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Abstract 

Molybdenum carbide has been proven to be a fairly good catalyst for many 

important reactions (e.g. Water-Gas shift reaction) and can be compared to platinum and 

other noble metals in their catalytic activity.  When molybdenum carbide is formed as 

nanolayers on a molybdenum substrate, the catalytic activity is increased significantly 

when compared to bulk molybdenum carbide.  Synthesis of these carbide nanolayers on 

molybdenum is the focus of our research. The process used in this research to synthesize 

carbides and nitrides is microwave-assisted fluidized bed synthesis.  This is the first goal 

of this research.  The second goal of the research, after synthesizing these catalysts, is 

analyzing them to ensure that the product made is molybdenum carbide, the desired 

product.  The third goal of the program is testing the catalytic activity of the developed 

product and comparing its effectiveness to commercial catalysts used presently. 

Due to complications with the microwave in the beginning of the program, an 

alternative synthesis method was used.  This method consisted of a tungsten coil and 

transformer to ignite the reaction with a mixture of molybdenum powder with carbon-

black powder or with molybdenum powder and ethylene gas. 

 Significant progress was also made on determining the conditions under which 

the microwave, a Panasonic NE-1757R, will operate.  Consequently, by the end of the 

program we were able to complete three MAFBS experiments to make molybdenum 

carbide. 

All the samples collected from the tungsten coil experiments and from the 

MAFBS experiments were analyzed using a Transmission Electron Microscope (TEM) 

that can take a picture of the substance to the nanometer scale.  In addition, the 
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composition of each sample was determined by using an x-ray spectrometer.  From these 

analytical results and from the knowledge of past experience, using the crude experiment 

of using a tungsten coil instead of a microwave to synthesize carbides with nanolayers is 

inadequate.  From experiments done with the microwave, it was observed that 

molybdenum oxide was formed.  

To test effectiveness of the synthesized catalysts, the water-gas shift reaction is 

utilized.  Once the process was learned, the samples produced from the MAFBS 

experiments were placed in the reactor as a catalyst to determine the CO conversion to 

CO2.  This conversion can be compared to other commercial catalysts.  
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Introduction 

Burning of hydrocarbon fuels is one of the leading causes of pollution today.  

Hydrodenitrogenation (HDN) and hydrodesulfurization (HDS) reactions are very 

important catalytic processes that convert crude oil and coal-based liquids into clean 

burning fuels [5].  Current catalysts used for these reactions, such as platinum group 

metals, are too expensive, have low tolerance to poisons, and inefficiently burn fuel [3].  

Consequently, there is a need for new materials to replace these catalysts. 

Transition metal carbides and nitrides can be used as catalysts in several 

applications.  These applications include hydrogenolysis, hydrogenation, 

dehydrogenation, methanation, HDS, and HDN reactions [3, 7, 11].  These transition 

metal ceramics have catalytic properties that resemble platinum, and could possibly 

replace the expensive use of platinum [4,8]. 

Fuel cell technology is another application for these catalysts.  Fuel cells are 

mainly developed to replace the inefficient combustion engines used currently in 

vehicles.  In particular, proton exchange membrane (PEM) cells need hydrogen to 

generate electricity for vehicles.  Hydrogen is a product from the water-gas shift (WGS) 

reaction, which uses a Cu-Zn-Al catalyst.  Molybdenum carbide is comparable to the 

commercial WGS catalyst [9].  Thus, Mo2C could replace WGS catalysts, in addition to 

HDN and HDS catalysts.  The purpose of this research is to develop, analyze, and test 

new catalysts composed of a group VI transition metal element and a nonmetal element. 

Microwave-assisted fluidized bed synthesis (MAFBS) is an innovative process 

that incorporates a commercial microwave and a fluidized bed to develop transition metal 

ceramics.  In previous research, at UIC, a tungsten coil was heated to start/ignite the 
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reaction mixture of a metal powder and carbon/nitrogen [6].  The problem with this 

method is that it causes an unstable product and inhomogeneous heating.  Unlike the 

tungsten ignition method where the mixture is heated from the outside to the center, the 

microwave heats from the center to the outside.  A microwave provides instantaneous, 

uniform heating.  Furthermore, the reaction can be controlled with a switch, if it has not 

reached a self-sustaining state.  Another advantage of the microwave is the formation of 

ceramic nanometer overlayers [2,6].  It has been proved that the tungsten coil method is 

not sufficient in the formation of overlayers.  The production of these nanolayers has 

been proven to enhance the catalytic activity of the metal substrate [4]. 

The fluidized bed is a major component in the MAFBS procedure.  Its main 

purpose is to provide even contact between the metal powder and the reactant gas.  It 

promotes a surface reaction to form catalytically active overlayers on the metal substrate 

[6]. 

Based on previous MAFBS experiments done at UIC, molybdenum carbide is a 

good candidate for this type of synthesis.  Previously, nitrides and carbides were both 

researched as potential group VI transition metal ceramic catalysts.  However, carbides 

showed better catalytic activity and more conclusive results, as opposed to nitrides.  For 

example, synthesizing molybdenum nitride was a challenge in the past, because it 

decomposes back to Mo above 700 K [4, 10].  Consequently, synthesizing molybdenum 

carbide is the focus in this research project.  In this case, ethylene is the carbide source 

and causes fluidization.  To develop this product, ethylene flows through the 

molybdenum powders, while being ignited from the microwaves.   
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Synthesizing Mo2C using MAFBS is the first goal.  The second goal is to analyze 

the sample product to ensure the presence of Mo2C overlayers on the molybdenum 

substrate.  This requires the use of high resolution analytical equipment, such as 

transmission electron microscope (TEM) and scanning electron microscope (SEM). 

Finally, the third goal is to test the sample’s catalytic activity by testing the CO 

conversion in the WGS reaction. 

In the next section, the experimental method will be explained as well as some of 

the difficulties encountered with the experimental equipment.  Also, an alternative 

method to synthesize Mo2Cwill be described.  In addition, the analytical equipment that 

we used during our research will be clarified concerning their purposes for our analysis.  

The second section will present descriptions of the results obtained during the program 

along with interpretations of the outcome of these experiments.  The last section narrates 

the future work to improve the progress of the program for students in the years to come. 
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Experimental Method 

A. Microwave Assisted Fluidized Bed Synthesis (MAFBS) Description  
The method used to develop transition metal carbide catalysts is called 

Microwave Assisted Fluidized Bed Synthesis.  In essence, the microwave is used to 

uniformly heat the reaction mixture.  The fluidized bed is utilized to prevent the metal 

substrate particles from agglomerating.  Also, this process keeps the uniformity of the 

reaction as a whole. 

As seen in Figure 1, the microwave being used is a Panasonic NE-1757R 

purchased through means of E-Bay.  It was modified in two ways.  When looking at its 

horizontal orientation, one large rectangular hole was made on the left side where the 

light of the  

  

 

 

 

 

 

for the fluidized bed.  There are restrictions on where the holes can be drilled without 

affecting the function of the microwave.  One of the magnetrons is on the bottom of the 

oven and the vents lie on the top, so holes cannot be drilled through either the top or 

bottom sides.  Therefore, the apparatus inside the microwave can only instigate vertical 

fluidization when the microwave is in its vertical orientation. 

(a) (b)

 

 
 

Figure 1: Panasonic NE-1757R 
Horizontal (a) and Vertical (b) Orientations 

microwave was removed.  This 

adjustment provides an airway for the 

gases to escape during the reaction.  

The second modification included a 

smaller round hole on the right side of 

the microwave to provide the gas flow 
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Figure 2: Schematic of MAFBS Set-up 

Figure 2 contains a drawing of the experimental set up.  The apparatus inside the 

microwave contains the reactants.  It consists of a quartz tube, aluminum base and         

O-rings.  The quartz tube is used to contain the metal powders.  The quartz tubes were 

bought from Quartz Scientific Inc., and were 6 inches in length and 30 mm in outer 

diameter.  The aluminum base is used to provide protection from the high temperatures of 

the fluidizing gas.  Unlike previous bases used in the past, the microwaves reflect off the 

aluminum surface.  Consequently, the base does not erode nor does it reach extremely 

high temperatures as opposed to bases used in past experiments at UIC [2].  Also, the 

base will allow the gas flow to become fully developed before reacting with the Mo [10].  

O-rings are used in conjunction with the quartz tube to assure that the tube is secure in 

the base.  In addition, a steel sieve is placed inside the base before the tube is put into the 

base.  This 325x2300 mesh stainless steel sieve has 2 micron pores to allow the fluidizing 

gas to flow through. Below the microwave, there is a solenoid which vibrates to make the 

reaction mixture evenly mixed .  A sine wave signal provides input to the solenoid 

causing the vibration [6].  A rotameter calibrates the gas flow.  Calibration curves for 
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argon and nitrogen are available [6] but in this document, we report only the rotameter 

reading for ethylene because we do not have calibration data for this gas.  The rotameter 

reading can be converted to a volumetric flowrate with a correlation [12] and the 

calibration data for nitrogen. Overall, the metal powder in the tube is heated for about one 

minute sustained as the fluidizing gas flows through from the bottom of the tube to form 

a catalytically active metal substrate with nanolayers. 

We conducted MAFBS experiments towards the end of the program, after the 

microwave was ready to work with.  It took some time to determine the conditions under 

which it will work effectively, which will be described in the later sections.  The next 

section will describe the analytical equipment that needs to be used to verify products as 

Mo2C. 

B.  Analytical Equipment 

i.  TEM (Transmission Electron Microscope) 
 The TEM is a microscope with extremely high resolution capabilities.  An 

electron beam is shot from an electron gun through the sample product.  In our case the 

product samples were synthesized using MAFBS.  First, the sample is prepared by 

sweeping the particles of the product onto a 3mm wide holy-carbon film TEM grid.  It 

then can be loaded into the microscope.  The sample has to be accurately placed to ensure 

the narrow beam transmits through the specimen.  An advantage of using the microscope 

on the sample is observing its d-spacing.   The concept of d-spacing is clearer in Figure 

3a and 3b.  Every compound has a characteristic d-spacing.  The nanolayers formed on 

the substrate consist of alternating layers of high and low electron density material.  As 

the incident x-ray beam hits the sample, it is diffracted with a particular angle, which 
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depends on the thickness of the one high and low electron density layer.  The thickness of 

one layer pair is termed as the d-spacing.  The relationship between the angle and the d-

spacing is illustrated by Bragg’s Law [1]. 

nλ = 2d x sinθ       (1) 

 where: n = order of the reflection 
  λ = wavelength 

d = thickness of one layer pair of the high-Z and low-Z materials  
θ = angle between the x-ray beam and the multilayer 

 For the purposes of this research, the characteristic d-spacing for Mo2C is 2.38Å [6, 10].  

This microscope can characterize the nanolayers that result in the highest catalytic 

activity. 

   

Figure 3: D-Spacing [1] 

(a) Alternating layers of high and low  (b) Interaction of X-ray Beam  
electron density           with Multi-nanolayers 

ii. EDS (Electron-Dispersive Spectrometry) 
 An EDS device can be found on various analytical equipment, such as the TEM 

or SEM.  An EDS uses the stationary electron beam of electrons to excite x-rays from the 

sample.  The device collects and analyzes the x-rays emitted by the sample.  Since every 

compound has characteristic x-ray wavelengths, this device can help verify the 
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composition in the bulk of the sample versus the surface of the sample [2].  The EDS 

device is able to use different energies of the electron beam to analyze the sample’s 

composition at different depths of the sample.  For our analysis, this device is used to 

verify that there is carbon is the sample that was synthesized using MAFBS. 

iii. SEM (Scanning Electron Microscope) 
 A scanning electron microscope is a very useful device when comparing the 

surface of one sample with respect to another.  The scanning electron microscope uses an 

electron beam to scan the surface of the sample and give an accurate picture of the 

sample.  Also the SEM has an EDS device as with the TEM. 

C. Testing Catalytic Activity 
  When testing for catalytic activity of the synthesized catalysts the water-gas shift 

reactor (WGS reactor) was utilized.  The water-gas shift reaction is as follows: 

Water-Gas Shift Reaction (WGS reaction) CO(g) + H2O(g)  CO2(g) + H2(g) 

  The WGS reactor was constructed by Mark Liska who worked with the reactor 

throughout his graduate school career at UIC  [13].  The reactor consists of a glass 

cylinder where the reaction takes place that is hooked into an insulated cylinder.  The 

cylinder is heated by a PID controller.  A mixture of 10% CO gas and 90% H2 gas and 

water vapor are sent through a bubbler to pick up water.  This CO/H2/H2O mixture then 

enters the reactor and passes over the catalyst.  The products of the reaction flow through 

a sample vessel to a fume hood.  This vessel is placed very conveniently so that a sample 

of gas products can be removed without disturbing the continuity of the reaction by 

closing the valves on the vessel and removing it from the apparatus.  After samples are 

collected they are analyzed in a gas chromatograph that measures the conversion of CO 
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to CO2 from the WGS reaction.  As the percent conversion increases, the value of 

catalytic activity increases as well.  We include a procedure for the operation of this 

reaction in Appendix B. 

D.  Obstacles 
 
 In this section, we describe several problems that arose during this research.  We 

provide this information to assist future operators of the MAFBS apparatus with avoiding 

these problems and troubleshooting new problems. 

i. Error Codes within Microwave  
After purchasing the new microwave and making the necessary modifications, a 

test experiment was performed to synthesize titanium nitride.  Through inspection of the 

product, it was clear that titanium nitride formed and the reaction in the microwave was 

successful.  However, during a second trial to develop molybdenum carbide, an error 

code appeared due to a “defective relay circuit” within the oven.  Error codes that 

appeared on the display screen included F-81 or F-82.  Subsequently, the microwave was 

taken to Mike Mutaw, an electronics technician in the Bio-instrumentation Lab at UIC.  

He determined that the main chip in the microwave needed to be replaced.  In the 

meantime, the synthesis of Mo2C continued using a tungsten coil to ignite the reaction 

mixture. 

ii. Test Runs & Conclusions  
After retrieving the microwave, it still sporadically shut down with the same error 

codes displaying on the screen.  A series of test runs were done to determine what factor 

was causing the oven to shut down.  Several conclusions were drawn. 
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First, the microwave would not run with the exhaust hole on the left side open 

which was determined by covering the hole with a piece of steel sieve.  This sieve allows 

air flow out of the microwave.  But this hole has to be open because of the diffusion 

flame that would result from the ethylene flow through the oven.  A solution to this 

problem was to cover the opening with the sieve, and also eliminate the flame inside the 

microwave so that there is no need for an exhaust.  The flame can be eliminated by 

displacing the oxygen with nitrogen within the cavity.  A third hole was added to the 

microwave to allow nitrogen flow inside the microwave cavity.  Also, in order to keep 

oxygen from entering the microwave, the inner fans were disabled by simply 

disconnecting the fans and blocking the air intake with electrical tape. 

 The second problem was encountered after the nitrogen modification was made to 

the microwave.  It still did not operate consistently.  After several test runs, with varying 

times and power levels, it was concluded that the microwave best works for a pulsed 

minute (stopped every five seconds with 15 second intervals between each pulse) under 

the high power level, which corresponds to 1.7kW.  Errors still arose sporadically during 

25% of the test runs.  In addition to F-81 and F-82, a new error code, F-33, appeared 

which codes for “defective thermistor circuit”.  Unlike the other errors, this one would 

shut down the microwave until it was unplugged and plugged back in.  After this error 

was encountered the oven was again taken to the Bio-instrumentation Lab for analysis 

and repairs.  The only explanation the technician could determine was that the 

magnetrons that emit the microwaves were getting too hot in between the test runs.  

Previously, the oven was allowed to cool down for up to ten minutes between each test 

run.  When feeling the inside the microwave, the magnetron was extremely hot after two 
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test runs, so longer times between each run would be highly beneficial.  Without the inner 

fans operating to cool the microwave, a longer time frame of at least 25 minutes was set 

between microwave operations. 

At this point, two conclusions were made about the microwave.  First, the 

microwave would not operate with the exhaust uncovered.  Second, the microwave 

needed more time in between runs to cool down especially since the inner fans were 

disconnected.  Consequently with the additional modifications mentioned above, the 

microwave was working often enough to be able to run at least one MAFBS experiment, 

which was the next step.  

iii. Horizontal vs. Vertical Orientation 
While the microwave was in the Bio-instrumentation lab for the second time, it 

was discovered that the microwave works better in its horizontal orientation, rather than 

the vertical orientation despite the modifications made to it.  It runs more consistently 

while in the horizontal position and no longer ran vertically.  Figure 4 shows the possible 

microwave orientations and fluidization.  The problem with operating horizontally is that 

vertical fluidization of the molybdenum powders is not possible.    Fluidization is 

essential to ensure even contact between the reactant gas and metal particles.  It also 

requires gravity in order to be effective.  

Figure 4: Possible Orientations 
(a) Vertical Orientation & (b) Horizontal Orientation & 

Fluidization   Fluidization 

Microwave

Exhaust

Quartz Tube (6in.)

Aluminum Base

Solenoid
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The microwave was also taken to Microwave Service Inc. to determine why it would no 

longer run vertically, when it ran previously despite the error codes.  They found that a 

screw from a inner circuit board was missing and caused the microwave to shut down, 

especially since it was constantly moved from the horizontal to vertical position, back 

and forth.  Tightening the circuit board allowed it to function properly in the vertical 

orientation.  But the possibilities for horizontal fluidization will be elaborated in the 

future work section, if it is necessary in upcoming experiments. 

iv. Ceramic Paste Causes Sparks  
When trying to use the 6 inch quartz tube for our MAFBS experiments, it was 

found that the tube was too short to give the molybdenum powders proper fluidization.  

With the proper flow of ethylene (~135-150psig), the powders started expelling through 

the top of the tube.  Looking back into literature of past REU programs, it was discovered 

that ceramic paste to seal a piece of steel sieve to the top of the tube was used and would 

be highly beneficial.  The ceramic paste was from Rescor 905 and provided low 

expansion ceramic adhesive between the sieve and the tube.  After the sieve was applied 

to the tube, more test runs were conducted to check for appropriate fluidization.  When 

the sieve had been subject to the microwave environment for several test runs, it was 

observed that the ceramic would start to spark inside the microwave and cause errors on 

the digital display screen.  The ceramic became extremely hot, and could not be used in 

the reaction because of the sparking.  To avoid the use of the ceramic paste, a longer tube 

can be used that extends outside the microwave cavity through the exhaust hole.  In this 

way, there is no need for an upper sieve. 
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The quartz tubes that were used in previous experiments were 6 inches in length 

and were completely inside the microwave cavity.  Using the shorter tube was one of the 

reasons to have nitrogen flowing in the cavity to stop the diffusion flame caused by the 

ethylene from starting.  The main goal for new tubing was to have a tube long enough to 

extend out the top hole of the microwave (in its vertical orientation) so that the diffusion 

flame would be expelled outside the microwave completely.  With the tube extending out 

of the microwave, there is no need for nitrogen flow in the cavity, dismantled fans, and 

plugged air intake, nor is there need for ceramic paste.  New tubing was ordered from 

Quartz Scientific Inc. which was 25mm inner diameter, 30mm outer diameter and 4 feet 

in length.  After receiving the four tubes, they were placed in the aluminum base to see if 

they fit properly.  It became apparent that the four tubes had an outer diameter range of + 

0.5mm, causing imperfect fitting with the o-rings holding the tube in place.  The 

company only guarantees precision of + 1.0mm. The tube with the closest desired 

diameter was taken to UIC’s Glass Shop.  The tube was cut into 3 16 inch tubes for the 

experiments.  These tubes are long enough to extend through the exhaust cover through a 

hole made in the sieve to accommodate the tube.  This setup, as seen in Figure 5, was 

considered since the beginning of the program due to all the problems encountered with 

the new microwave.  It was an exceptional achievement and solves the problems 

mentioned earlier.  In addition, the microwave can run vertically without errors because 

the circuit board was tightened. 
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Microwave 

Exhaust 

Quartz Tube 

Aluminum Base 

Solenoid 
5 (a) 

5 (b) 

Figure 5:  
(a) Schematic of Microwave Setup with no Ceramic Paste 

Because ceramic paste causes sparks, the tube had to be 
extended out of the microwave.  The microwave can still 
operate vertically because the circuit board was tightened. 

(b) Picture of current Microwave Setup 
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E.  Alternative Method 

i. Experiment #1 with Carbon-Black Powder 
Due to the delay in the use of the microwave, an experimental method done in the 

past was implemented.  The setup includes a tungsten coil connected to a variable 

transformer and step down transformer, as demonstrated in Fig. 6.  Instead of igniting the  

 
 

molybdenum and carbon-black powder.  The reaction is controlled through the step down 

transformer.  The voltage is raised to 35V and turned off after one or two minute periods.  

In the first trial, the reaction was sustained for approximately one minute.  After 

collecting some samples, the reactants were mixed and mounted on the coil.  The reaction 

was ignited again for another two minutes, and samples were collected again.  These 

samples were taken to the UIC Research Resource Center to be analyzed with the TEM 

and EDS.  The results will be explored in the next section. 

ii. Experiment #2 with Ethylene Gas 
 The second experiment is very similar to the first experiment, but instead of 

carbon-black as the carbon source, ethylene gas is blown into the crucible filled with 

molybdenum powder. The tungsten coil was used again to ignite reaction.  In order to 

have ethylene flow, a rubber hose bypasses the ethylene pipes.  A glass pipette is attached 

to the end of the hose, which is held and pointed into the crucible.  While the tungsten 

reaction with the microwave, the reaction 

mixture is ignited with transformer’s 

current through the coil.  In this case, 

there is no fluidized bed.  Instead, the 

reaction mixture in the crucible contains 
Figure 6: Set-up of tungsten coil 

ignition method. 



 21 

coil got hot, the ethylene gas, being flammable, produced a flame from the tip of the 

pipette.  We used this method only once and obtained one sample from it that was 

different from the first experiment conducted.  The analysis of this sample will be 

investigated in the Results and Discussion section. 

F. MAFBS Experiments 

The first MAFBS experiment was conducted after the microwave was ready to 

work with.  The set-up currently consists of a 16 in. quartz tube that extends out of the 

microwave’s exhaust through the steel sieve, ethylene and/or argon flow, no nitrogen 

flow, plugged inner fan and no ceramic paste. 

i. MAFBS Experiment #1 

 For this trial run, 26 grams of Mo was dropped inside the tube after it was 

screwed in place.  The ethylene flow was set at 85 on the flow meter, and caused the Mo 

powders to “bubble.”  Argon flow was added at 801 ml/min in the middle of the run to 

increase the fluidization.  The powders were only fluidizing about 0.5 inches above the 

aluminum base.  Pulsing was attempted for a minute, but the microwave still showed 

errors after 5 seconds.  So despite the errors, more attempts at a pulsed reaction were 

taken.  The shut down of the microwave due to the errors were incorporated as part of the 

pulsed timing.  The overall time the powders were pulsed summed to 11 minutes.  After 

more attempts at the pulsed reaction at high power the product was taken to be analyzed 

and prepared on a TEM grid.  However, due to time constraints and no visible sign of a 

reaction occurring, the sample was not analyzed.   
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ii. MAFBS Experiment #2 

 To improve the previous experiment and determine why a reaction did not occur, 

more Mo was added to equal 40 grams.  By adding more Mo, the microwave had more 

particles to heat and the fluidization improved.  In addition to adding more molybdenum, 

the argon flow rate was increased to 60 1543 ml/min to increase fluidization.  The 

ethylene flow was again set at 85.  The fluidization of the powders was better with the 

extra mass of Mo.  The reaction ran for a total of 4 minutes.  The first 2 minutes were 

pulsed every 5 seconds with 10 second intervals.  Fewer errors occurred while pulsing 

with the microwave during this experiment.  Consequently, the second 2 minutes were 

sustained.  The microwave ran smoothly and a lot of sparking was observed inside the 

quartz tube.  White sparks were observed inside the tube, throughout the reaction 

mixture.  After the 4 minutes, the product was collected and taken for analysis, which 

will be described in the Results and Discussion section.  A third experiment was 

conducted and will be described in Appendix A. 
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Results and Discussion 

i. Experiment #1 with Carbon-black Powder 
The main goal of the summer was to synthesize Mo2C nanolayers on a 

molybdenum substrate using a microwave along with a fluidized bed.  With the 

microwave unable to operate consistently for MAFBS experiments, this process was not 

possible.  Using the tungsten coil method, we tried to synthesize Mo2C.  We tried using 

this method twice.  Figure 7 shows the outcome of the reactant powder mixture of 

molybdenum and carbon-black after both trials took place.  

 
Figure 7: End product of experiment 

#1 with carbon black powder  
The first sample was silver in color, while the second sample was yellow.  The yellow 

substance from the tungsten coils was possibly tungsten oxide.  When analyzed using the 

EDS device tungsten and oxygen peaks appeared.  This may confirm our hypothesis that 

the yellow powder was tungsten oxide.  The silver material we hoped to be Mo2C, which 

is unlikely because the tungsten method to synthesize Mo2C was not successful in 

previous research [6].  Two EDS spectra were taken of two different silver particles.  

Both spectra had molybdenum and carbon peaks in them.  This is promising, but still not 

conclusive. 

           The first experiment was sustained 

for approximately one minute.  The tungsten 

coil was white hot and small amounts of 

smoke were seen coming from the mixture.  

After the mixture cooled down two samples 

were taken from this first experiment.   
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The second experiment was sustained for 2 minutes.  After the reaction was 

stopped the mixture of powders glowed for a short time afterwards.  After the mixture 

cooled down, two samples were taken from this experiment.  Another silver sample was 

taken along with a sample of white crystals that weren’t observed in the first experiment.  

Observing the EDS spectra of the white crystals showed molybdenum and oxygen peaks.  

This leads us to believe that the crystals are molybdenum oxide.  This could be since 

there were no carbon peaks present in the spectra. 

ii. Experiment #2 with Ethylene Gas 
 The sample that was collected from the experiment with ethylene gas was a white 

powder.  This powder was found on the surface of the reacted molybdenum powders 

inside the crucible where the ethylene was blown.  Furthermore, this powder was the only 

observed product that did not appear in the first experiment.  EDS analysis was 

conducted with this sample.  The EDS spectrum is shown in Figure 8(c).  We see that 

there are molybdenum and carbon peaks present.  These peaks are encouraging, but still 

not conclusive to whether or not the white powder could possibly be molybdenum 

carbide.  The TEM grids used during our analysis were made of copper, but they also 

have a thin carbon film on them.  This could be the reason for the carbon peaks on the 

EDS spectrum.  Comparing the TEM photos of the white powder versus the pure 

molybdenum, Figures 8(a) and 8(b), respectively, the structure of the particles at the same 

magnification have very similar characteristics.  This could also lead us to believe that 

the white powder is not molybdenum carbide. 
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Figure 8: TEM picture and EDS analysis of a White Powder vs. Pure Molybdenum 

(a) (upper left)TEM picture of White   (b) (upper right) TEM picture of  
Powder synthesized using ethylene blown        Pure Molybdenum 
over Mo powder. 

(c)  (bottom left) EDS analysis of   (d) (bottom right) EDS analysis 
 White Powder           of Pure Molybdenum 
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iii. MAFBS Experiment #2 

 This experiment was held for a total of 4 minutes.  Ethylene and argon gases 

flowed through the molybdenum powder during the reaction time.  Some of the MO 

powder was lost out the top of the tube.  When the reaction temperature was hot enough 

white sparks arched within the mixture.  According to past experience, these sparks 

indicate the formation of oxides.  After TEM analysis it seemed that there were fairly 

distinct overlayers on the sample.  When EDS was done on the sample there was a small 

carbon and small oxygen peak present.  The EDS alone would have been inconclusive; 

however, d-spacing was calculated to be 3.4, which is consistent with literature values for 

molybdenum oxide.  The d-spacing is taken as an average, when looking at the edges of 

the TEM picture.  Figure 9 shows the TEM picture.  It may be said that what was 

synthesized was molybdenum oxide and not molybdenum carbide. 

 

 
Figure 9: TEM of Experiment #2 Product 

The “candy cane” line is used to calculate the 
average d-spacing.  The length of the line is 5.167nm 

and contains 15 layers.  So the average  
d-spacing is 5.167nm/15layers = 0.345 nm = 3.45A. 
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Future Work 
At first the main goals of the summer were synthesize molybdenum carbide using 

MAFBS, analyze it with analytical equipment, and then test its catalytic activity using the 

WGS reaction.  However, the sporadic nature of the Panasonic NE-1757R microwave 

dramatically changed the goals.  While attempting to synthesize the desired catalyst with 

prior ignition methods and analyzing the samples from these experiments, trouble-

shooting the various problems with the microwave became the primary focus of the 

research.  Several obstacles and error codes arose.   

From many test runs, several conclusions were made.  First, the exhaust hole of 

the microwave needs to be covered in order to run.  Second, the microwave shuts down if 

too hot, especially if the fans are dismantled.  Third, this particular microwave operates 

more consistently when in its horizontal orientation, but currently runs sufficiently in the 

vertical orientation.  Finally, ceramic paste used to glue the upper sieve causes major 

sparking inside the cavity, and therefore cannot be used.   

There are three possible solutions that can be researched to promote horizontal 

fluidization if it is necessary in upcoming experiments on the project.  A different 

distributor can be used instead of the steel sieve that can better promote horizontal 

fluidization.  Distributors disperse the gas flow evenly through the reaction mixture and 

can affect the way it flows through the mixture.  A certain type of distributor may cause 

swirling motion that can help fluidize the powders in the horizontal position.  Another 

option is that part of the sieve can be plugged so ethylene gas can flow through the 

molybdenum, and not just over the molybdenum.  Another option is to design a new 

apparatus and tube that has a       shape, so the tube is still vertical to have fluidization 
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AND the microwave can run in its horizontal orientation.  A draft of a possible schematic 

is seen in Figure 9. 

 

     

 

  

 

 

 

 

 Rotates to make the microwaves 
 evenly circulated throughout the oven. 

Exhaust 
(Flame) 

Solenoid

C2H4 
Distributor  
(i.e. Steel Sieve) 

Figure 10: Possible solution to Fluidization Problem 
In this set-up, both vertical fluidization AND horizontal orientation of the oven is 

possible. 

Microwave Oven 
(1.45-1.7kW) 
 

  Only a few techniques were used when 

preparing the samples for analysis using the TEM.  It 

would be advantageous to research different and 

more efficient ways to prepare the samples before 

they are placed on the TEM grid.  Figure 10 shows 

the picture of a sample that was prepared using the 

mortor and pestle.  The method wore away the 

surface of the particle which destroys the overlayers 

which need to be analyzed. 
Figure 11: Molybdenum Powder, 45μm 
The surface is worn away because of the 

TEM preparation of the sample 
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 When it was time to order more tubing for experimental use, it was found that 

Quartz Scientific Co. had precision measurements of + 1.0mm.  This caused problems 

with the O-rings used to hold the tube in place while in the aluminum base.  If a company 

was found that manufactured their tubes with a sharper precision, it would make sure that 

no mistake would be made in ordering and there would be no problems with sending 

incorrect tubing back to the supplier. 
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Appendix A: MAFBS Experiment #3 

We conducted this experiment as the program was about to end.  It had more 
unique observations, consistent with what was seen before when Mo2C was developed 
using MAFBS.  The following is the procedure, results, and discussion. 
 
Purpose: Try to get reaction results with pure ethylene flow, instead of the combination 
of argon and ethylene. 
 
Procedure: 

1. We replaced the Viton o-rings for the steel ring.  
2. ~40g of molybdenum powder (45μm) was loaded in the tube, once the tube and 

apparatus was screwed in. 
3. Ethylene flow was turned on and set the flow meter to ~150 psig, which was 

sufficient fluidization to cause the powders to bubble about 2 inches above the 
aluminum base.  (Same kind of fluidization as the second experiment) 

4. The microwave was set for 1 minute sustained on high power level.   
5. Obervations:  Orange sparking was seen, which was slightly different from the 

white sparking observed in Experiment #2.  It may be possible that orange sparks 
indicate carbide formation and white sparks indicate oxide formation. 

6. Problems:  A lot of Mo was shooting out of the 16 in. tube, which causes a major 
loss of reactant.  We tried making the tube longer by taping another 16 in. tube, 
making the total length 32 in.  But even with this adjustment, particles still shot 
out of the tube.   

 Need for Improvement:  Need to prevent the powders from shooting out of the 
 tube when there is proper fluidization and gas flow. 
7. Just as a point of comparison, we flowed pure argon through at 150 psig and we 

saw white and blue sparks.  The blue sparks were never seen before.  In addition 
to these sparks, a “ball of sparks” shot up through the whole tube upto the exhaust 
and caused an interesting vibration in the tube. 

 
Results & Discussion: 
The TEM picture of the product of this experiment showed similar results from 
Experiment #2.  The d-spacing was calculated to be 3.445Å, indicating molybdenum 
oxide formation.  MoO2 has a d-spacing of 3.42Å and MoO3 has a d-spacing of 3.45Å. 
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Appendix B: WGS Reaction 

After reading Mark Liska’s Thesis, we asked him to come into the lab and give us a quick tutorial 

on his experiment with the WGS reactor.  Also read the written notes about this reaction. 

 

VALVES: (There are more valves than just these two, but the others are not touched) 

V1: Allows the gas products to enter the sample vessel 

V2: The valve that allows to gas products to exit the sample vessel 

 

BASIC PROCEDURE: 

1. Nitrogen, hydrogen, and carbon monoxide mixture (10% CO, 90% H2) are connected to 

the 3 flow meters. 

2. The glass reactor (very thin glass cylinder) was detached.  The “Compressed Air” tank 

was used to blow all the bed material out of the glass reactor, in preparation for a new 

experiment. 

(Glass reactor made by Brian Schwandt in the Glass Shop.  Cleaned and reused every 

time, unless it breaks) 

3. Stuff reactor with glass wool up to the “pinch.”  Don’t put that much; just a little ball of 

glass wool is fine.  Put enough so the catalyst won’t fall through.  This comprises the 

“packed bed” part of the reactor. 

4. Measure out the amount of catalyst.  In our case, we tested with commercial molybdenum 

carbide.  According to his thesis, he usually used 1-2g.  So we measured 2.051g.  When 

we poured it in, on top of the glass wool, this amount turned out to be too much because 

the layer of Mo2C in the tube is too thick. 

5. Connect the glass reactor to the set up.  Make sure the o-rings have a firm grip. 

  

NOTE: When taking a sample and removing the sample vessel, first close the knobs on 

the vessel (turn counterclockwise).  Then close the two valves connected to the vessel.  

Turn the one on the left, V1, towards you to face down.  Flip the one on the right, V2, 

away from you.  Removing the sample vessel after closing the valves, allows the reaction 

to continue while taking a sample of the products formed in the reaction. 

 

6. Connect the temperature PID controller to the reactor, with a thermocouple.  Run on 

manual.  Target temperature is 275°C, which is about where the reaction equilibrates.  Set 
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“manual power” to 75% until the temperature display reads 150-155°C.  After it reads 

past ~150°C, run down the power level to 10%.  Press “Enter” every time you change the 

power level.  The manual power shows the percentage of power that goes into raising the 

temperature of the reactor. 

7. Turn on the Gas Controller.   

Know all the flow rates beforehand, which have to be calculated, because the number that 

this controller displays is NOT the flow rate.  The flow rates can be determined by using 

the “soap bubble meter.” This meter intercepts the product gas flow stream.  It forms 

bubbles with the snoop in the meter, and the bubbles travel up the tube.  Follow one 

bubble from one point to another up the tube and measure the time it takes to travel that 

volume.  Observing the bubble go up the tube gives the volumetric flow rate.  Keep on 

changing the flowrate on the gas controller, observe the number on the display, and 

measure the flow rate with the soap meter to see what number the particular flow rate 

corresponds to on the controller.  Make a list of different flowrates and their 

corresponding display number, and compare the chart to Mark’s charts found above the 

table. 

8. Leave valves around the sample vessel closed until the temperature is close to 275°C. 

9. After 40 min or so to let the reaction equilibrate to a consistent temperature at 275°C, 

remove the sample vessel. 

10. Then turn off the heater of the PID controller. 

 Turn off the gas controller. 

 Make sure the sample vessel valves, V1 & V2 are closed. 

 CLOSE the gas tanks. 

 


