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Major Goals:  In our proposal entitled, “Chemisorption as a versatile tool to characterize multifunctional materials”, 
we requested and received funding for a chemisorption setup, specifically a Micromeritics Autochem II. We 
proposed several “routine” experiments using this instrument which would immediately push our research forward. 
These are repeated below.

1. Controlled synthesis of metal nanoparticles (and core-shell particles), in particular bimetallic systems like 
RhRe/C and PtMo/C, important catalysts in biomass chemistry (BETO project). It is currently assumed that the 
active sites are at the interface of the two metals. This implies that one should synthetically aim at depositing small 
amounts of the oxophilic metal (e.g.,Re and Mo) to the noble metal (e.g., Rh or Pt), rather than to the exposed 
support surface between the metal nanoparticles. The decrease in probe adsorption can be connected with the 
deposition of the oxophilic metal on the noble metal, rather than on the support, provided that the particles did not 
sinter (which needs to be verified with microscopy) and the probe molecule does not bind to the oxophilic metal 
sites.

2. Zeolites are a class of materials used in a number of our projects, related to biomass, as well as important 
commodities chemistry like Bayer-Villiger oxidations and epoxidations. Determining their acid/base properties 
would allow a correlation of these properties with the catalytic activity of different materials. These materials are not 
always stable with time-on-stream and tend to deactivate. An analysis of the acid/base properties before and after 
reaction would help in understanding such effects better. Furthermore, it is common to postsynthetically modify 
zeolites, e.g. by steaming, a process that is still poorly understood. Also here, the effects of different parameters 
during the steaming on the acid/base properties could be studied.

3. Our group is working on the synthesis of ternary metal oxides prepared with controlled dispersion. As an 
example, we are interested in understanding synergetic effects between Ti(IV) and V(V) (Ti-V/SiO2) in the oxidative 
dehydrogenation of propane. Comparing the TPR-TPO-TPR profiles of V/SiO2, Ti/SiO2 and Ti-V/SiO2 materials 
would provide valuable information on the influence of the titanium species on the redox cycling of the vanadium, 
assumed to be an important descriptor of this reaction. This can then be correlated with 51V NMR (monitoring the 
influence of the Ti on the V chemical shift) and catalytic activity measurements.

Following various stages during material synthesis, in particular oxidation (calcination) and reduction steps. An 
important question that we are trying to answer is, for instance, why does the ramp rate during catalyst calcination 
influence the catalytic performance (E.g. methanol synthesis catalyst)? The outlined chemisorption techniques 
would allow us to conveniently investigate the influence of this parameter on 1) the metal dispersion (e.g. copper in 
case of the methanol synthesis catalyst), and/or 2) the amount and strength of acid sites.

Accomplishments:  2 publications have been completed, with one additional submitted for review. We now go 
through the results of each of the “routine” experiments discussed in the original proposal, numbered as they are 
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above. 

1. We have performed these experiments on a number of catalysts, contributing to two publications since this 
instrument was obtained.1,2 Specifically, we used CO as a probe molecule for adsorption on RhRe/C and 
PtW/TiO2 to see whether the oxophilic additive (e.g., W or Re) covered metallic sites (e.g., Pt or Rh) during 
synthesis. CO adsorbs to exposed metallic sites, but not to exposed oxophilic sites. Therefore, metal coverage by 
an oxophilic additive would be shown by a higher CO uptake in Rh/C as compared to RhRe/C and, likewise, a 
higher CO uptake in Pt/TiO2 as compared to PtW/TiO2. Indeed, this is what we see with Rh/C and RhRe/C, but not 
with Pt/TiO2 and PtW/TiO2. This indicates that Re does cover Rh sites on RhRe/C, but W does not cover Pt sites 
on PtW/TiO2. 

Without this instrument, we would have had to take STEM-EDX measurements of each of our catalysts to obtain 
the same information. There are two instruments on the UW-Madison campus that can carry out these 
experiments. Each of these instruments charges $60/hr for student use, and requires a student/post-doc with years 
of experience to operate properly.  We tested close to 100 samples for these studies alone, which would have cost 
~$6000 for instrument time, and would have required the training of a new graduate student. The chemisorption 
setup we now have costs essentially nothing to operate, and a student can be trained in the course of a day. 

2. We tested postsynthetically-modified zeolites with the Temperature Programmed Desorption of NH3 (NH3-
TPD) to analyze the acid properties of the zeolite, contributing heavily to another publication.3 NH3 binds to acid 
sites on the zeolite, and a TPD of NH3 quantifies the amount and strength of these acid sites. In this study, we 
correlated the quantity and strength of acid sites (determined with our chemisorption setup) with zeolite catalytic 
activity measured elsewhere in the lab. 

Without this instrument, we could have quantified the number of acid sites on each catalyst by FTIR of adsorbed 
pyridine after calibrating the pyridine signal to a standard with a known amount of acid sites. This technique is 
possible in our labs, but it is much less precise than with our chemisorption setup. Moreover, the FTIR method will 
provide very little information on the strength of the acid sites, which was quickly and easily calculated by our 
chemisorption setup. 

3. While the exact experiment described in this portion of the proposal was not used for publication, we did study 
ternary metal oxides with other experiments with this chemisorption setup, contributing to publication.4 Specifically, 
we studied the acid properties of a Ag-Zr-BEA catalyst by NH3-TPD. In this study, we determined that Ag 
atoms/particles blocked acidic sites in Zr-BEA, which was crucial to the reactivity of the catalyst. 

Similar to point 2, without this instrument, we could have studied this effect by quantitative FTIR of pyridine 
adsorption, but this would have provided less precise data and would have been much more labor intensive. 

4. These experiments are not published yet, so we will not go into as much detail. We are currently synthesizing 
core-shell catalysts, where the core strongly adsorbs H2, but the shell does not. We are using H2 chemisorption to 
confirm that the “shell” covers the H2 adsorption sites on the “core”, as this is going to be necessary for high activity 
and selectivity in our reaction of interest. Analogous to point 1, the catalyst without the shell should (and does) 
show higher H2 uptake than the catalyst with the shell. Moreover, we are currently using the H2 uptake of these 
catalysts to help determine the thickness of the shell we have synthesized. 

Similar to point 1, without this instrument, we would require STEM-EDX measurements to obtain the same 
information. This instrument is expensive to use and requires years of training for a graduate student or post-doc to 
use properly.
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Training Opportunities:  No less than 3 post-doctoral researchers, 6 graduate students, and 5 undergraduate 
students have been trained on the instrument purchased from this grant. Each have benefitted from knowledge 
gained about his or her samples, as discussed in the "Accomplished" section.

Results Dissemination:  1. Karanjkar, P., Burt, S. P., Chen, X., Barnett, K. J., Ball, M., Kumbhalkar, M., Wang, X., 
Miller, J. B., Hermans, I., Dumesic, J. A., & Huber, G. W. Effect of Carbon Support on Rh-Re Bifunctional Catalysts 
for Selective Hydrogenolysis of Tetrahydropyran-2-methanol, (2016). Catalysis Science and Technology, 6, 7841-
7851.

2. Burt, S. P.#, He, J.#, Zhang, L., Ball, M., Hermans, I., Dumesic, J. A., & Huber, G. W., Synthesis of 1,6-
Hexanediol from cellulose derived molecules with Pt-MOx/TiO2 catalysts, submitted.

3.     Burt, S. P., Barnett, K. J., McClelland, D. J., Wolf, P., Dumesic, J. A., Huber, G. W., & Hermans, I. Production 
of 1,6-hexanediol from tetrahydropyran-2-methanol by dehydration–hydration and hydrogenation, (2017). Green 
Chemistry, 19, 1390-1398.
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Honors and Awards:  Jan. 14, 2016 - Prof Hermans receives Postdoc Mentoring Award

July 3-8, 2016 - Dr. Carlos Carrero (Postdoc in Hermans group) receives Young Scientist Prize at the 16th 
International Congress on Catalysis

May 10, 2017 - Professor Ive Hermans receives Vilas Mid-Career Investigator Award

Protocol Activity Status: 

Technology Transfer:  Nothing to Report
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Statement of the Problem Studied  

In our proposal entitled, “Chemisorption as a versatile tool to characterize multifunctional 

materials”, we requested and received funding for a chemisorption setup, specifically a 

Micromeritics Autochem II. We proposed several “routine” experiments using this instrument 

which would immediately push our research forward. These are repeated below. 

1. Controlled synthesis of metal nanoparticles (and core-shell particles), in particular 

bimetallic systems like RhRe/C and PtMo/C, important catalysts in biomass chemistry 

(BETO project). It is currently assumed that the active sites are at the interface of the two 

metals. This implies that one should synthetically aim at depositing small amounts of the 

oxophilic metal (e.g.,Re and Mo) to the noble metal (e.g., Rh or Pt), rather than to the 

exposed support surface between the metal nanoparticles. The decrease in probe 

adsorption can be connected with the deposition of the oxophilic metal on the noble 

metal, rather than on the support, provided that the particles did not sinter (which needs 

to be verified with microscopy) and the probe molecule does not bind to the oxophilic 

metal sites. 

2. Zeolites are a class of materials used in a number of our projects, related to biomass, as 

well as important commodities chemistry like Bayer-Villiger oxidations and epoxidations. 

Determining their acid/base properties would allow a correlation of these properties with 

the catalytic activity of different materials. These materials are not always stable with 

time-on-stream and tend to deactivate. An analysis of the acid/base properties before 

and after reaction would help in understanding such effects better. Furthermore, it is 

common to postsynthetically modify zeolites, e.g. by steaming, a process that is still 

poorly understood. Also here, the effects of different parameters during the steaming on 

the acid/base properties could be studied. 

3. Our group is working on the synthesis of ternary metal oxides prepared with controlled 

dispersion. As an example, we are interested in understanding synergetic effects between 

Ti(IV) and V(V) (Ti-V/SiO2) in the oxidative dehydrogenation of propane. Comparing the 

TPR-TPO-TPR profiles of V/SiO2, Ti/SiO2 and Ti-V/SiO2 materials would provide valuable 

information on the influence of the titanium species on the redox cycling of the vanadium, 

assumed to be an important descriptor of this reaction. This can then be correlated with 
51V NMR (monitoring the influence of the Ti on the V chemical shift) and catalytic activity 

measurements. 

4. Following various stages during material synthesis, in particular oxidation (calcination) 

and reduction steps. An important question that we are trying to answer is, for instance, 

why does the ramp rate during catalyst calcination influence the catalytic performance 

(E.g. methanol synthesis catalyst)? The outlined chemisorption techniques would allow 

us to conveniently investigate the influence of this parameter on 1) the metal dispersion 
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(e.g. copper in case of the methanol synthesis catalyst), and/or 2) the amount and 

strength of acid sites. 

While these proposed experiments were more or less hypothetical at the time of their writing, 

we have completed and even published experiments very similar to those described in the 

proposal. We discuss these experiments individually in the next section.  

 

Summary of the most important results 

We now go through the results of each of the “routine” experiments discussed in the original 

proposal, numbered as they are above.  

1. We have performed these experiments on a number of catalysts, contributing to two 

publications since this instrument was obtained.1,2 Specifically, we used CO as a probe 

molecule for adsorption on RhRe/C and PtW/TiO2 to see whether the oxophilic additive 

(e.g., W or Re) covered metallic sites (e.g., Pt or Rh) during synthesis. CO adsorbs to 

exposed metallic sites, but not to exposed oxophilic sites. Therefore, metal coverage by 

an oxophilic additive would be shown by a higher CO uptake in Rh/C as compared to 

RhRe/C and, likewise, a higher CO uptake in Pt/TiO2 as compared to PtW/TiO2. Indeed, 

this is what we see with Rh/C and RhRe/C, but not with Pt/TiO2 and PtW/TiO2. This 

indicates that Re does cover Rh sites on RhRe/C, but W does not cover Pt sites on 

PtW/TiO2.  

Without this instrument, we would have had to take STEM-EDX measurements of each of 

our catalysts to obtain the same information. There are two instruments on the UW-

Madison campus that can carry out these experiments. Each of these instruments charges 

$60/hr for student use, and requires a student/post-doc with years of experience to 

operate properly.  We tested close to 100 samples for these studies alone, which would 

have cost ~$6000 for instrument time, and would have required the training of a new 

graduate student. The chemisorption setup we now have costs essentially nothing to 

operate, and a student can be trained in the course of a day.  

2. We tested postsynthetically-modified zeolites with the Temperature Programmed 

Desorption of NH3 (NH3-TPD) to analyze the acid properties of the zeolite, contributing 

heavily to another publication.3 NH3 binds to acid sites on the zeolite, and a TPD of NH3 

quantifies the amount and strength of these acid sites. In this study, we correlated the 

quantity and strength of acid sites (determined with our chemisorption setup) with 

zeolite catalytic activity measured elsewhere in the lab.  

Without this instrument, we could have quantified the number of acid sites on each 

catalyst by FTIR of adsorbed pyridine after calibrating the pyridine signal to a standard 

with a known amount of acid sites. This technique is possible in our labs, but it is much 

less precise than with our chemisorption setup. Moreover, the FTIR method will provide 
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very little information on the strength of the acid sites, which was quickly and easily 

calculated by our chemisorption setup.  

3. While the exact experiment described in this portion of the proposal was not used for 

publication, we did study ternary metal oxides with other experiments with this 

chemisorption setup, contributing to publication.4 Specifically, we studied the acid 

properties of a Ag-Zr-BEA catalyst by NH3-TPD. In this study, we determined that Ag 

atoms/particles blocked acidic sites in Zr-BEA, which was crucial to the reactivity of the 

catalyst.  

Similar to point 2, without this instrument, we could have studied this effect by 

quantitative FTIR of pyridine adsorption, but this would have provided less precise data 

and would have been much more labor intensive.  

4. These experiments are not published yet, so we will not go into as much detail. We are 

currently synthesizing core-shell catalysts, where the core strongly adsorbs H2, but the 

shell does not. We are using H2 chemisorption to confirm that the “shell” covers the H2 

adsorption sites on the “core”, as this is going to be necessary for high activity and 

selectivity in our reaction of interest. Analogous to point 1, the catalyst without the shell 

should (and does) show higher H2 uptake than the catalyst with the shell. Moreover, we 

are currently using the H2 uptake of these catalysts to help determine the thickness of the 

shell we have synthesized.  

Similar to point 1, without this instrument, we would require STEM-EDX measurements 

to obtain the same information. This instrument is expensive to use and requires years of 

training for a graduate student or post-doc to use properly.  

 

Moreover, we have completed Temperature Programmed Reduction experiments on a number 

of catalysts, which will likely soon contribute to publication. These experiments would be 

especially difficult without the use of our chemisorption setup. In fact, we tried to complete these 

experiments in the past, before purchasing this instrument. In these experiments, we put a 

catalyst (our sample) in a reactor, and performed a TPR on it with a mass spectrometer (MS) at 

the outlet. We tried to use the decrease in the H2 signal of the MS to measure H2 uptake and 

obtain a TPR curve. Unfortunately, the H2 uptake in a typical catalyst of ours is not significant 

enough to be detected as a decrease in the MS signal. Therefore, our TPR curves were hopelessly 

noisy, and we obtained no valuable data from them. As you can see in Figure 1, recently-obtained 

TPR curves feature a high signal-to-noise ratio even when using a small amount of sample (<100 

mg) using our chemisorption setup. These experiments take advantage of the accurate control 

of the furnace temperature program, the programmable functions, and the high sensitivity of the 

gas detectors available with the Autochem. 
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Figure 1: Recently-obtained TPR profile of metal catalyst (<100 mg used as sample) with 

chemisorption setup. 

 

Future Work 

We also discussed in the original proposal more advanced experiments that we wished to carry 

out with this instrument. Most of these experiments are currently in the planning phase. We are 

particularly excited about future experiments on catalysts for propylene oxidation, as was 

discussed in the original proposal, as well as catalysts for oxidative dehydrogenation of alkanes, 

which is a growing area of interest in our group. 

Ongoing study in our group of a Ag catalyst (Ag/CaCO3) for aerobic epoxidation of 

propylene is an ideal candidate for some of the more complex chemisorption experiments that 

we envision. Kinetic studies by our group have shown that high concentrations of propylene have 

an inhibitory effect on the rate of propylene oxide production over our catalyst. We hypothesize 

that this is due to the competitive adsorption between the propylene substrate and the oxide 

product and/or the inability of propylene to displace propylene oxide at the surface after it is 

formed. Therefore, we propose to use chemisorption studies to investigate these hypotheses, 

beginning with TPD of propylene and propylene oxide on the catalyst. TPD would allow us to 

compare the adsorption strengths of propylene and propylene oxide separately from one 

another to determine which maintains a stronger interaction with the Ag surface in a more 

controlled environment than in the reactor setup used for kinetic experiments. Furthermore, 

consecutive adsorption of propylene and propylene oxide (and vice versa) onto the catalyst 

should yield insight on the competitive behavior, such as whether propylene can displace 

propylene oxide. Such study of the catalyst will enhance our understanding of the origin of the 

kinetic behavior of the catalyst. 

0 100 200 300 400 500 600 700 800

H
2

U
p

ta
ke

Temperature (oC)



5 
 

 As we referenced in our original proposal, chemisorption studies on aerobic propylene 

epoxidation catalysts have previously been used to show that the reaction relies on surface 

oxygen sites, rather than lattice oxygen sites.5 We propose to perform similar studies on our Ag 

catalyst, which has been treated under various conditions proposed in the literature that lead to 

different activity results. For example, Ag catalysts have been treated with alkyl chlorides to 

enhance selectivity at the cost of conversion, with nitrogen oxides to improve conversion and 

selectivity to a moderate degree, and with alkali metal salts to improve selectivity. We propose 

to use chemisorption studies to understand (i) how the catalyst treated under different 

conditions adsorbs and activates oxygen differently and (ii) how those oxygen sites contribute to 

selectivity. Experiments to explore (i) can be performed using a combination of TPR, to prepare 

the surface for oxygen activation, and TPD of oxygen, to observe the type and strength of oxygen 

surface sites. We postulate that the different treatments and modifications will lead to variations 

in both the strength and number of surface oxygen sites. To investigate (ii), the different catalysts 

will be reduced and exposed to oxygen to generate the sites observed in the previous 

experiment, followed by pulses of propylene at reaction temperature to react with the active 

oxygen sites on each catalyst, the products of which will be measured with an online mass 

spectrometer. We expect to see that different treatment conditions lead to different ratios of 

CO2 and propylene oxide products. A final study of the different catalysts would include an 

investigation of the competitive adsorption of propylene and propylene oxide, using a similar 

procedure to that proposed in the previous paragraph. 

 Another area of interest where we envision this instrument being very useful is 

understanding the formation of active catalytic surface species and their formation. Our group 

has discovered that boron containing catalysts for the oxidative dehydrogenation (ODH) of 

alkanes have an increased surface oxygen content after reaction, as observed by X-ray 

photoelectron spectroscopy (XPS).6-9 We attribute the high selectivity of these materials to their 

ability to activate oxygen, which we believe is evidenced by the surface oxygen content of spent 

catalysts. We hypothesize that initially the catalyst activates oxygen and generates a considerable 

amount of surface oxygen sites which are highly selective to propylene. In order to understand 

this phenomenon at a fundamental molecular level, we propose to use Temperature 

Programmed Surface Reaction (TPSR) measurements on the chemisorption instrument. Similar 

experiments have been previously used to elucidate mechanistic information on the ODH of 

ethane over NiO-based catalysts,10 and we hope to use such experiments to expand our 

understanding of boron containing materials for ODH. As a representative reaction to begin, we 

will examine ODH of propane using hexagonal boron nitride (h-BN) as the catalyst. The 

instrument setup would use dilute feeds of C3H8 in He and O2 in He as the reactant gases, and 

online MS will be used to observe product formation. The fresh h-BN catalyst would first be 

exposed to a dilute C3H8 feed in the instrument while heating to 600 °C. The fresh h-BN sample 

would possess only trace amounts of surface oxygen species, leading to no reactivity until not 
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catalytic, gas-phase thermal cracking and dehydrogenation reactions begin to occur Next, a new 

fresh h-BN sample would be exposed a feed of both dilute C3H8 and O2 and heated to 600 °C to 

mimic ODH conditions, and the product distribution would be monitored by MS. Based on our 

previous ODH publications[add Science, C4, and borides], we expect that this environment will 

lead to catalytic activity at lower temperatures due to the activation of oxygen to form reactive 

surface species. Following the fresh catalyst experiments, we will examine a spent h-BN catalyst 

thatalready shows evidence of increased surface oxygen content. The spent catalyst will first be 

fed dilute C3H8, followed by both C3H8 and O2 in a subsequent experiment. We expect to see the 

temperature at which the reaction takes place to decrease compared with the fresh catalyst, 

since the surface is already functionalized with active oxygen species. Furthermore, under 

oxygen-freeconditions, we hypothesize that the spent catalyst will show some activity  due to the 

presence of surface oxygen. We aim to gain insight on the kinetics of surface oxygen formation 

as well as the reactivity of said species with this set of experiments, which would not be possible 

without the capabilities of the Autochem instrument. 
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