible for plasma-

catalyst synergy. The reactive plasma-produced species are found to inhibit inert adsorbates on 

surface, such as coke formation in CH4 reforming [21] and N atoms in ammonia synthesis [22], 

hence active catalyst sites can be exposed to the reactants and sustain the reactions. The 

plasma can also modify catalysts by altering their electronic properties [23], selectively doping 
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atoms or modifying the bandgap of the catalyst [4]. These plasma-induced modifications might 

lead to a change of the overall catalytic performance. Nevertheless, due to the lack of enough 

fundamental research on plasma-catalyst interactions, the nature of the catalyst modifications, 

and how such modifications may be related to plasma-catalyst synergy or coupling remain 

unknown [24]. 

In this work, we investigated CH4/O2/Ar APPJ-assisted CH4 oxidation over a nickel catalyst on 

SiO2/Al2O3 support. The catalyst was observed to be activated when the plasma source was 

operated using relatively large power levels. The catalyst characterization data obtained here 

indicate that this catalyst activation may be related to the reduction of the catalyst by plasma-

produced species. We also observed a systematic shift of CO vibrational frequency with plasma 

operating conditions and catalyst temperature. These observations may provide a new 

perspective for understanding the mechanism of plasma catalysis for the current system and 

which processes may be responsible for observed plasma-catalysis synergy.  

2. Experimental setup and catalyst material 

The experimental setup is illustrated in figure 1. The APPJ was integrated in a reactor that 

enables real-time gas phase and operando surface characterizations. This setup has been 

developed in the past few years and a detailed description of the setup can be found in [25, 26].  

2.1 Plasma source and catalyst 

The plasma source used in this work was a RF plasma jet driven at 14.3 MHz, with 20 kHz 

modulation and a 20% on and 80% off duty cycle to dissipate heat. A high voltage tungsten pin 

was placed in the center of a dielectric quartz tube with a grounded ring electrode attached at 
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the end of it. Upon ignition, the plasma was generated at the tip of the tungsten pin and the 

plasma-produced species were transported to the catalyst bed where the plasma-catalyst 

interaction took place. The plasma feed gas used in this study was 2 sccm CH4 and 1 sccm O2 

carried by 200 sccm Ar, while 400 sccm Ar was flown to the reactor chamber and downstream 

of the plasma to dissipate heat and keep the gas residence time consistent with prior work [25, 

26]. In previous work, we studied O2/Ar plasma, while CH4/Ar was flown downstream of the 

plasma into the chamber and interacted with the plasma-produced species on the catalyst 

surface. The catalyst material was an unreduced nickel powder catalyst supported by Al2O3 (13 

wt%) and SiO2 (12 wt%). Temperature of the catalyst was controlled by a heating plate and a 

thermometer inserted at the bottom of the catalyst bed. It is worth noting that the generated 

plasma plume did not directly touch the catalyst to avoid arcing and excessive heating induced 

by plasma. More information about the plasma jet and catalyst material used here can be 

found in [25, 26]. 

2.2 Gas phase and surface characterizations 

The FTIR-based experimental platform is described in figure 1. The APPJ was fixed on one of the 

three viewports with a ceramic feedthrough to the reactor, and the orifice-to-catalyst bed 

distance was fixed at 5 mm. The effect of the plasma-to-catalyst distance is not the focus of this 

work and will not be discussed further. Note that the orifice-to-catalyst distance will affect the 

particle fluxes incident on the catalyst since plasma-generated species decay in the afterglow. 

This effect has been seen in prior work where the plasma-catalyst interaction was affected by 

orifice-to-catalyst distance [25, 26].  
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The gas species produced by the plasma catalysis reactions flowed into a home-made gas 

detection cell with a length of 15 cm, where the real-time gas phase measurement was 

performed by FTIR. The quantification of gas phase species was performed using Beer’s law by 

converting IR absorbance obtained from the FTIR measurement to number density 

(number/cm3).  

Operando surface characterization was performed by DRIFTS. Incident IR light went through the 

KBr windows on the reactor and was scattered at the catalyst surface and reflected to the 

detector, enabling to collect information from surface species. The density of surface species is 

qualitatively related to the IR absorbance acquired by DRIFTS [27]. Although we did not attempt 

to quantify the densities of surface species from DRIFTS data (see [27]), just the qualitative 

analysis of surface species provides valuable information on plasma-catalyst interactions. 

Complementary gas phase and surface characterizations are described in detail in [25, 26]. 

Before each experiment, the gas lines were evacuated to a pressure below 10-5 torr. The 

reactor and gas detection cell were purged by Ar flow to minimize the effect of impurities in the 

ambient environment, such as CO2 and water vapor. For some experiments the catalyst bed 

was heated to 500 oC at a heating rate of 10 oC/min. Gas phase and surface characterizations 

were performed under application of plasma operated at different power levels. To investigate 

the effect of catalyst activation by plasma, different experimental process sequences were 

applied, and these are described in detail in section 3.2. 
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Figure 1. Schematic setup of the FTIR-based experimental platform integrated with the APPJ [25, 26]. 

3. Results and discussion 

3.1 Comparison of product evolution when CH4 flowed through the plasma as compared to 

downstream of APPJ 

In previous work, CH4 was injected downstream of the APPJ [25, 26] rather than directly being 

admitted to the plasma jet. Hence, entrainment of CH4 into the ionized plasma plume, where 

interaction with high-energy electrons was possible, was required to break C-H bonds. For that 

gas flow configuration, the methane-plasma coupling was not efficient since most CH4 diffused 

to the plasma effluent afterglow, where the high-energy electrons were depleted rapidly 

according to the non-Maxwellian properties of electron energy distribution function (EEDF) 

[28]. The limited CH4-plasma plume interaction was especially pronounced when small plasma 

power levels were used and the plume was shorter in length. By flowing CH4 directly through 
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the ionized plasma, strong CH4 and plasma coupling took place and the CH4 conversion rate was 

strongly enhanced. This is shown in figure 2 for catalyst temperatures of 25 oC or 500 oC. 

Electron-impact dissociation of CH4 to CHn or vibrational excitation of CH4 in the plasma region 

[16, 29] was prominent in this work, while the CH4 activation by other species, e.g. atomic O 

and singlet O2, is negligible [30]. At 500 oC, the CH4 conversion is higher than at 25 oC, which can 

be explained by the plasma-catalyst synergy effect at elevated catalyst temperature [26]. Note 

that the thermally driven CH4 conversion was negligible when compared to plasma-induced CH4 

oxidation for conditions where the CH4 was directly flown through the plasma zone. The CO 

production is lower while the CO2 yield is higher at 500 oC than at 25 oC. This is because CO is 

converted to CO2 at elevated catalyst temperature, as we have found in previous experiments. 
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Figure 2. Comparison of CH4 conversion between flowing CH4 directly through the plasma jet and 

downstream of the plasma jet at a catalyst temperature of 25 oC (a) and 500 oC (b). 
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3.2. Activation of catalyst by APPJ 

3.2.1 Comparison of APPJ with small and large powers 

The real-time downstream gas phase and surface measurements of the nickel catalyst at 500 oC 

exposed to the APPJ with large and small dissipated powers revealed different results, as shown 

in figure 3. With 4 W plasma power, the CH4 conversion was more intense than the one with 1 

W plasma power, as indicated by more CH4 consumption and CO and CO2 production. The 

surface CO and CHn were barely discernable from DRIFTS measurements in the case of 1 W 

plasma power. In contrast, large IR absorption due to surface CO and CHn was observed using 4 

W plasma power. The surface CHn coverage was stable across different experiments, 

independent of plasma exposure time, whereas the surface CO coverage consistently increased. 

The oxidation of surface CHn to surface CO likely accounts for the different behaviors of surface 

CO and CHn. If the dehydrogenation of CH4 to CHn and the oxidation of surface CHn to surface 

CO and other gas species is balanced, this can give rise to a stable surface CHn coverage and 

consistent increase of surface CO, depending on the lifetime of CO on the surface. Note that at 

the beginning of plasma applications, the densities of consumed CH4 and produced CO2 gas and 

the abundance of surface CHn rapidly increased and then gradually decayed until steady state 

was achieved, whereas the CO gas and surface CO did not show such a declining trend. We 

repeated these experiments multiple times and the response to plasma ignition was consistent. 

The differences in the evolution of the signals of different species might imply that they 

participate in different reaction pathways, and more work is required to clarify the mechanistic 

origin of this difference.  
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Figure 3. Comparison of CH4 conversion by the APPJ using small power (1 W, figure a) and large power 

(4 W, figure b) levels at a catalyst temperature of 500 oC. The gas phase results are shown in the top 

graphs and the DRIFTS results are shown in the bottom graphs. The plasma treatment was applied three 

times to check repeatability. 

Another discrepancy between using 1 W and 4 W plasma jet was the thermal catalytic reaction 

process after plasma exposure. Figure 3a shows that the thermal reaction after shutting off the 

1 W plasma was similar to the initial thermal reaction, i.e., CH4 was oxidized to CO2 without the 

generation of gas phase CO. The thermal reaction after exposure of the nickel catalyst to the 4 



12 
 

W plasma showed important differences. First, the consumption of CH4 and production of CO2 

gases were enhanced compared to the thermal reaction before the onset of plasma. Second, 

gas phase CO continued to be generated after the plasma had been extinguished. This indicates 

that the nickel catalyst was “activated” by exposure to the effluent of the APPJ operated at 4 W 

power. Prior to this, we did not observe CO generation using our nickel catalyst at 500 oC 

without plasma operation [25, 26]. Hu et al. [12, 31, 32] compared the unreduced and reduced 

nickel catalyst for thermally driven CH4 oxidation and found that the CH4 gas underwent 

complete oxidization by surface-adsorbed oxygen to produce CO2 only using unreduced nickel 

catalyst at 500 oC. However, using pre-reduced nickel catalyst, CO gas was generated along with 

CO2 at a catalyst temperature of 500 oC. Song et. al. [19] investigated the partial oxidation of 

CH4 over a dielectric barrier discharge plasma and NiO catalyst and found that the NiO could be 

reduced to Ni. Dissanayake et al. [9] also did not detect CO formation using unreduced nickel 

catalyst at 500 oC, whereas after heating the catalyst to 750 oC, CO formation drastically 

increased. They used x-ray photoemission spectroscopy (XPS) to analyze the catalyst and found 

that the unreduced Ni interacted with the Al2O3 support at 750 oC which led to the formation of 

reduced Ni catalyst that catalyzed the partial oxidation of CH4 to CO. Inelastic neutron 

scattering experiments performed by Barboun et. al. revealed that surface-adsorbed reactive N 

species produced in the plasma can further react with other gas phase species to enhance their 

dissociation and thermal reactions subsequently [33]. It is possible that a similar mechanism 

would apply to CHn species in our case. Based on the comparison with the literature insights, 

the “catalyst activation” observed in our experiments may possibly be attributed to one or 

more of three mechanisms: (i) The reduction of catalyst through the interaction with CH4 or CO 
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[17, 19]. (ii) The plasma may heat the nickel catalyst to a temperature above 750 oC, which 

would promote the formation of reduced Ni by the interaction between unreduced Ni and 

Al2O3 support. (iii) The reactive surface CHn species could lower the activation energy, and thus 

keep the catalyst active and promote formation of CO gas. 

Among these potential mechanisms, heating of the catalyst to a temperature of 750 oC or 

higher does not seem feasible. The gas temperature of a similar plasma jet fed with air and Ar 

was measured to be less than 120 oC [34]. The plasma jet utilized in this work was a remote 

plasma source that the plasma plume did not directly contact the catalyst surface. We 

measured the catalyst temperature increase due to heating by the APPJ effluent at the largest 

power level (~4 W) when at room temperature and found that this was only 15 oC, far less than 

the required 750 oC.  This temperature increase became negligible when the catalyst was 

heated to 500 oC. 

3.2.2 Investigation of the catalyst activation. 

A higher oxygen flow rate to the APPJ can remove surface-adsorbed species [25] and even etch 

the polystyrene polymer thin films due to its high reactivity induced by the reactive species [35, 

36]. To assess the importance of CHn in the observed catalyst activation, O2/Ar APPJ was 

applied to remove the surface CHn and the thermal catalytic reaction was evaluated 

immediately after. The time-dependent DRIFTS spectra of surface CHn and CO are displayed in 

three-dimensional waterfall graphs in figure 4a and b. As the 4 W CH4/O2/Ar plasma was 

ignited, the surface CHn and CO absorption bands emerged. The CH4 flow was then turned off 

and the O2 flow was increased to 3 sccm, which enhanced the reactivity of the O2/Ar APPJ. 
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When the O2/Ar plasma was ignited, the surface CHn and CO were gradually removed. The 

surface CHn was almost depleted while surface CO was still present at a low coverage after the 

treatment of O2/Ar plasma. After the surface cleaning process, CH4 with 1 sccm O2 was 

reintroduced.  

The evolution of the surface species located at 1900-1000 cm-1 is also provided in figure 4c. 

During the ignition of CH4/O2/Ar plasma, absorption bands at 1590 cm-1 (carboxylate [37, 38]), 

1420 cm-1 (C-O-H group [39] or CH2 [40]), and 1280 cm-1 (carbonate [41]) emerged, as the 

reaction took place. Upon the ignition of O2/Ar plasma, the 1590 cm-1 and 1420 cm-1 bands 

decreased and the 1280 cm-1 band did not show obvious changes due to exposure to the O2/Ar 

plasma. The unambiguous assignment of the IR absorption bands in 1900-1000 cm-1 is difficult 

and requires secondary experimental verification, and the detailed discussion of the species in 

this region is not the focus of this work. 
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Figure 4. The time-dependent waterfall graphs of surface CHn (a), surface CO (b) and the species located 

at 1900-1000 cm-1 (c) are shown to illustrate the response to the application of O2/Ar plasma. The 

catalyst was initially activated by 4 W CH4/O2/Ar plasma at 500 oC.  

Following the same procedure, we performed downstream gas phase measurements to 

evaluate the thermal catalytic reactions after the exposure to O2/Ar plasma and analyzed the 

gas phase and surface measurements together to evaluate the time dependence of these 

processes. As shown in figure 5a, after the removal of surface CHn by O2/Ar plasma, catalyst 

activation no longer existed. This is demonstrated by the low thermal reaction intensity and the 

fact that gas phase CO production is negligible compared to the enhanced formation rate seen 

for the purely thermal process after exposure to a high power Ar/CH4/O2 plasma. This 

observation seems consistent with the hypothesis that the surface CHn is responsible for the 

catalyst activation. Alternatively, since flowing O2 gas and exposure of the Ni catalyst to O2/Ar 

plasma causes oxidation of the nickel even at room temperature, judging from experiments 

where Ni had been treated with O2 gas flow [42, 43]. Hence, we cannot rule out the possibility 

that Ni catalyst activation was caused by reduction of the Ni catalyst. 
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Figure 5. Time-dependent downstream gas phase (a) and surface DRIFTS measurements (b) of CH4 

conversion as catalyst was deactivated by O2/Ar plasma at 500 oC.   

Turning off CH4 flow and only flowing O2 with Ar cannot remove the surface CHn or CO, as 

illustrated in figures 4 and 5, where the absorption due to surface CO and CHn did not change 

significantly after the CH4 flow was shut off. In order to evaluate if the catalyst activation was 

due to the reduction of catalyst by interaction with plasma-produced species, e.g. vibrationally 

excited CH4, CHn or CO species, rather than using O2/Ar plasma to remove surface species, we 

performed a test in which we only turned off the CH4 flow and continued the O2 flow to 

evaluate whether this could oxidize the reduced catalyst if there was any. The results of 
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shutting the CH4 flow are shown in figure 6. In figure 6a, after shutting off the CH4 flow and 

exposing the catalyst to the O2 flux for around 20 min, the once-activated catalyst was 

deactivated by the continued O2 flow. This is indicated by the weak thermal reaction which also 

did not yield CO after reintroduction of the CH4 flow. Since the surface CHn and CO species were 

still present on the catalyst surface as the exposure to the O2/Ar gas mixture flow took place, 

the deactivation of catalyst was likely due to the oxidation of the previously plasma-reduced 

nickel catalyst by the O2 gas at elevated catalyst temperature.  

We also exposed the catalyst to O2 flux for a shorter time and expected that the activated 

catalyst should not be completely deactivated since not all the reduced Ni can be re-oxidized in 

a short time period under an O2 flow. In figure 6b the following sequence is shown: After the 

catalyst was activated by plasma initially, we shut off the CH4 flow and then exposed the 

catalyst to O2/Ar flow for 3 minutes. The active catalyst was not completely deactivated during 

the short period of O2 gas exposure, as indicated by the still-enhanced thermal reaction and the 

production of CO gas after reintroduction of the CH4 flow. The finding that different results are 

seen when exposing the active catalyst to the O2/Ar flow for different periods indicates that the 

reduction of nickel oxide to reduced Ni catalyst may be the reason for the thermal reaction 

enhancement and the production of CO gas without the application of plasma. This still 

requires direct confirmation, i.e. by confirming the reduction of the nickel catalyst by plasma 

operated at large power.  
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Figure 6. Downstream gas phase measurements showing the influence of shutting off the CH4 flow for 

different periods on the magnitude of the thermally driven CH4 conversion at a catalyst temperature of 

500 oC. The activated catalyst was either exposed to O2/Ar gas mixture for a long (~20 min, figure (a)) or 

a short (~3 min, figure (b)) period, respectively. The significant difference here is not only that the CH4 

flow is off for a longer time, but that the reduced catalyst is exposed to the oxidizing flux for a much 

longer time.  

Figure 7 summarizes data measured for the CH4, CO and CO2 species density changes as a result 

of thermally activated reactions of the Ni catalyst for different conditions. The mild thermal 
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reaction before plasma exposure (labeled as 1) contrasted with the thermal reaction with 

catalyst activated by plasma (labeled as 2). More CH4 reduction and CO2 yield were measured 

for the latter, and CO generation was also observed. The identical results of the application of 

O2/Ar plasma (labeled as 3), which additionally removed the surface CHn and CO species, and 

just exposing the catalyst to O2 flux (labeled as 4) implied that catalyst activation may not be 

due to the presence of reactive CHn species on the catalyst surface. The catalyst activation was 

partially degraded when the activated catalyst was exposed to O2 flow for a short time (~3 min, 

labeled as 5). This supports the hypothesis that the catalyst activation by APPJ is related to the 

reduction of the nickel catalyst, and such activation can be reversed by exposing the reduced 

catalyst to an oxidizing flux. 

  

Figure 7. Comparison of thermal reactions under different conditions. 1- pure thermal reaction without 

plasma activation; 2- after plasma activation using 4 W CH4/O2/Ar plasma; 3- after deactivation of the Ni 
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surface by O2/Ar plasma; 4- after deactivation by O2 gas exposure for 20 min; 5- after partial 

deactivation by O2 gas exposure for 3 min. 

The thermal reaction enhancement by plasma modification of a catalyst surface seen here may 

be related to efforts where plasma is used to prepare thermal catalyst materials [24]. In the 

past, researchers mainly attributed the enhancement of the catalysis reaction by plasma to 

directly induced reactions in the plasma phase [44], enhanced surface reactions from incident 

plasma generated fluxes that includes reactive species like neutrals, photons, electrons and ions 

and that can act alone or in concert [5, 45], or the increase of catalyst temperature due to the 

absorption of plasma-generated heat [19]. This work provides a new perspective for reaction 

enhancement, where the plasma improves the efficacy of the catalyst by plasma-induced 

catalyst reduction, which will not take place for conventional thermally driven reactions unless 

much higher operating temperatures are used. This observation indicates that the mechanisms 

and potential benefits of plasma catalysis are widespread and may have broad applications.  

3.3 Shifts of surface CO vibrational frequency 

The vibrational frequency of surface CO from the DRIFTS measurement has a frequency of 

around 2190 cm-1. The frequency of gas phase CO in our experiments has a vibrational 

frequency of 2143 cm-1 as measured by FTIR [25, 26], in agreement with other work [46, 47]. 

Surface CO gives therefore rise to a blue shift of around 50 cm-1. In addition, a systematic 

vibrational frequency shift of surface CO was observed in response to changes in plasma 

operation and catalyst temperature (figure 8 and 9). We believe that the analysis of the 
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observed CO frequency shifts by atomistic calculations may offer valuable mechanistic insights 

on plasma-catalyst interactions. 

3.3.1 Effect of plasma on CO vibrational frequency 

Figure 8a shows the surface CO spectra evolution in the catalyst activation experiments of 

figure 3. The surface CO absorbance increased with time and was explained by the oxidation of 

surface CHn, as described in 3.2.1. The surface CO has an IR absorption band centered at 2185 

cm-1 when the plasma was on. The band immediately shifted to 2189 cm-1 once the plasma was 

extinguished. Figure 8b is the time-dependent surface CO spectra of the experiments using 

O2/Ar plasma to remove the surface CHn and deactivate the catalyst. In figure 8b, the surface 

CO absorption band was located at 2185 cm-1 during the initial exposure to CH4/O2/Ar plasma. 

When the plasma was turned off, the frequency shifted to 2189 cm-1, in agreement with the 

observation shown in figure 8a. With the ignition of O2/Ar plasma, the IR band shifted back to 

2185 cm-1 while surface CO was removed gradually. Once the plasma was turned off, the CO IR 

band shifted to 2189 cm-1 again. These kinds of CO vibrational frequency shifts while fairly 

small, were consistently observed in repeated experiments and are reproducible.  
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Figure 8. The effect of CH4/O2/Ar plasma (a) and O2/Ar plasma (b) on surface CO IR spectra. The catalyst 

temperature is 500 oC. 

3.3.2 Effect of catalyst temperature on CO vibrational frequency 

We performed a temperature-programmed experiment to investigate the effect of catalyst 

temperature on surface CO vibrational frequency. The catalyst was heated from 100 oC to 500 

oC at a rate of 10 oC/min. The time-dependent graph of the CO spectra is shown in figure 9. 

Heating the catalyst caused a red shift of CO vibrational frequency from 2192 cm-1 at a catalyst 

temperature of 100 oC to 2185 cm-1 when heated to 500 oC. The surface CO coverage also 
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increased with temperature, which was likely due to the oxidation of surface CHn, as illustrated 

in figure 10. 

 

Figure 9. The effect of catalyst temperature on the IR frequency of surface CO while being exposed to 

the fluxes from a 4 W CH4/O2/Ar plasma. The catalyst was heated from 100 oC to 500 oC at a rate of 10 

oC/min 

For the reader’s reference, we have summarized the vibrational frequency of CO at different 

conditions measured by the FTIR in table 1. 

Table 1. Summary of the CO vibrational frequency at different conditions 

Condition Vibrational frequency (cm-1) 

Gas phase CO 2143 

CO on 500 oC catalyst, no APPJ 2189 

CO on 500 oC catalyst, CH4/O2/Ar APPJ on 2185 

CO on 500 oC catalyst, O2/Ar APPJ on 2185 

CO on 100 oC catalyst, CH4/O2/Ar APPJ on 2192 
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3.3.3 Possible explanations of surface CO vibrational frequency shift. 

The literature indicates that the IR vibrational frequency of CO can be influenced by three major 

effects: mechanical renormalization, vibrational coupling, and electrostatic or chemical effect of 

the substrate [48]. The mechanical renormalization, also called wall effect, can account for the 

~50 cm-1 blue shift of surface CO relative to gas phase CO [48, 49]. The change of the CO 

vibrational frequency arises from the repulsion of the surface CO stretch when adhered to a 

rigid substrate like nickel [49]. 

The electrostatic and chemical effect involves the charge transfer between the substrate 

material and the CO species [48]. By means of semi-empirical calculations, Politzer et al. [50] 

concluded that the C-O bond frequency was sensitive to the σ and π electronic charge transfer 

upon the formation of Ni-CO structure. The σ electrons from CO can transfer to the nickel 

surface, giving rise to a blue shift of CO bond, while the electron back-donation from the nickel 

surface to the antibonding 2π* orbital in CO decreases the CO vibrational frequency. A 

substrate surface with more electron acceptors or electronegative elements, e.g. oxygen, 

decreases the electron back-donation to the CO, and results in a blue shift [51]. In contrast, a 

surface with higher electron density can enhance the electron back-donation [52]. As shown in 

figure 8, both CH4/O2/Ar plasma and O2/Ar plasma induce the same 4 cm-1 red shift compared 

to a non-plasma condition at a catalyst temperature of 500 oC. These observations indicate that 

the frequency shift caused by the plasma is related to the intrinsic properties of APPJ that do 

not vary too much when different plasma feed gas combinations are used. By using Thomson 

scattering, Gessel et. al. [53] measured the electron density for an identical Ar plasma jet for 

different gas mixtures and found that the electron density did not vary too much. Electrons 
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produced in the plasma jet can be deposited on the catalyst surface, and consequently enhance 

the electron back-donation to the 2π* antibonding orbital in surface CO, resulting in a red shift 

of the same scale. The fact that high-energy electrons decay rapidly in the far plasma effluent 

afterglow [54] makes the CO frequency a mild shift (4 cm-1). Moreover, the electric field change 

on the catalyst surface induced by the plasma application can potentially shift the CO 

frequency, and such shifts may be related to the electric field strength [48, 55, 56]. The 

evaluation of the influence of plasma-induced electric field on the CO frequency requires the 

measurements and relative modeling of the electric field, which is out of the scope of this work. 

Figure 9 shows that as the catalyst temperatures was raised, the CO coverage also increased. 

The increase of surface CO may be due to the oxidation of surface CHn, as shown in figure 10. 

With the increase of catalyst temperature, the surface CHn started to decrease at around 300 

oC, and the surface CO started to increase simultaneously. According to [48], the surface 

coverage increases the surface CO frequency due to the enhancement of intermolecular dipole-

dipole coupling and intermolecular repulsion with surface species occupation, which is contrary 

to our results. The CO frequency can increase by 40 cm-1 when the coverage increases from 0 to 

0.5 [57]. However, the increase of surface CO coverage in figure 8a does not indicate an 

influence on CO frequency. The CO frequency shift observed in our experiments likely does not 

result from the change of surface CO coverage. According to [48, 58], as the substrate 

temperature increases, surface CO can diffuse from the ordered phase (island) to the 

disordered structure where the intermolecular distance is larger. This can explain the reduction 

of through-space intermolecular dipole coupling and results in a small blue shift. Another 

possibility is the uptake of surface oxygen through the reaction with CH4, CHn or CO. The lower 
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oxygen content on the surface can stimulate electron back-donation and results in a red shift of 

CO vibrational frequency [51, 59]. 

 

 

Figure 10. Temperature-dependent evolution of surface CHn (a) and CO (b) with the application of 4 W 

CH4/O2/Ar plasma. The catalyst was heated from 100 oC to 500 oC at a rate of 10 oC/min. 

We have provided several possible explanations for the observed CO vibrational frequency shift 

based on the study of the literature and our understanding of the CO-nickel catalyst structure. 

Other considerations can also cause the shift of CO vibrational frequency, e.g., image dipole 



28 
 

[48], the interaction with other surface species [59], etc. Our measurements are insufficient to 

allow a clear-cut determination of the reasons for the CO frequency shift. Nevertheless, our 

observations suggest a new methodology to study plasma-catalyst interactions through the 

changes of surface CO vibrational frequency for different plasma-catalyst operating and 

interaction conditions, and combining these with atomistic simulations. Extra efforts, such as 

expanding the experimental parameters, computational modeling, or modifying the 

intermolecular or surface species-catalyst vibrational coupling by isotopic exchange [60], may 

be helpful in understanding the mechanistic origin of the observed CO vibrational frequency 

shifts and how these may be related to plasma-catalyst interactions.  

4. Conclusions 

In this work, FTIR was applied to investigate the APPJ-enhanced CH4 oxidation over a SiO2/Al2O3 

supported nickel catalyst. We compared two plasma feed gas configurations and found that 

directly flowing CH4 through the plasma source was much more efficient in terms of CH4 

conversion than injecting CH4 downstream of the plasma and interacting it with the effluent of 

Ar/O2 fed to the plasma source. By exposing the Ni catalyst to plasma fluxes created at higher 

power levels, catalyst activation was observed. Here catalyst activation signifies a thermal 

reaction after plasma exposure of the catalyst that became more intense as compared to 

before plasma exposure, and additionally for which CO production at 500°C was consistently 

observed even if the plasma was extinguished, whereas CO production was absent for a purely 

thermally driven reaction at 500 °C for a Ni catalyst without prior plasma treatment. By 

application of O2/Ar plasma or by just exposing an activated catalyst to a flowing O2/Ar gas 
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mixture for an extended time, deactivation of the activated catalyst took place. The exposure of 

the activated Ni catalyst surface to O2/Ar gas did not remove the surface CHn, but can oxidize 

the reduced nickel catalyst. This suggests that catalyst activation is likely not due to reactive 

surface CHn for the conditions studied here, but may be related to the reduction of nickel 

catalyst. However, at this time we have no direct spectroscopic evidence in support of this 

statement. DRIFTS measurements of surface CO species revealed a consistent shift of the CO IR 

vibrational frequency that could be induced by plasma operation, and systematic shifts were 

also seen when the catalyst temperature was varied. The atomistic interpretation of these 

observations may be a promising approach to gain new perspectives on plasma-catalyst 

interactions by using surface species as a local probe and interpreting the spectroscopic 

information in terms of physical models. 
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