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Abstract 
The aim of our work is to direct reaction paths using controlled plasma-catalyst interactions in 
order to develop technologies for chemical synthesis and processing relevant to the U.S. Air Force 
and Department of Defense. To reach this aim, the goal of our research is to reveal the molecular-
level chemistry that occurs at the plasma-catalyst interface. The purpose of this DURIP was to 
purchase and upgrade a Fourier transform infrared spectroscopy instrument to enable in situ 
plasma-catalyst studies across a range of temperatures (20-600°C), pressures (10-6-104 torr), and 
gas compositions. Through this award, we have purchased and installed a Bruker VERTEX 70 
Fourier Transform Infrared Spectrometer. We have begun to modify the instrument in order to 
incorporate a dielectric barrier discharge (DBD) in situ and have also used the instrument for 
adjacent studies studying the conversion of furfural and aromatic hydrocarbons.  
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1. Project Overview 
Catalyst systems are important to many defense-oriented applications such as catalyst-enabled 
power generation (e.g., fuel cells). Furthermore, many defense-related technologies integrally 
exploit catalysis in their function, such as the production of essential chemicals and fuels using 
thermal catalysis. Ultimately, developing new ways to control catalytic processes to exert control 
over selectivity and energy efficiency will dramatically impact the United States’ defense systems 
– from the scale of individual military vehicles to the entire energy economy of the United States. 
Plasmas (or gas discharges) offer a unique way to inject energy into a reacting system to promote 
the reaction and exert control. Furthermore, plasma-catalyst interactions that capitalize on plasma-
injected energy offer the opportunity to profoundly reshape the way we approach catalysis. We 
propose utilizing plasma-enhanced catalytic systems as a novel approach to chemical processing 
focusing on hydrocarbon gas reforming and nitrogen fixation as model systems.  
 
The purpose of this DURIP was to purchase a Fourier transform infrared spectroscopy (FTIR) 
system for in situ and operando plasma catalysis studies to observe and quantify various surface 
intermediates based on their structure or their surface interaction/configuration. 
 
2. New Instrumentation 
Through this DURIP we purchased and installed a Bruker VERTEX 70 Fourier Transform Infrared 
Spectrometer (FTIR) outfitted with a high resolution, fast scanner (70 spectra/s at 0.16 cm-1) as 
shown in Fig. 1a. We also purchased two different FTIR modules. In order to conduct in situ 
studies of the plasma and catalyst interaction, we will use diffuse reflectance infrared Fourier 
transform spectroscopy (DRIFTS). To support this, we purchased a Harrick Praying Mantis diffuse 
reflectance apparatus with a high temperature reaction cell (up to 900°C under vacuum conditions) 
as shown in Fig. 1b. For quantification, we will use the attenuated total reflection infrared 
spectroscopy technique (ATR-IR). In this approach, the IR laser impinges upon the bottom of the 
catalyst bed and the signal strength correlates to the reaction kinetics. In this way, quantitative 
information, such as reaction rate coefficients, can be extracted from the intensity of the IR signal. 
For this DURIP, we purchased a Pike GladiATR, diamond-based ATR system with temperature 
capability up to 300°C. To complement this DURIP grant and to conduct research on plasma-
catalyst interactions, we were awarded a regular AFOSR grant (FA9550-18-1-0157), and through 
a cost-share, purchased a Pfeiffer OmniStar GSD gas analyzer (Fig. 2). This system is used to 
measure the effluent from the DRIFTS measurements in order to conduct operando studies and 
correlate plasma-catalyst surface interactions with gas conversion. 
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    (a)      (b) 
Figure 1 (a) Bruker VERTEX 70 FTIR as-installed in PI Hicks’ laboratory fume hood. (b) Closeup of the 
Harrick Praying Mantis diffuse reflectance apparatus.  
 
 
 

 
Figure 2 Pfeiffer OmniStar GSD gas analyzer as-installed in PI Hicks’ laboratory. 
 
  
3. Preliminary Studies 
As noted, we were awarded a regular AFOSR grant (FA9550-18-1-0157) to conduct research on 
plasma-catalyst interactions. This research has progressed along three thrusts as discussed briefly 
below. 
 
3.1 Development of Plasma Source for FTIR 
The DRIFTS cell in the FTIR is very small, with only on the order of several mm3 of volume 
available for incorporating a low-temperature, non-equilibrium plasma. Our primary effort has 
been to develop a plasma source that that can be directly incorporated into the DRIFTS cell for in 
situ plasma-catalyst studies. This required modifying the DRIFTS cell to allow for wires to 
feedthrough and to develop a plasma configuration that works within the small available geometry. 
After exploring several different configurations, we developed a novel configuration that we have 
termed a helical surface dielectric barrier discharge (hsDBD). This geometry consists of an wire 
electrode coated in a dielectric (KaptonTM) with a second wire wrapped around the outside of the 
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dielectric in a helix (Fig. 3a). When AC high voltage is applied to the internal wire, a DBD is 
formed on the outside between the helix and the dielectric, what is known as a surface DBD (often 
used in plasma-based flow control), as shown in Fig. 3b. This configuration enables us to embed 
the hsDBD within the small confines of the FTIR cell, even when it contains a catalytic packed 
bed (Fig. 3c and 3d). To date, we have fully electrically characterized the hsDBD and shown that 
while the power increases as a function of frequency (Fig. 4a), the energy per cycle does not (Fig. 
4b). Rather, the energy per cycle is controlled only by the applied voltage. This gives us two 
independent parameters to sweep as we study the interaction between plasmas and catalysts.  
 

    
(a)       (b)    (c)   (d) 

Figure 3 Images of helical surface DBD configuration in the cell that contains catalytic material for use in 
DRIFTS FTIR. Images of system without catalytic material (a) before and (b) after activating plasma. Images 
of system with catalytic packed bed (c) before and (d) after activating plasma. 
 

  
    (a)      (b) 
Figure 4 Characterization of helical surface DBD. (a) Power as a function of frequency measured two different 
ways, using a capacitor (black) and resistor (red). (b) Energy per cycle as a function of frequency for five 
different applied voltages. The DBD ignited just above 1200 V.  
  
3.2 Continuing Studies on DBD Plasma Catalysis Reactor 
In our previous AFOSR-sponsored work (FA9550-14-1-0041), we developed a DBD plasma 
catalysis reactor that we have used to conduct a number of studies on methane dry reforming1,2 
and ammonia synthesis.3 We have continued this work and although it is not directly related to the 
FTIR work, will briefly discuss it here.  
 
In our prior work, we found that catalyst performance in a plasma catalysis reactor is not what is 
expected from thermal catalysis theory; that is, catalyst design for plasma catalysis is different 
from thermal catalysis.3 Our results for ammonia synthesis showed that cobalt (Co) produced the 
highest initial rates compared to ruthenium (Ru), nickel (Ni), platinum (Pt), and iron (Fe). We have 
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since conducted a thorough quantitative kinetic study of these catalysts to fully characterize their 
rates and their rate order dependence. We have developed ways to properly account for and 
normalize the data to isolate the effect of the catalyst independent of the DBD itself in order to 
properly measure the forward rates for the plasma-catalyst interaction. Among our various 
findings, we found that the specific energy input (SEI), which is defined as the energy input by the 
plasma per molecule of gas, is a good descriptor of plasma-based ammonia synthesis, but that the 
introduction of a catalyst breaks SEI scaling. This interesting result is being prepared for 
submission to ACS Sustainable Chemistry & Engineering. 
 
One of the unknowns about plasma catalysis is the relative impact of the plasma modifying the 
catalyst activity as opposed to the catalyst modifying the properties of, and thus chemical processes 
in, the plasma. To assess this, we conducted a comprehensive characterization of the DBD in the 
plasma catalysis reactor, including both electrical and optical properties. After a thorough 
statistical analysis, we found that there was no evidence that different catalyst materials (Co, Ni, 
Fe) affect the plasma differently; that is, different catalysts do not alter the macroscopic properties 
of the plasma. This result supports the hypothesis that the measured enhancement in catalytic rates 
is due to the plasma affecting the catalytic process rather than the catalyst affecting gas-phase 
chemistry. This study has been submitted for publication to the Journal of Physics: Applied 
Physics.  
 
3.3 Adjacent Studies on FTIR 
While the plasma system is being developed for the FTIR, the FTIR has been also used for a 
number of adjacent fundamental catalysis studies. Specifically, we studied the use of monometallic 
and bimetallic molybdenum (Mo) and ruthenium (Ru) phosphides for the synthesis of furfuryl 
alcohol from furfural. The results showed that MoP, RuP, and Ru2P all showed remarkable 
selectivity to hydrogenate furfural to furfuryl alcohol, while Mo3P was inactive. These results have 
been submitted to ACS Catalysis.  
 
We also explored the chemoselective hydrogenation ability of RuMoP using various 
functionalized aromatic hydrocarbons to provide insight into how thefunctional groups compete 
for reduction on the surface of RuMoP. Using molecular hydrogen as the reductant, high selectivity 
(~99%) to reduction of the substituent is achieved for the hydrogenation of electron withdrawing 
functionalities such as nitrobenzene, benzaldehyde, and benzophenone with RuMoP to yield 
aniline, benzyl alcohol, and diphenylmethanol, respectively. Pyridine adsorption was studied via  
DRIFTS, which provided evidence of surface electron deficient sites (e.g., Lewis acids) that are 
responsible for targeting the electron rich portion of the substrate. Additional DRIFTS experiments 
showed features associated with -NO2 adsorption in nitrobenzene and ring adsorption in anisole, 
which correlated well with the observed reaction results. These results have been submitted to 
Industrial and Engineering Chemistry Research. 
 
4. References 

1 J. Kim, M. S. Abbott, D. B. Go, J. C. Hicks, “Enhancing C-H bond activation of methane via temperature-
controlled, catalyst-plasma interactions,” ACS Energy Letters, vol. 1, pp. 94-99, 2016. 
2 J. Kim, D. B. Go, J. C. Hicks, “Synergistic effects of plasma-catalyst interactions for CH4 activation,” Physical 
Chemistry Chemical Physics, vol. 19, pp. 13010-13021, 2017. 
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