DE-FG02-84ER13183
Fundamental Studies of the Reforming of Oxygenated Compounds over Supported Metal
Catalysts

James A. Dumesic, PI
University of Wisconsin — Madison

The Board of Regents of the University of Wisconsin System
University of Wisconsin — Madison

Research and Sponsored Programs

21 North Park Street, Suite 6401

Madison, W1 53715-1218

Dr. James A. Dumesic

Vilas Research Professor

Michel Boudart Professor of Chemical and Biological Engineering
University of Wisconsin — Madison

College of Engineering

Department of Chemical and Biological Engineering
3014 Engineering Hall

1415 Engineering Drive

Madison, W1 53706-1607

(608) 262-1095

jdumesic@wisc.edu

Executive Summary:

The main objective of our research has been to elucidate fundamental concepts associated
with controlling the activity, selectivity, and stability of bifunctional, metal-based heterogeneous
catalysts for tandem reactions, such as liquid-phase conversion of oxygenated hydrocarbons
derived from biomass. We have shown that bimetallic catalysts that combine a highly-reducible
metal (e.g., platinum) with an oxygen-containing metal promoter (e.g., molybdenum) are
promising materials for conversion of oxygenated hydrocarbons because of their high activity for
selective cleavage for carbon-oxygen bonds. We have developed methods to stabilize metal
nanoparticles against leaching and sintering under liquid-phase reaction conditions by using
atomic layer deposition (ALD) to apply oxide overcoat layers. We have used controlled surface
reactions to produce bimetallic catalysts with controlled particle size and controlled composition,
with an important application being the selective conversion of biomass-derived molecules. The
synthesis of catalysts by traditional methods may produce a wide distribution of metal particle
sizes and compositions; and thus, results from spectroscopic and reactions kinetics measurements
have contributions from a distribution of active sites, making it difficult to assess how the size
and composition of the metal particles affect the nature of the surface, the active sites, and the
catalytic behavior. Thus, we have developed methods to synthesize bimetallic nanoparticles with
controlled particle size and controlled composition to achieve an effective link between
characterization and reactivity, and between theory and experiment. We have also used ALD to
modify supported metal catalysts by addition of promoters with atomic-level precision, to
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produce new bifunctional sites for selective catalytic transformations. We have used a variety of
techniques to characterize the metal nanoparticles in our catalysts, including scanning
transmission electron microcopy (STEM) to measure size and structure, energy dispersive X-ray
spectroscopy (EDS) to measure atomic composition, X-ray absorption spectroscopy (XAS) to
measure oxidation state and metal coordination, Fourier transform infrared spectroscopy (FTIR)
to study adsorbed species, laser Raman spectroscopy to probe metal oxide promoters, and
temperature programmed reaction/desorption to study the energetics of adsorption and
desorption processes. We have studied our bimetallic catalysts for the selective cleavage of
carbon-oxygen bonds, and we have studied the effects of adding metal oxide promoters to
supported platinum and gold catalysts for water-gas shift (i.e., the production of hydrogen by
reaction of carbon monoxide with water). We anticipate that the knowledge obtained from our
studies will allow us to identify promising directions for new catalysts that show high activity,
selectivity, and stability for important reactions, such as the conversion of biomass-derived
oxygenated hydrocarbons to fuels and chemicals.

Project Objectives:

The main objective of our proposed research was to elucidate the fundamental concepts
associated with controlling the activity, selectivity, and stability of bifunctional, metal-based
heterogeneous catalysts for tandem reactions, such as liquid-phase conversion of oxygenated
hydrocarbons derived from biomass. We have shown that bimetallic catalysts that combine a
highly-reducible metal (e.g., Pt, Rh) with an oxophilic promoter (e.g. Re) are promising
materials for conversion of oxygenated hydrocarbons because of their high activity and
selectivity for C-O scission reactions. These reactions are bifunctional in nature, where the
highly-reducible metal catalyzes hydrogenation reactions and the oxophilic promoter facilitates
acid-catalyzed reactions. In our future work, we plan to characterize and understand the active
sites of such catalysts, focusing initially on the Rh-Re, Rh-Mo, and Pt-Mo systems. In this
research, we synthesized nanoparticles with well-controlled and defined particle size and
composition by means of controlled surface reactions. The catalyst synthesis starts with a
supported Rh or Pt catalyst, and it involves the selective adsorption and reaction on the reduced
metal surface of cyclopentadienyl rhenium tricarbonyl ((CsHs)Re(CO)z3) or cycloheptatriene
molybdenum tricarbonyl ((C7Hs)Mo(CO)3) in a N2 atmosphere, followed by temperature
programmed reduction in H to achieve alloy formation. We used scanning transmission electron
microcopy (STEM) and energy dispersive X-ray spectroscopy (EDS) to determine the metal
particle size and composition distributions of individual nanoparticles, and we compared the
average composition of the nanoparticles measured by STEM/EDS with the bulk composition
measured by inductively coupled plasma — atomic emission spectroscopy (ICP-AES). In
addition, we employed in situ XAS to probe the coordination environment of the oxophilic
promoter (Mo) and the reducible catalytic metal (Pt). We carried out reaction kinetics
measurements (e.g., selective hydrogenolysis of 2-hydroxymethyl)tetranydropyran to elucidate
the effect of the bimetallic composition on catalytic activity.

Another objective of our research was to stabilize supported metal catalysts against
leaching and sintering during liquid-phase reaction conditions employed during biomass
conversion reactions. Precious metal catalysts are used extensively in the petrochemical industry
and are anticipated to have a significant role in future biorefineries. While it would be desirable
to replace precious metal catalysts (e.g., Pt) with base metals that are more earth-abundant (e.g.,
Cu), base metal catalysts are susceptible to irreversible deactivation through sintering and/or



leaching under liquid-phase conditions. Irreversible deactivation of a catalyst is a significant
impediment for a practical catalytic process, as replacement of a deactivated catalyst can be
expensive, require lengthy process shutdowns, and create solid waste that requires reprocessing.
Additionally, capital costs associated with precious metal catalysts pose significant barriers to
the economic viability of new processes. Accordingly, the search for base-metal catalysts that are
stable under liquid-phase reaction conditions remains an important challenge in the field of
heterogeneous catalysis.

In this project, we successfully developed a method to stabilize copper nanoparticles
supported on y-Al203 by atomic layer deposition (ALD) of an alumina overcoat. While ALD has
been shown to inhibit nanoparticle mobility of precious metal catalysts under gas-phase
conditions, we reported for the first time that ALD can stabilize a base-metal catalyst for liquid-
phase catalytic processing. Combining reaction kinetic studies, advanced materials
characterization, and first principles calculations we elucidate how the overcoat provides stability
to the nanoparticles without appreciably affecting the reaction kinetics. In these studies, we
employed XAS, scanning tunneling microscopy (STM), and FTIR measurements of adsorbed
probe molecules (e.g., CO). A key part of this research was the use of high resolution STEM
studies to quantify morphologies and spatial distributions of ALD overlayers on model catalysts
using non-porous silica nanospheres as catalyst supports. We also explored modification of the
overcoating material to introduce bifunctionality to the catalyst, for example, by overcoating
with a mixed oxide phase such as NbOx/AlOx to impart acidity. This ALD approach is
complementary to the aforementioned controlled synthesis approach in that the goal of both
approaches is to modify supported metal catalysts by addition of promoters with atomic-level
precision, to produce new bifunctional sites for selective catalytic transformations.

We anticipate that the knowledge obtained from our studies will allow us to identify
promising directions for new catalysts that show high activity, selectivity, and stability for
important reactions, such as the conversion of biomass-derived oxygenated hydrocarbons to fuels
and chemicals.

Project Activities:
1. Introduction

Our work funded by DOE has focused on fundamental challenges commonly
encountered in heterogeneous catalysis that are especially important for the conversion of
biomass-derived oxygenates: activity, selectivity and catalyst stability. An important challenge is
the issue of catalyst selectivity. The presence of multiple functional groups provides for various
reaction pathways that can lead to low overall yield of the desired final product. Bifunctional
catalysts that combine a highly-reducible metal (e.g., Pt, Rh) with an oxophilic promoter (e.g.,
Re) have shown promise as selective catalysts for oxygenated reactants because of their high
activity and selectivity for C-O scission reactions. Our work has focused on elucidating the
nature of the active sites for these unique catalysts.

A second challenge is the issue of catalyst stability and recyclability. It would be highly
desirable to replace precious metals (e.g., Pt) with base metals that are more earth abundant (e.g.,
Cu); however, base metals are more susceptible to irreversible deactivation through sintering and
leaching, especially in the liquid-phase conditions common in the processing of biomass-derived
oxygenates. In this respect, we have developed a method to stabilize copper nanoparticles
supported on y-Al203 by ALD of an alumina overcoat.



2. Recent Work
2.1 Bifunctional RhRe/C catalysts for C-O hydrogenolysis

We have shown that the combination of an oxophilic promoter with a highly-reducible
metal results in the formation of a bifunctional catalyst that possesses both acid and metal sites.
We demonstrated this concept with experimental studies and first-principle density functional
theory (DFT) calculations (in collaboration with Robert Davis and Matt Neurock), where the
reactivity trends over the RhRe/C catalyst were consistent with C-O hydrogenolysis proceeding
through initial acid-catalyzed ring-opening or dehydration followed by metal-catalyzed
hydrogenation.! The apparent Brgnsted acidity of this catalyst was proposed to arise from the
deprotonation of hydroxyl groups on rhenium atoms associated with rhodium. (Table 1)

We have shown that the reduction temperature for a RhRe/C catalyst (molar ratio Rh:Re
= 1:0.5) prior to exposure to continuous-flow reaction conditions has a significant effect on the
activity for the conversion of 2-hydroxymethyltetrahydropyran (HMTHP) to 1,6-hexanediol
(1,6-HDO) (Figure 1), which correlates with the change in the number of active sites quantified
by NH3—TPD (Table 1). Additionally, we studied this catalyst for an acid-catalyzed reaction
important in biomass conversion processes: the dehydration of fructose to 5-
hydroxymethylfurfural (HMF) (Figure 1).2°> We also investigated the nature of the active sites on
RhRe/C catalyst using XAS under in situ and operando conditions (in collaboration with Fabio
Ribeiro at Purdue and Jeff Miller at Argonne National Laboratory) to probe the relationship
between catalyst structure and activity.

1

Table 1| Effect of reduction temperature on NHz-titrated site density and activity for
hydrogenolysis of HMTHP to 1,6-HDO over RhRe/C under continuous flow conditions.?

Total L .
Pretreatment  Irreversible CO  NHssite  Conversion Selectivity - Specific rate
Catalyst TK) uptake (umolg™ densi (%) to16- at8h TOS
(umolg™)
393 143 95 9 90 56
RhRe/C 523 145 64 9 96 29
723 135 38 10 95 7
Rh/C 523 30
Re/C 523 17

4Reaction conditions described in Figure 2.
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Figure 1| Reactions discussed in this section: C-O hydrogenolysis of HMTHP to 1,6-HDO, and
dehydration of fructose to HMF.



The effect of reduction temperature on the catalytic activity for C-O hydrogenolysis of
cyclic ethers® was investigated under continuous-flow reaction conditions using RhRe/C
pretreated in hydrogen at 393, 523, and 723 K. As shown in Figure 2, the rate of C-O
hydrogenolysis of HMTHP decreased with increasing pretreatment temperature. The selectivity
to 1,6-HDO was maintained at >90% for all data points. It was found that deactivation of the
catalyst pretreated at 393 K was significant, while catalysts pretreated at 523 and 723 K were

stable. The deactivation of the catalyst pretreated at 393 K is due to leaching of Re species from
the surface of the RhRe/C catalyst.
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Figure 2| Hydrogenolysis of HMTHP over RhRe/C under continuous flow reaction conditions.
Catalyst pretreated in flowing Hz at 393 K (x), 523 K (o) and 723 K (m) prior to initiation of
liquid feed. Selectivities to 1,6-HDO were >90% for all data points. Reaction conditions: 5 wt%
HMTHP in water as feed, 393 K, 34 bar H..

XAS was used to obtain insight into the structure of the RhRe/C catalyst after
pretreatment and under C-O hydrogenolysis conditions. High-angle annular dark-field-scanning
transmission electron microscopy (HAADF-STEM) analysis of the catalyst (in collaboration
with Abhaya Datye at University of New Mexico) was used to support the conclusions from
XAS. The HAADF-STEM results show that the number-averaged particle size was 2.13 £ 0.65
nm (n = 800 particles).! This particle size corresponds to bimetallic particles with average
EXAFS coordination numbers in the range of 6-8. Additionally, EDS spot-beam analysis of
individual particles indicated the presence of both Rh and Re.! X-ray absorption spectra for the
Rh K-edge and the Re Li-edge were obtained for Rh/C, Re/C, and RhRe/C at room temperature
in He after pretreatment in flowing H> at 298 to 723 K, which is denoted as in situ conditions.
Spectra at the Rh K and Re Li-edges for the RhRe/C catalyst were also measured after
pretreatment in flowing H> at 523 and 723 K and under continuous flow C-O hydrogenolysis

reaction conditions (i.e., 34 bar Hz, 393 K, 5 wt% HMTHP in water as feed), which is denoted as
operando conditions.



For the Rh/C catalyst, XANES and EXAFS spectra were collected in He after
pretreatment in flowing H> at various temperatures in the range of 298 to 723 K. Rh is highly
reduced (~50%) after pretreatment at 298 K, and Rh is fully reduced after pretreatment at 363 K.
A Rh-Rh contribution at a bond distance of 2.67-2.68 A is observed, similar to Rh foil. For the
Re/C catalyst, the XANES and EXAFS spectra collected in He after pretreatment in flowing H:
indicate that Re is fully oxidized after pretreatments in Hz at 298 through 523 K. No Re-O
contribution remained after reduction at 723 K, while a Re-Re contribution was detected with
coordination number of 9.8 and bond distance of 2.74 A, similar to the bond distance for Re foil.
In general, these results indicate that monometallic Rh is highly reducible even at 298 K, while
monometallic Re is highly oxophilic and does not easily reduce to the metallic state.

For the RhRe/C catalyst reduced at temperatures from 298 to 333 K, there is a Rh-O
contribution with coordination number decreasing with increasing temperature from 3.2 to 0.4
indicative of partially oxidized Rh. Rh is reduced to the metallic state after pretreatment at
temperatures higher than 333 K, in agreement with the XANES and similar to the temperature
required to fully reduce monometallic Rh/C. The magnitude of the Fourier transforms (FTs) of
the Rh EXAFS spectra for the RhRe/C catalyst pretreated at 393 to 723 K are shown in Figure
3a. The Rh portion of the catalyst is reduced with no evidence of Rh-O bonds. The fits of the
spectra indicate the presence of a Rh-Re contribution in addition to Rh-Rh. The Rh-Rh
coordination (ca. 5-6) is larger than that of Rh-Re (ca. 2-3), suggesting a Rh-core/Re-shell
structure.

The magnitude of the FTs of the Re EXAFS spectra are shown in Figure 3b-c, and the fit
of the EXAFS shows a Re-O contribution for the RhRe/C catalyst that decreases from 1.3 to 0.4
with increasing pretreatment temperature (298 -333 K). The Re-O bond distance (1.74 A) is
consistent with a Re(V 1) oxide double bond, i.e., Re=0. The Re-O contribution and its
corresponding low coordination number suggest that a mixture of Re states are present. The Re-
O contribution is not apparent after pretreatment temperatures above 363 K, suggesting that Re is
reduced at relatively low temperatures (< 393 K), in agreement with the XANES edge energies
and linear component analysis. The conclusion that Re is highly reduced was also in agreement
with delta-XANES and delta-EXAFS analyses. The ease of Re reduction in RhRe/C compared
to monometallic Re/C suggests that all Re is in contact with metallic Rh in RhRe/C in
accordance with EDS results.! The Re-Re coordination number increased from 1.3 to 4.3 with
increasing pretreatment temperature (298 - 723 K), and had a bond distance of 2.57 A which is
significantly contracted compared to that for Re foil (2.75 A). In addition, a Re-Rh contribution
was observed with coordination number of 2.4-3.9, increasing with temperature (298 -723 K),
with a bond distance of 2.63 A, which is equal to the sum of the atomic radii of Rh-Rh and Re-
Re distances. The direct bonding between Rh and Re after reduction has been previously
suggested for similar reduced catalysts (e.g., RhRe/SiO2).8
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Figure 3| Magnitude of k?-weighted FT of EXAFS data of (a) Rh K-edge of RhRe/C catalyst
reduced at 393 K (black), 523 K (red), and 723 K (blue) (4k = 2.5 — 13.8 A). Re Ly edge of
RhRe/C catalyst reduced at (b) 298 K (black), 313 K (red), and 333 K (blue) (4k =2.8 - 11.9 A-
1, and (c) 393 K (black), 523 K (red), and 723 K (blue) (4k = 2.7 - 13.3 A™).

From this work, we propose a model that is consistent with the XAS data and explains
the reactivity trends observed with increasing reduction temperature. Specifically, the
combination of EXAFS data and the observation that catalytic activity decreases with increasing
reduction temperature suggests that Re is located preferentially at the surface for low reduction
temperatures, and the surface concentration of Re then decreases with increasing reduction
temperature. This behavior is reversible upon re-oxidation of the catalyst, because of the strong
affinity of Re for oxygen. From the EXAFS data, at lower reduction temperatures, the
coordination of Re-Re is lower than the coordination of Rh-Rh and Re-Rh, consistent with a Rh-
rich core and a Re-rich shell structure. As pretreatment temperatures increase above 363 K, Re-
Re coordination increases as Rh-Rh coordination decreases, indicating that Re penetrates into the
center of the particle from the surface. This behavior is further supported by the fact that the
total coordination number for Re increases as temperature increases.

We also collected XAS measurements of this catalyst under operando conditions for
hydrogenolysis of HMTHP in liquid water at 393 K using RhRe/C catalyst pretreated at 523 and
723 K. The EXAFS fits of these data were indistinguishable from the in situ results; however,
the data from these operando experiments could only be collected over a more narrow k-range,
making it difficult to detect small contributions from Re-OH scattering. However, from the
operando measurements, the XANES edge energies provided strong evidence for a fully reduced
catalyst without any surface hydroxyls. Figure 4a and 4b show the XANES of the RhRe/C
catalyst reduced at 523 K under in situ and operando conditions at both the Rh and Re edges.
The spectra indicate that Rh and Re are fully reduced. Accordingly, it appears that Re does not
form Re-OH to a measurable extent under reaction conditions for catalytic hydrogenolysis.
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Figure 4| (a) Rh K-edge XANES (23.19 — 23.27 keV) of RhRe/C reduced at 523 K with spectra
acquired under in situ conditions (black), and RhRe/C reduced at 523 K with spectra acquired
under operando C-O hydrogenolysis conditions (red). (b) Re Lii-edge XANES (10.51 — 10.56
keV) of RhRe/C reduced at 523 K with spectra acquired under in situ conditions (black), and
RhRe/C reduced at 523 K with spectra acquired under operando C-O hydrogenolysis conditions
(red).

To further probe the apparent acidity of RhRe/C, we studied fructose dehydration to
HMF,>® a Bransted acid-catalyzed probe reaction of relevance to biomass conversion. This
study of fructose dehydration at 403 K was carried out over RhRe/C pretreated at 523 K in



flowing H> prior to initiation of liquid feed flow. A single-phase reaction solvent consisting of a
mixture of tetrahydrofuran (THF) and water (mass ratio of THF: water = 4:1) was employed,
because this solvent system was shown previously to be effective for fructose dehydration to
HMF under continuous-flow conditions.” The RhRe/C catalyst displayed high activity for
conversion of fructose to HMF, with selectivity to HMF maintained at approximately 50% at a
conversion level of 30%, comparable to previous work with traditional acid catalysts.’
Significantly, the RhRe/C catalyst was stable for at least 250 hours of time on stream. The
formation of HMF from fructose provides further evidence of Brgnsted acidity over RhRe/C.

The results from XAS measurements demonstrated that increasing pretreatment
temperatures in H> was accompanied by an increase in the coordination numbers of the Rh-Re
(313 - 723 K, 1.6-2.8) and Re-Rh (298 - 723 K, 2.4-3.9) contributions. Our reaction kinetics
results demonstrate that these increases in Re coordination to Rh and total Re coordination as
temperature increases correlate with a decrease in activity for C-O hydrogenolysis over RhRe/C.
These changes are also accompanied by a decrease in site density as measured by NHz TPD.
Therefore, the results from reaction kinetics and XAS indicate that the presence of low
coordination Re on the surface of Rh particles is responsible for the high catalytic activity of
RhRe/C for C-O hydrogenolysis and dehydration reactions. As reduction temperature increases,
Re coordination increases indicating its migration into the nanoparticle which results in a
decrease in catalytic activity.

An important result of our studies is that the XAS results for RhRe/C show no evidence
of Re-O coordination after pretreatment at 363 K and above, even under operando conditions.
Therefore, oxidized rhenium does not appear to be necessary to impart acidic functionality to the
catalyst. In view of the oxophilic nature of Re compared to Rh, we suggest that the apparent
acidity of RhRe/C may be generated by the activation of water molecules through interaction of
the O atom in water with small clusters or even single atoms of Re on the surface of metallic Rh
(i.e., Re-Rh species). The activation of water over Re in similar catalysts (e.g., PtRe/TiO) has
been previously reported.®2 An increase in the pretreatment temperature from 393 K to 723 K
leads to an increase in Re coordination from 6.0 to 8.2 and therefore a decrease in activity due to
a loss of low coordination Re sites on the surface of Rh that we believe are capable of water
activation.

To investigate the influence of water on catalytic activity, we performed reaction kinetics
experiments for C-O hydrogenolysis of HMTHP over RhRe/C using solvents consisting of
THF/water mixtures of varying composition. As shown in Figure 5, C-O hydrogenolysis activity
over RhRe/C steadily decreases with decreasing water concentration. Importantly, no
hydrogenolysis activity was observed when dry THF was the solvent. The decrease in C-O
hydrogenolysis activity with decreasing water concentration and the inactivity of RhRe/C under
dry conditions provides further evidence of the role of water in conferring an acidic functionality
over this catalyst. It is important to note that water is not a reactant, and instead, liquid water is
required for high hydrogenolysis activity.
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Figure 5| Rate of hydrogenolysis of HMTHP over RhRe/C with varying THF/water mixture
compositions under batch reaction conditions. Catalyst pretreated under 34 bar H; at 393 K prior
to introduction of liquid feed. Selectivities to 1,6-HDO were >90% for all data points. Reaction
conditions: 5 wt% HMTHP in THF/water mixtures as feed, 393 K, 34 bar H>.

2.2 Low temperature water-gas shift on platinum-rhenium alloys

Results from our group previously demonstrated that the low temperature water-gas shift
over Pt takes place on a surface operating at high CO coverage, and water activation is a
kinetically significant step. In light of previous insights regarding the addition of Re to form an
alloy catalyst, we investigated the role of Re addition to Pt for this reaction (in collaboration with
Manos Mavrikakis). This work used a combination of experiments, DFT calculations, and
mean-field microkinetic modeling to elucidate the predominant surface reactions and species on
platinum, with a focus on the elucidation of the factors that cause the increased activity of PtRe
catalysts for this reaction.

Carbon supported PtRe catalysts were synthesized, and reaction kinetics were measured
over a wide range of reaction conditions. As shown in Figure 6, we have been successful in
capturing the behavior of all catalysts by adjusting only the most sensitive parameters for each
system. We determined that the platinum catalyst operates at a CO coverage of = 2/3
monolayers and is rate-limited by water activation, in agreement with the work of Grabow et al.®
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Figure 6| Calculated (model) versus experimental turnover frequency (TOF). The parameters
used to calculate the model TOF are those obtained from fitting the experimental TOF’s.

Interestingly, PtRe alloys show almost identical mechanistic behavior (the rate-limiting
step is water activation), but the alloys display higher turn-over frequencies (TOF). During the
modeling of the PtRe catalysts, we observed that the surface Re atoms are predicted to be highly
covered under reaction conditions, and the promoting effect from rhenium is caused by
destabilization of CO binding on adjacent platinum atoms.

Based on the results obtained from our microkinetic model we have constructed a
reaction network for water-gas shift on the PtRe catalyst (Figure 7). All surface species and
possible reactions included in our model are shown with the main pathway highlighted by solid
arrows. One important aspect is that although lower energy pathways exist in the network, they
are all limited by low OH coverage which is a consequence of water activation being the rate-
limiting step.
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Figure 7| Water-gas shift reaction pathway on the PtRe catalyst. For each elementary step,
activation energy barrier, Ea, and reaction energy, AE, are shown in eV based on the calculated
DFT values. The COOH mediated pathway, highlighted by solid arrows, is found to be
prevalent through a flux analysis from all microkinetic models. Species added or removed
during an elementary step are shown with dotted red arrows. OH mediated pathways are



hindered by low OH coverage. Formate is a spectator species only produced after the main
reaction products (CO and H) have been formed.

2.3 Stabilization of copper catalysts by Atomic Layer Deposition (ALD)

ALD is a self-limiting growth process that creates highly conformal coatings.'® In our
recent work, ALD overcoats were deposited (in collaboration with Jeff Elam at Argonne
National Laboratory and Tom Kuech at the University of Wisconsin) onto oxidized copper
nanoparticles supported on y-Al2Os. The catalyst was reduced in flowing Hz and passivated in
dilute Oz (Figure 8a) before the overcoat was deposited using 45 alternating cycles of
trimethylaluminum (TMA) and water, leaving the metal nanoparticles completely encapsulated
in an amorphous alumina overcoat (Figure 8b). Treatment (in oxygen or inert gas) at 973 K
produced porosity in the overcoat, thereby providing access to the underlying copper particles
(Figure 8c). Evidence of this porosity is provided (in collaboration with Paul VVoyles at the
University of Wisconsin) by STEM and STEM/EELS, where the porosity of an alumina overcoat
produced by ALD on Cu/SiO: is probed by subsequent deposition of niobia by ALD. The
penetration depth into the alumina overcoat of niobia deposited on an overcoated and calcined
sample (Figure 8e, 2.0 = 1.0 nm), as measured by STEM/EELS, is greater than the penetration
depth of niobia deposited on an uncalcined sample (Figure 8e, 1.0 £ 0.8 nm), indicating the
formation of porosity upon calcination.
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Figure 8/ STEM images (a) Cu/y-Al20s, (b) 45ALD/Cu/y-Al20s3, (c) 45ALD/Cu/y-Al,03-973,
and (d) the particle size distributions of fresh and used catalysts. Dashed arrows point to the
ALD overcoat, and solid arrows indicate pores in the overcoat. (e) Penetration depth of 20 ALD
cycles of niobia deposited on 30ALD/Cu/SiO2 (red) and 30ALD/Cu/SiO,-973 (blue), as
measured by STEM/EELS. The inset is a STEM image of 30ALD/Cu/SiOx.



Prior to ALD overcoating, the total surface area of copper supported on y-Al203 (Cu/y-
Al;O3, 5 wt%) was 190 m? g1, and the total pore volume was 0.45 cm® g. After reduction in H;
at 573 K, Cu/y-Al,O3 had 86 pmol g* of surface CuC sites, as titrated by N.O flow
chemisorption.!! For ALD overcoated samples (45ALD/Cu/y-Al,03, 2.5 wt%), surface area and
pore volume decreased (16 m? g2, 0.03 cm® g%), indicating that the ALD process filled the pores
of the support and created a continuous overcoat. Additionally, Cu® sites were not detected by
N2O titration after reduction in Hz at 573 K. In contrast, following treatment at 973 K
(45ALD/Cu/y-Al,03-973) in air, the surface area and pore volume increased (39 m? g%, 0.08 cm?®
g1, suggesting pore formation in the overcoat. Importantly, treatment at 973 K followed by H.
reduction, re-exposed Cu® surface sites (23 pmol g*). The chemisorption and surface area
measurements corroborate observations of the overcoat (Figure 8b) and pore formation (Figure
8c) from STEM and STEM/EELS.

The catalytic properties of Cu/y-Al20z and 45ALD/Cu/y-Al203-973 were studied for the
liquid phase hydrogenation of furfural to furfuryl alcohol in 1-butanol as the solvent (403 K, 22
bar Hz). This reaction was chosen as an example of an industrially-relevant copper-catalyzed
hydrogenation that would benefit from stabilized copper catalysts.*? Figure 9a shows that
Cu/y-Al>03 deactivated during reaction in a continuous-flow reactor. Deactivation by the
deposition of carbonaceous species (i.e., coke) on the catalyst is reversible upon calcination,
whereas deactivation by leaching or sintering of copper is irreversible. The deactivation of
Cu/y-Al;03 displayed in Figure 9a (open symbols) is not completely reversible upon calcination
followed by reduction in Hy, suggesting that sintering and leaching have occurred.
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Figure 9| (a) Furfural hydrogenation in liquid butanol at 403 K and 22 bar H> using Cu/y-Al203
(fresh o, regenerated x 1 o, regenerated x 2 ¢, regenerated x 3 /) and 45ALD/Cu/y-Al,03-973
(fresh m, regenerated x 1 e, regenerated x 2 ¢). (b) Furfural hydrogenation in liquid water using

45 ALD/Cu/y-Al03-973 (fresh m, regenerated x 1 e, regenerated x 2 ¢, regenerated x 3

) at the

same reaction conditions. TOF is calculated using initial sites of a fresh, unused catalyst.

indicating leaching of copper from the catalyst.

STEM was used to measure the particle size distribution of the copper nanoparticles
before and after reaction and confirmed sintering. As seen in Figure 8d, the size of the
Cu/y-Al203 particles was 3 = 1 nm before reaction and increased to 5 + 2 nm after three cycles of
reaction and regeneration. The metal loading of the catalysts was analyzed by inductively-
coupled plasma atomic emission spectroscopy (ICP-AES). The copper loading of Cu/y-Al203
was 5.9 £ 0.2% before reaction and 5.0 £ 0.2% after 3 cycles of reaction and regeneration,



The stability of 4SALD/Cu/y-Al203-973 differs substantially from Cu/y-Al.O3z under the
same reaction and regeneration conditions. The initial activity of 45SALD/Cu/y-Al203-973 was
fully recovered after calcination and re-reduction (Figure 9a, filled symbols). The copper
particle size was 3 + 1 nm before and after three cycles of reaction with intermediate
regeneration (Figure 8d), confirming that the overcoat prevented sintering. Furthermore, the
copper loading of the catalyst measured by ICP-AES was 2.4 + 0.1% before reaction and 2.5 +
0.1% after reaction, indicating that the overcoat eliminated copper leaching. (The loading of
45ALD/Cu/y-Al203-973 is lower due to the mass of alumina added by ALD.) Also, in a control
experiment, the Cu/y-Al2O3 catalyst without an ALD overcoat exhibited irreversible deactivation
after calcination pretreatment at 973 K, demonstrating that the overcoat, not the high temperature
calcination treatment, is responsible for stabilization of 45SALD/Cu/y-Al203-973. The ALD
overcoat also stabilizes the copper nanoparticles against sintering and leaching in the more
demanding environment of high temperature liquid water (Figure 9b).

Solid state 2’ Al magic angle spinning nuclear magnetic resonance (MAS-NMR)
spectroscopy and XRD were employed (in collaboration with Susannah Scott at the University of
California-Santa Barbara) to probe the mechanism that leads to pore formation. Alumina was
deposited on copper supported on TiO2 (45ALD/Cu/TiO., Figure 10a) to eliminate signals from
the support and to demonstrate the restructuring of the overcoat (45SALD/Cu/y-Al203is
qualitatively the same, discussion omitted for brevity). Figure 10a shows that 6-, 5-, and 4-
coordinate aluminum atoms are present in the overcoat (resonances at 9.3, 33.3, and 65.5 ppm,
respectively). The presence of 5-coordinate aluminum before calcination is consistent with an
amorphous overcoat.® After calcination at 973 K, the resonance corresponding to 5-coordinate
aluminum disappears and the ratio of 6- to 4- coordinate aluminum suggests crystallization.*
Results from XRD (Figure 10b) show that the overcoat undergoes crystallization during heating
at 973 K, as evidenced by reflections due to y-Al203. The crystallization creates voids in the
overcoat as it becomes more dense, exposing the underlying copper.®®
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Figure 10| Solid-state 2’ Al MAS-NMR spectra of (a) 45ALD/Cu/TiO; prior to (black) and after
calcination at 973K (2 h, blue; 4 h, red). Spinning sidebands are indicated by *. (b) Powder X-
ray diffraction patterns for y-Al,Oz (green) and 45ALD/Cu/TiO2 prior to (0 h, black) and after
calcination (2h, blue; 4h, red). A magnified spectrum for 45ALD/Cu/TiO2 (5x) is also presented,
highlighting the y-Al20s. The k*-weigthed EXAFS in R-space of (c) Cu/y-Al,03 and (d)
overcoated catalysts after different stages of synthesis and use. Cu foil EXAFS is shown for
comparison.

Sintering and leaching of metal nanoparticles are believed to originate from under-
coordinated copper surface atoms located at edges, corners, and defects.’® Accordingly, stability
imparted to the copper nanoparticles by ALD overcoating may result from selective interactions
of the overcoat with under-coordinated copper atoms that remain after pore opening.}”*® The
interaction of the alumina overcoat with the copper nanoparticle was probed (in collaboration
with Fabio Ribeiro at Purdue University and Jeff Miller at Argonne National Laboratory) using
X-ray absorption near edge spectroscopy (XANES) and X-ray absorption fine structure
spectroscopy (EXAFS). According to XANES and EXAFS curve fits, Cu/y-Al,O3 was fully
reduced by pretreatment in Hz at 573 K (Figure 10c, green). The same behavior was observed
for 45ALD/Cu/y-Al203 (Figure 10d, green). Thus, the overcoating was sufficiently porous for
H> diffusion; however, larger molecules cannot penetrate the overcoat (i.e., low surface area and
no titration of Cu(0)). Calcination at 973 K led to the formation of a copper oxide species that
was not reduced by treatment in Hz at 573 K (Figure 10d). The presence of Cu-O scattering after
treatment at 973 K and reduction in H indicates that the high temperature treatment led to strong
interactions between the alumina overcoat and the copper nanoparticles. Moreover, stable



copper-oxygen bonds also formed during treatment at high temperature in inert atmosphere
(45ALD/Cu/y-Al>03-973Inert, Figure 10d, blue), indicating that the oxygen is from alumina.

After reduction but prior to reaction, the EXAFS spectra for Cu/y-Al203 and
45ALD/Cu/y-Al203 (Figure 10c and Figure 10d, green) are similar. During reaction, the copper
nanoparticles on Cu/y-Al2.O3 (Figure 10c, magenta) had sintered, as demonstrated by an increase
in Cu-Cu coordination. Following catalyst regeneration by calcination and reduction, (Figure
10c, blue and black) the Cu-Cu coordination decreased due to re-dispersion of the oxidized
copper and the loss of copper due to leaching during reaction. In contrast, the used 45SALD/Cu/y-
Al>03-973 catalyst (Figure 10d, black) appears unchanged after reaction.

Scanning tunneling microscopy (STM) on a Cu(111) surface was used (in collaboration
with Peter Stair at Northwestern University and Jeff Elam at Argonne National Laboratory) to
probe the interactions of alumina with the surface and to observe the nanoscale changes of the
ALD alumina after high temperature treatment. Alumina clusters were observed after four
alternating exposures of water and TMA on the surface of a Cu(111) surface that had been pre-
oxidized and hydrated (Figure 11a). The height profile line scans in Figure 11c and Figure 11d,
(corresponding to blue lines in Figure 11a and Figure 11b) indicate that alumina preferentially
decorated the step edges and defects of the Cu(111) surface. After four cycles, alumina occupied
59 + 3% of terrace sites and 91+ 1% of edge and defect sites. When this surface was heated to
773 K under ultra-high vacuum, the coverage of Cu(111) terraces decreased relative to edges (30
+ 4% of terraces vs. 80+ 3% of edges and defects, Figure 11b). These results support the
conclusion that alumina preferentially armors under-coordinated copper (e.g. steps), leaving
terraces mostly open after annealing.
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Figure 11| (a) STM image of an oxidized and hydrated Cu(111) surface after exposure to four
cycles of TMA and water. (b) STM image after annealing at 773 K in vacuum. The dashed lines
in the images highlight the step edges; (c and d) the height profiles along the solid blue lines (for
a and b, respectively) indicate the position of a step edge. (e) IR bands for CO adsorbed on
Cu/y-Al203 (blue) and 45 ALD/Cu/y-Al,03-973 (red) at 123 K (solid) and 283 K (dashed). The
intensities are normalized by the pellet density and copper loading. Shaded regions indicate
typical wavenumbers for CO adsorbed at different types of copper surface sites.

The surface of the copper nanoparticles was further probed using FTIR spectroscopy of
adsorbed CO. The main features of the IR spectra of CO adsorbed on Cu/y-Al2Oz at 123 K were
a band at 2099 cm™ with a shoulder at 2117 cm™ and a broad absorption at lower wavenumber
(Figure 11e, blue). The band at 2099 cm™ is typical of CO adsorbed on oxide-supported copper
particles. In single crystal studies, Hollins et al. demonstrated that these bands arise from high
coverage of CO adsorbed on sites of a Cu(111) surface near oxygen (2117 cm™) and far from
oxygen (2099 cm™).2° In agreement with these assignments, Kim et al. assigned bands at 2091
and 2116 cm™ to CO adsorbed on a Cu(100) surface decorated with oxygen.?’ DFT calculations
(in collaboration with Manos Mavrikakis at the University of Wisconsin and Jeff Greeley at
Purdue University) for the stretching frequencies of CO adsorbed on various copper sites near
AlOy moieties confirmed that the CO band shifts to higher wavenumbers when the CO is located
closer to AlOy on the surface (Figure 12). Consequently, the band at 2099 cm™ and the shoulder
at 2117 cm® for Cu/y-Al,Os3 are assigned to adsorption of CO on copper terrace sites and copper
near the support. The broad absorption at lower wavenumbers is assigned to CO adsorbed on
highly under-coordinated copper sites on the catalyst surface.?"?®> The band at 2099 cm™
disappeared as the sample was warmed to 283 K, confirming its assignment to Cu® and not Cu*.
The broad band at lower wavenumber remained upon warming due to the strong binding of CO
to highly under-coordinated copper sites.

The FTIR spectrum for CO adsorbed on 45ALD/Cu/y-Al203-973 at 123 K is dominated
by the band at 2099 cm™. Importantly, the relative intensity of the band at 2099 cm™ compared
to the broad absorption at lower wavenumber indicates that the highly under-coordinated copper
sites responsible for sintering and leaching were selectively covered by the ALD overcoating
procedure.

a. < B _C.,

Surface Site CO stretching frequency (cm-

AlO/Cu(111) TO 2016
AlO/Cu(111) 1 2031
AlO/Cu(111) T2 2024
Cu(111) Top 2007
Al,O,/Cu(211) TO 2085
Cu(211) Step Top 2018

CO gas CO gas 2156



Figure 12| (a) Top view of AlOx/Cu(111) (b) Top view and (c) side view of AlOx/Cu(211). CO
vibrational frequencies calculated from DFT (VASP) at atop sites on the various model surfaces
are reported in the table. For comparison, the stretching frequencies of CO in the gas phase and
CO on Cu(111) and Cu(211) are included. Black dotted lines indicate periodic unit cells used in
calculations. Gray, red and copper spheres represent Al, O and Cu, respectively.
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Ribeiro, Jeffrey T. Miller, and J. A. Dumesic.

Stabilization by Atomic Layer Deposition of Cu Catalysts for Liquid-Phase Reactions, accepted
in Angewandte Chemie International Edition, Brandon J. O’Neill, David H. K. Jackson, Anthony
J. Crisci, Carrie A. Farberow, Fengyuan Shi, Ana C. Alba-Rubio, Junling Lu, Paul J. Dietrich,
Xiangkui Gu,Christopher L. Marshall, Peter C. Stair, Jeffrey W. Elam, Jeffrey T. Miller, Fabio
H. Ribeiro, Paul M. Voyles, Jeffrey Greeley, Manos Mavrikakis, Susannah L. Scott, Thomas F.
Kuech, and James A. Dumesic

Sole funding by other agencies:

Techno-economic analysis of dimethylfuran (DMF) and hydroxymethylfurfural (HMF)
production from pure fructose in catalytic processes, Chemical Engineering Journal 169, 329
(2011), Akshay Patel, Juan Carlos Serrano-Ruiz, Robert P. Anex, and J. A. Dumesic.

Improved Hydrothermal Stability of Niobia-Supported Pd Catalysts, Applied Catalysis A: General
397,153 (2011), Hien N. Pham, Yomaira J. Pagan-Torres, Juan Carlos Serrano-Ruiz, Dong Wang,
Abhaya K. Datye, and J. A. Dumesic.

Selective hydrogenolysis of polyols and cyclic ethers over bifunctional surface sites on rhodium-
rhenium catalysts, Journal of the American Chemical Society 133, 12675 (2011), Mei Chia,
Yomaira J. Pagan-Torres, David Hibbitts, Qiaohua Tan, Hien N. Pham, Abhaya K. Datye,
Matthew Neurock, Robert J. Davis, and J. A. Dumesic.



Production of Biofuels from Cellulose and Corn Stover Using Alkylphenol Solvents, Chemistry
and Sustainability 4, 1078 (2011), David Martin Alonso, Stephanie G. Wettstein, Jesse Q. Bond,
Thatcher W. Root, and J. A. Dumesic.

Liquid-phase catalytic transfer hydrogenation and cyclization of levulinic acid and its esters to y-
valerolactone over metal oxide catalysts, Chemical Communications 47(44), 12233 (2011), Mei
Chia, and J. A. Dumesic.

Production of 5-Hydroxymethylfurfural from Glucose Using a Combination of Lewis and
Brensted Acid Catalysts in Water in a Biphasic Reactor with an Alkylphenol Solvent, ACS
Catalysis 2, 930 (2012), Yomaira J. Pagan-Torres, Tianfu Wang, Jean Marcel R. Gallo, Brent H.
Shanks, and J. A. Dumesic.

Water-compatible Lewis acid-catalyzed conversion of carbohydrates to 5-hydroxymethylfurfural
in a biphasic solvent system, Topics in Catalysis 55, 657 (2012), Tianfu Wang, Yomaira J. Pagan-
Torres, Elliot J. Combs, Brent H. Shanks, and J. A. Dumesic.

The selective hydrogenation of biomass-derived 5-hydroxymethylfurfural using heterogeneous
catalysts, Green Chemistry 14, 1413 (2012), Ricardo Alamillo, Mark Tucker, Mei Chia, Yomaira
Pagan-Torres, and J. A. Dumesic.

Acid-Functionalized SBA-15-Type Periodic Mesoporous Organosilicas and their Use in the
Continuous Production of 5-Hydroxymethylfurfural, ACS Catalysis 2, 1865 (2012), Mark H.
Tucker, Anthony J. Crisci, Bethany Wigington, Neelay Phadke, Ricardo Alamillo, Jinping Zhang,
Susannah L. Scott, and J. A. Dumesic.

Triacetic Acid Lactone as a Biorenewable Platform Chemical, Green Chemistry 14, 1850 (2012),
Mei Chia, Thomas J. Schwartz, Brent H. Shanks, and J. A. Dumesic.

Ce promoted Pd-Nb catalysts for y-Valerolactone ring-opening and hydrogenation, Green
Chemistry 14, 3318 (2012), R. Buitrago, J.C. Serrano-Ruiz, A. Sepulveda-Escribano, F.
Rodriguez-Reinoso, and J. A. Dumesic.

Sn-beta catalysed conversion of hemicellulosic sugars, Green Chemistry 14, 702 (2012), M.S.
Holm, Y. J. Pagan-Torres, S. Saravanamurugan S, A. Riisager, E. Taarning, and J. A. Dumesic.

Influence of Alkali and Alkaline Earth Metal Salts on Glucose Conversion to 5-
Hydroxymethylfurfural in an Aqueous System, Catalysis Communications 30, 1 (2013), Elliot
Combs, Basak Cinlar, Yomaira Pagan-Torres, Brent H. Shanks, and J. A. Dumesic.

Catalysis with ceria nanocrystals: bio-oil model compound ketonization, Applied Catalysis A:
General 464-465, 288 (2013), Ryan W. Snell, Sikander H. Hakim, Brent H. Shanks, and J. A.
Dumesic.



Sustainable solvent systems for use in tandem carbohydrate dehydration-hydrogenation, ACS
Sustainable Chemistry & Engineering 1, 554 (2013), Mark H. Tucker, Ricardo Alamillo, Anthony
J. Crisci, Gretchen M. Gonzalez, Susannah L. Scott, and J. A. Dumesic.

Mechanistic Insights into Ring-Opening and Decarboxylation of 2-Pyrones in Liquid Water and
Tetrahydrofuran, Journal of the American Chemical Society 135, 5699 (2013), Mei Chia, M. Ali
Haider, Gerald Pollock 111, George A. Kraus, Matthew Neurock, and J. A. Dumesic.

Mechanocatalytic depolymerization of (ligno)cellulose as an entry-process for high-yield
production of HMF and furfural in a biphasic system, ACS Catalysis 3, 993 (2013), Ronald
Carrasquillo-Flores, Mats Kaldstrém, Ferdi Schiith, Roberto Rinaldi, and J. A. Dumesic.

Tailored Microenvironments for Catalytic Biomass Conversion in Inorganic-Organic
Nanoreactors, Angewandte Chemie International Edition 52, 10349 (2013), Anthony J. Crisci,
Ricardo Alamillo, Jean Marcel Gallo, Susannah L. Scott, and J. A. Dumesic.

Integration of chemical and biological catalysis: production of furylglycolic acid from glucose via
cortalcerone, accepted in ACS Catalysis, Thomas J. Schwartz, Samuel M. Goodman, Christian
Osmundsen, Esben Taarning, Michael D. Mozuch, Jill Gaskell, Daniel Cullen, Philip J. Kersten,
and J. A. Dumesic.
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