MlCatalysis

Article

Subscriber access provided by Northern lllinois University

The Role of the Cu-ZrO2 interfacial sites for Ethanol Conversion
to Ethyl Acetate and Methanol Synthesis from CO2 and H2

Insoo Ro, Yifei Liu, Madelyn R. Ball, David H. K. Jackson, Joseph Paul Chada, Canan
Sener, Thomas F. Kuech, Rostam J. Madon, George W. Huber, and James A. Dumesic

ACS Catal., Just Accepted Manuscript » DOI: 10.1021/acscatal.6b01805 « Publication Date (Web): 06 Sep 2016
Downloaded from http://pubs.acs.org on September 9, 2016

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.

ACS Catalysis is published by the American Chemical Society. 1155 Sixteenth Street
N.W., Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

N4 ACS Publications



Page 1 of 49 ACS Catalysis

The Role of the Cu-ZrQO, interfacial sites for Ethanol Conversion to

Ethyl Acetate and Methanol Synthesis from CO, and H,

©CoO~NOUTA,WNPE

Insoo Ro?, Yifei Liu*, Madelyn R. Ball*, David H. K. Jackson™, Joseph Paul Chada®, Canan
13 Sener™®, Thomas F. Kuech™”, Rostam J. Madon®, George W. Huber®, James A. Dumesic™®

17 * Department of Chemical and Biological Engineering, University of Wisconsin-Madison, 1415
18 Engineering Drive, Madison, WI 53706, United States

20 ®Materials Science Program, University of Wisconsin—Madison, 1509 University Avenue
21 Madison, WI 53706, United States

23 ¢ Great Lakes Bioenergy Research Center, University of Wisconsin-Madison, 1552 University
24 Ave., Madison, WI 53726, United States

28 Corresponding Author

30 *Prof. James A. Dumesic, E-mail: jdumesic@wisc.edu

36 Keywords: Interfacial sites; Bimetallic catalyst; Active site; Control surface reactions (CSR);
37 Atomic layer deposition (ALD), Selective ethanol conversion to ethyl acetate; CO,
hydrogenation

42 Abstract

Well-defined Cu catalysts containing different amounts of zirconia were synthesized by
48 controlled surface reactions (CSR) and atomic layer deposition methods and studied for the
50 selective ethanol conversion to ethyl acetate and for methanol synthesis. Selective deposition of
ZrO, on under-coordinated Cu sites or near Cu nanoparticles via the CSR method was evidenced
55 by UV-Vis absorption spectroscopy, scanning transmission electron microscopy, and inductively

57 coupled plasma-absorption emission spectroscopy. The concentrations of Cu and Cu-ZrO,
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interfacial sites were quantified using a combination of sub-ambient CO Fourier transform
infrared spectroscopy and reactive N,O chemisorption measurements. The oxidation states of the
Cu and ZrO, species for these catalysts were determined using X-ray absorption near edge
structure measurements, showing that these species were present primarily as Cu” and Zr*",
respectively. It was found that the formation of Cu-ZrO, interfacial sites increased the turnover
frequency by an order of magnitude in both ethanol conversion to ethyl acetate and methanol

synthesis from CO, and Hs.

1. Introduction

Copper-based catalysts are used in a wide variety of reactions, such as methanol synthesis,
methanol steam reforming, water gas shift (WGS), and ethanol conversion. The conversion of
ethanol to ethyl acetate consists of a two-step process in which ethanol is first dehydrogenated to
acetaldehyde, which then undergoes coupling to form ethyl acetate. Previous studies have
investigated this reaction over copper-based catalysts on different supports and shown that the
type of support used influences product selectivity.! For example, the rate of formation of ethyl
acetate over Cu/ZrO; and Cu/ZnO is an order of magnitude faster than over Cu/Al,Os and

Cu/SiO, catalysts.“"b

This enhanced reactivity for production of ethyl acetate over Cu/ZrO, was
attributed to the higher rate of coupling occurring on the ZrO, support in Cu/ZrO, compared to
Cu sites in Cu/SiO,." In contrast, the presence of Cu’-ZrO, interfacial sites was proposed to be
responsible for the higher rate of ethyl acetate formation over Cu/ZrO, compared to Cu/SiO, by

Ic,d

other studies. ~ " The same reaction was also studied over Cu-Zn-Zr-Al-O catalysts, and it was

found that the coupling of ethanol and acetaldehyde occurs over mixed metal-oxide sites.” In
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spite of a large volume of work, the nature of the active sites involved in selective ethanol

conversion to ethyl acetate reaction over supported copper catalysts remains elusive.

Compared to ethanol conversion reactions, there have been a larger number of studies to
understand the role of interfacial sites in methanol synthesis from synthesis gas (CO/CO,/H;). It
was reported that the active sites for methanol synthesis over Cu/ZnO/Al,O; catalysts are located
at stepped (defective) Cu sites decorated with Zn atoms.” Similar work demonstrated the
importance of Cu-ZnOy interfacial sites for methanol synthesis. It was found that the turnover
frequency (TOF) of methanol formation over a Cu (111) surface decorated with Zn at a coverage
of 19% (08, = 0.19) is an order of magnitude higher than that over a clean Cu (111) single-
crystal surface.’ Interestingly, the promoting effect was only observed for Zn on Cu (111) but not
on Cu (110) and Cu (100) surfaces, suggesting that a stepped Cu surface decorated with Zn is the
active site for the methanol synthesis.* Besides promotion caused by the interaction between Cu
and Zn, Bell and co-workers demonstrated the promoting effect of ZrO, on Cu/ SiOz.6 The rate of
methanol formation over 30.5 wt% ZrO, deposited on Cu/SiO, is 25 times higher than the rate
over Cu/SiO, for CO, hydrogenation. Higher activity over the ZrO,-promoted Cu/SiO, catalyst
was ascribed to the effective adsorption of CO, on ZrO, and enhanced methanol synthesis on the
710, surface with hydrogen supplied by spillover from Cu.” In addition, it was concluded that
the ZrO,-promoted Cu/SiO, catalyst behaves in a bifunctional manner.” ® Wokaun and co-
workers suggested the importance of interfacial sites between Cu and ZrO; in the methanol

synthesis reaction from COg/Hg.9

The nature of the active Cu phase under reaction conditions for both ethanol conversion

to ethyl acetate and methanol synthesis is still a subject of controversy. Previous studies
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demonstrated that a Cu'"/Cu” pair is responsible for the higher rate of ethyl acetate formation.'® d

The combination of Cu” and Cu” was also proposed to be active for the methanol synthesis
reaction, in studies showing a change in the methanol formation rate as a function of oxygen
coverage of Cu surface.'” On the other hand, Wokaun and co-workers used X-ray diffraction
(XRD) studies to show that metallic Cu (Cu®) is the predominant phase present during methanol
production, which is consistent with the work of Topsee and co-workers.” '' Cu'" was also

suggested to be the active phase for the methanol synthesis reaction in other studies. '

In the present paper, we have studied Cu/SiO; catalysts containing different zirconia
amounts to probe the active sites for the selective conversion of ethanol to ethyl acetate and
for the synthesis of methanol from CO, and H,. We have prepared these Cu catalysts with
different amounts of ZrO, using two approaches: controlled surface reactions (CSR) and
atomic layer deposition (ALD). These synthesis methods allow us to prepare catalysts with
well-defined Cu-ZrOy interfacial sites. We quantify the concentrations of Cu and Cu-ZrOy
interfacial sites using a combination of sub-ambient CO Fourier Transform Infrared
Spectroscopy (FT-IR) and reactive N,O chemisorption. Our objective is to use well-defined
and well-characterized catalysts to probe the effect and role of interfacial sites on catalytic

reactivity.

2. Experimental
2.1 Catalyst Preparation

2.1.1 Monometallic catalyst
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A catalyst with a theoretical Cu loading of 10 wt% on SiO, was prepared by an ion-
exchange method described in detail elsewhere."® SiO, (Davisil grade 646, Sigma-Aldrich) was
used as a support for the catalysts. This SiO, support was crushed and sieved to between 60 and
100 mesh (0.150-0.250 mm) and washed with 5% diluted nitric acid (HNOs3, Sigma-Aldrich) for
24 h. The support was rinsed with milli-Q water until the water became neutral. The silica was
dispersed in milli-Q water and tetra-ammine copper (II) sulfate monohydrate (Cu(NH3)4SO4-H,0O,
Sigma-Aldrich) was added into the suspension under continuous mixing at room temperature.
The pH was adjusted to 9 through dropwise addition of dilute solutions of nitric acid (HNOs3,
Sigma-Aldrich). The mixture was aged for 20 h under stirring at room temperature, and the solid
material was then filtered and washed with deionized water. The sample was dried overnight at
383 K in air. The dried catalyst was pretreated in a flow-through cell at a temperature of 623 K
(with a heating rate of 0.5 K min™) under helium flow (30 cm’*(STP) min™) for 3 h, followed by
air flow, and then reduced under hydrogen flow, and finally passivated at room temperature with
1% O, in He. The Cu reference catalyst was calcined at 1023 K (denoted as 1023K-C-Cu/Si0,)
(with a heating rate of 2 K min™) under air flow (30 cm® (STP) min™) for 4 h. ZrO,/SiO, samples
were prepared by incipient wetness impregnation method of silica with an aqueous solution of
zirconium(IV) oxynitrate hydrate (ZrO(NOs), xH,O, Sigma-Aldrich). In addition, a lower Cu
loading (theoretical loading of 2 wt%) on SiO, was prepared by an ion-exchange method for
elemental mapping of Cu and Zr species by scanning transmission electron microscopy/energy-

dispersive X-ray spectroscopy (STEM/EDS).

2.1.2 Bimetallic catalyst
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CuZr,/Si10; catalysts were prepared by controlled surface reactions (CSR) and atomic
layer deposition (ALD) methods. CuZr/SiO, catalysts prepared by the CSR method were
synthesized by following the procedure described elsewhere.'* The Cu reference catalyst was
reduced in a Schlenk tube, sealed, and then transferred to a glove box for ZrO, deposition
without air exposure. A solution of Bis(cyclopentadienyl)dimethylzirconium (Strem Chemicals)
in n-pentane was added onto the Cu reference catalyst in the Schlenk tube and stirred for 3 h.
The mixture was transferred to a Schlenk line for evaporation of solvent left in the Schlenk tube.
Then, the sample was reduced at 573 K (with a heating rate of 2 K min™") under hydrogen flow
(30 ¢cm*(STP) min™") for 2 h and then passivated at room temperature with 1% O, in He.
Hereafter, CuZr/Si0, samples prepared by the CSR method with a theoretical Cu loading of 10
wt% on Si0, will be referred to as Cu;Zry, where x is equal to the nominal Zr/Cu atomic ratio. In
addition, CuZr/Si0, samples synthesized by the CSR method with a theoretical Cu loading of 2
wt% on SiO; for EDS mapping of Cu and Zr will be referred to as 2wt% Cu,;Zrx, where x is

equal to the nominal Zr/Cu atomic ratio.

Atomic layer deposition (ALD) of ZrO, on Cu/Si0; was carried out in a horizontal flow-
tube quartz reactor ALD system heated by a tube furnace. All depositions were carried out at 473
K, at a pressure of ~0.5 Torr. The powder was held in an aluminum tray and placed inside the
heated zone of the reactor with no agitation applied to the powders during deposition.
Tetrakis(dimethylamido)zirconium(IV) (TDMAZ, Strem) and deionized water (H,O) were used
as precursors for Zr and O, respectively, with nitrogen (N;) used as purge gas. Powders were
coated using the pulse sequence: TDMAZ — purge — H,O — purge. The TDMAZ was held in a
bubbler at 353 K with a N, flow of 50 cm® (STP) min™ passing through the bubbler to entrain the

precursor. The H,O bubbler outlet was connected to the carrier line through a metering valve
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which controls the precursor flow rate. A residual gas analyzer (SRS RGA 200) mass
spectrometer connected to the downstream end of the reactor was used to monitor the reactor
effluent before it exited the reactor into a roughing pump. The pulse and purge times of the
precursors were selected based on the completion of a half-cycle surface reactions, as monitored
by the decrease in the RGA signal intensity. All prepared ALD catalysts were calcined at 1023 K
(with a heating rate of 2 K min™") after ALD overcoating under air flow (30 cm*(STP) min™) for
4 h to introduce pores in the ZrO, ALD overlayers, as reported in a previous study.'’ Hereafter,
CuZr/Si0O, samples prepared by an ALD method will be denoted as xALD-Cu/Si10,, where x is
equal to the number of ZrO, ALD cycles. It should be noted that ZrO, deposited on Cu sites by
ALD has different chemical and catalytic properties compared to those seen when bulk ZrO, is
used as a support, as suggested in previous work."

2.2 Reactivity Measurements.

Studies of ethanol conversion were conducted in a continuous flow, fixed-bed quarter-
inch stainless steel reactor with catalyst mass of 40 mg at 473 K and a pressure of 7.6 bar. Liquid
phase ethanol (100%, Decon Labs, Inc.) was fed to the reactor system with a flow rate of 1.5
ul/min at room temperature using a syringe pump (Havard Apparatus) and vaporized at the
reactor inlet by passing into flowing He flow 40 cm*(STP)/min. The reaction condition of a low
partial pressure of ethanol was chosen at which acetaldehyde becomes a dominant product, such
that the effect of promotion for the formation of ethyl acetate could be more readily discernable.
The reactor was filled to the top of the heating zone with fused SiO; chips, using a quartz wool
plug at each end of the tubular reactor. Experiments without catalyst determined the absence of
reactivity from the reactor. Control experiments to investigate the active sites for the coupling

reaction were carried out by feeding acetaldhyde and ethanol simultaneosuly using a bubbler and
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a syringe pump, respectively. The temperature of the reactor was measured using a K-type
thermocouple attached to the outside of the reactor and adjusted by using a furnace connected to
a variable autotransformer power source. Ultra-high purity (UHP) He and H, gas were used.
Prior to reactivity measurements, catalysts were reduced in situ at 573 K (with a heating rate of 3
K min™) under H, flow (30 cm’*(STP) min™) for 2 h. Reaction products were analyzed by an
online gas chromatograph with a barrier discharge ionization detector (GC-BID) system
equipped with an auto-sampling 6-port valve (Shimadzu). All lines from the reactor to the gas
chromatographs (GC) were heat traced at 353 K to prevent the condensation of products and
reactants inside the line. Conversion and selectivity were determined on the basis of carbon
products. The reversibility of ethanol conversion reaction to ethyl acetate was calculated, and

details for this calculation are shown in the Supporting Information.

Methanol synthesis was studied by feeding CO, and H; in a half-inch OD stainless steel
fixed-bed reactor under a pressure of 30 bar, at 523 K and a total flow rate of 60 cm’(STP) min™,
in a down-flow configuration. Catalyst samples (150-300 mg) were diluted with crushed silica
chips (Silicon dioxide, fused, 4-20 mesh, Sigma Aldrich) and placed in the center of the reactor,
and the catalyst bed was positioned between plugs of quartz wool (Grace). A K-type
thermocouple was positioned in the center of the catalyst bed for temperature measurement and
control. The upstream and downstream portions of the reactor from the catalyst bed were filled
with silica chips. The catalysts were reduced at 523 K (with a heating rate of 1.5 K min™") under
20% Ha/He flow (100 cm’ (STP) min™). The feed composition for CO, hydrogenation was
CO,/H,=1/3. Products were maintained in gas phase and flowed to an online GC-FID (HP 6890
Plus) to detect methanol and methane. Product compositions at steady state were measured

typically after 2-6 h on stream. All experiments were carried out at low conversion (e.g., less
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than 35% of equilibrium). Internal mass transport limitations were predicted to be negligible for
catalysts in both reactions according to the Weisz-Prater criterion.!” Details for calculation of

Weisz-Prater numbers are shown in the Supporting Information (Table S1).
2.3 Catalyst Characterization
2.3.1 Fourier Transform Infrared Spectroscopy (FT-IR)

Catalyst samples were pressed into self-supporting pellets with a 0.9-1.1 cm die. Cu/SiO,
and CuZr/Si0, pellets were mounted in the sample holder of a transmission cell described

elsewhere!® > 18

and reduced in flowing H, at 573 K. After reduction, the sample was cooled
under H, flow to room temperature and evacuated to 10” Torr, and a background scan was then
recorded. Fourier transform infrared (FTIR) (Nicolet 6700) spectra of adsorbed CO were
obtained in transmission mode after dosing 300 Torr of 1% CO in He (Airgas). The spectra were
collected after first cooling the sample to 113 K, and holding for 3 min, followed by collection of
spectra at temperatures ranging from 113 K to 283 K. The temperature was measured by a K-
type thermocouple and heating was controlled by a PID controller (Love Controls Series 16A)
connected to a variable autotransformer. The sample holder was designed for collecting spectra
at sub-ambient temperatures using flowing liquid nitrogen, as described previously."* ™8 All
spectra were collected by averaging 256 scans with a resolution of 4 cm™. Spectral
deconvolution was performed using Origin 9.1 to determine the areal contribution from each

peak. The final spectrum of CO adsorbed on each catalyst was represented by two superimposed

) . 14b
Gaussian curves, as described elsewhere.

2.3.2 N,0 Reactive Chemisorption
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The number of Cu surface sites was determined using the reactive N,O chemisorption
described elsewhere.'® Prior to the measurment, catalysts were reduced in sifu at 573 K (with a
heating rate of 3 K min™") under H, flow for 2 h. After reduction the samples were cooled to 363
K and the cell was evacuated to 10° Torr. Then, N,O was introduced and surface metallic Cu
reacted with N,O to produce N, gas and O on the Cu surface. The stoichiometry for the

adsorption of O on Cu surface was assumed to be 1:2 based on Eq. (1).
2Cug + N,0 - (Cug),0 + N, Eq. (1)

where Cug denotes as Cu surface sites. The amount of O deposited on the surface was quantified
by monitoring the N, pressure using a gas handling system and a volumetric system employing
Baratron capacitance manometers for precision pressure measurement (5 x 107 Torr) after

condensation of N,O in a cold trap using liquid nitrogen.
2.3.3 Inductively Coupled Plasma-Absorption Emission Spectroscopy (ICP-AES)

The Cu and Zr loadings of catalysts were determined using a Perkin-Elmer Plasma 400
ICP Emission Spectrometer. Typically, 10-15 mg of catalyst samples were digested with a
mixture of 2 mL of nitric acid (Fischer, 65 %) and 6 mL of hydrochloric acid (Fischer, 37 %) in a
Teflon beaker at 383 K. Cu and Zr standards for the ICP analysis were prepared from Cu and Zr
ICP standards (Fluka, 1000 + 2 mg L™). The post-digestion mixture was cooled to room

temperature, diluted in water, filtered and analyzed with ICP emission spectrometer.
2.3.4 Ultraviolet-Visible (UV-Vis) Absorption Spectroscopy

UV-Visible absorption spectra over the wavelength range 200-1100 nm were recorded using a

Thermo Scientific Evolution 300 UV-Vis spectrometer with 1 cm path-length quartz cuvette.
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2.3.5 Scanning Transmission Electron Microscopy/Energy-dispersive X-ray Spectroscopy
(STEM/EDS)

A FEI Titan STEM with Cs probe aberration corrector operated at 200 kV with spatial resolution
< 0.1 nm was used for scanning transmission electron microscopy (STEM) studies. A high-angle
annular dark-field (HAADF) mode, with HAADF detector angle ranging from 54 to 270 mrad,
probe convergence angle of 24.5 mrad, and probe current of approximately 25 pA was used to
record the images. Energy dispersive x-ray spectroscopy (EDS) data were collected using the
same microscope with an EDAX SiLi Detector. Catalyst samples were suspended in ethanol and
then dropped on a holey carbon Au TEM grid. Samples were plasma cleaned before being loaded

into the microscope.
2.3.6 X-ray absorption near edge structure (XANES)

X-ray absorption near edge structure (XANES) measurements were collected at beamline
20-BM of the Advanced Photon Source (APS) at Argonne National Laboratory. Catalyst samples
were crushed and diluted with boron nitride (Sigma-Aldrich). Self-supporting wafers were
formed inside a 4 mm ID stainless steel sample holder. Sample weights were calculated to give a
unit edge step. The sample holder was sealed in a 1” O.D. Kapton-windowed quartz tube fitted
with Swagelok valves to allow for measurements without exposure to air. The sealed samples
were heated to 573 K under 3.5% H,/Ar at 50 cm’ (STP) min’'. After reduction, valves on the
pretreatment tube were sealed and the samples were placed in the x-ray beam. XANES
measurements of the Cu and Zr K-edge (7709 eV and 17998 eV) were collected in transmission
mode. /n situ TPR-XANES was collected for Cu;Zry s/SiO, during reduction while scanning the

XANES every 5 min. Temperature was monitored by athermocouple positioned near the
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sample holder in the quartz tube. Energy calibration was performed with Cu and Zr reference
foils. Oxidation states were quantified by comparison of the XANES with the experimental
standards. Cu-based catalysts were fit with a linear combination of fully-reduced Cu
nanoparticles, Cu,O, and CuO. All fittings were performed in the range of -20 to +30 eV from

the edge energy using Athena software."
3. Results and Discussion

Table 1 shows the Cu and Zr loadings of Cu/SiO,, Zr/SiO, and CuZr,/SiO; catalysts
determined by ICP and EDS measurements. The actual Zr/Cu molar ratio of CuZr,/SiO, (CSR)
samples characterized by ICP analysis is close to the nominal molar ratio. All CuZry/SiO,
catalysts prepared by CSR and ALD methods were from the same Cu/SiO, catalyst batch. When
Zr was deposited via the CSR method, UV-Vis absorption spectroscopy was carried out to
monitor the extent of ZrO, deposition onto the Cu reference catalyst. As presented in Figure 1,
the spectrum of Zr precursor solution after 3 h stirring became similar to that of n-pentane,
indicating that the majority of Zr precursor was deposited on the supported Cu catalyst. Figure 2
(a) and (b) present the STEM image and EDS histrogram of the Zr content of the Cu;Zr, s/SiO;
catalyst prepared by the CSR method. The Zr/Cu molar ratio of Cu,Zr(s/SiO; (CSR) estimated
by the STEM-EDS is 0.53, in agreement with nominal and actual loadings from ICP. This result
suggests that the Zr precursor has been selectively deposited on or near the Cu nanoparticles with
the CSR method. In addition, the atomic structure of the CuZrO, catalyst prepared by CSR was
analyzed by EDS mapping, where red is the copper and green is the zirconium as shown in
Figure 3. The EDS mapping results indicate that the CSR method leads to deposition of ZrO,

onto Cu nanoparticle surfaces and to formation of some ZrO; clusters near Cu nanoparticles.
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Figure 4 (a) shows the Cu K edge XANES spectra of Cu/SiO,, 1023K-C-Cu/Si10,;, and
CuZr,/Si10; catalysts prepared by CSR and ALD after reduction at 573 K, and the corresponding
derivative XANES spectra are shown in Figure 4 (b). Normalized XANES and first derivative
spectra of CuO, Cu,0, and Cu are also included for comparison. As shown in Figure 4 (b), the
absorption edge of Cu, Cu,O and CuO appears at 8978.6, 8980.0, and 8984.1 eV as a
characteristic fingerprint of Cu’, Cu'", and Cu®", respectively. These values for references are
similar to those reported in the literature.'® *® XANES spectra of all characterized catalysts are
nearly identical, as evidenced by Figure 4 (a) and (b). The first derivative spectra of Cu/SiO,,
1023K-C-Cu/Si0,, and CuZr,/SiO, catalysts exhibit a major peak at 8978.6 eV and a smaller
peak at 8980.0 eV. Phase composition was determined by linear combination fitting of fully-
reduced Cu nanoparticles, Cu;O and CuO standards. This analysis shows that the catalysts
consist primarily of Cu’ with approximately 10% Cu'". In situ TPR XANES spectra along with
evolution of Cu species as a function of temperature for Cu;Zr( s/SiO;, catalyst prepared by CSR
are shown in Figure 5. As reduction temperature increased, the formation and subsequent
reduction of CuO proceeded through two steps (Cu’"— Cu'" = Cu®). The temperature of
maximum Cu'" composition is 437 K as shown in Figure 5. Lercher and co-workers observed the
trend that the degree of reduction increased as the Cu nanoparticle size increased.”’ According to
their work, our supported Cu catalyst with Cu-Cu coordination number of 9 from EXAFS
measurement would be reduced to nearly 90 %.?' Other work studying Cu catalysts with similar
particle size also suggests that the degree of reduction should be nearly 90-95%.' 421 Thus it
can be concluded that the dominant Cu phase is metallic Cu, but a small amount of Cu'"

remained up to 573 K.
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Figure 6 (a) shows the Zr K edge XANES spectra of CuZr,/SiO, catalysts prepared by
CSR and ALD methods after reduction at 573 K. The corresponding derivative XANES spectra
are shown in Figure 6 (b). Normalized XANES and first derivative spectra of ZrO, and Zr are
also included for comparison. The energies of Zr edges for all Zr-containing catalysts correspond
with that of the ZrO, reference, indicating that the oxidation state of the Zr for these catalysts is
4+. The apparent high oxidation state (Zr*") of Zr in the bimetallic catalysts is in agreement with
results reported in the literature.

Figure 7 shows infrared spectra of CO chemisorbed on the reference Cu/Si0, and the
CuZr,/Si10; catalysts prepared by CSR and ALD methods, collected at 123 K and 263 K after in-
situ reduction in flowing H, at 573 K. The total area of the spectra becomes smaller after
deposition of ZrO, on the catalysts (CuZr,/SiO;) compared to the reference catalyst (Cu/Si0,),
suggesting that ZrO, was deposited on Cu sites. The spectra of the reference Cu/SiO, and CSR
catalysts collected at 123 K exhibited features around 2110 cm™ and 2157 cm™. The feature at
2157 cm™ becomes weaker after the sample was warmed to 263 K. The main features of the
ALD catalysts were a band at 2110 cm™ with a shoulder of 2157 cm™ at both temperatures.
Spectral deconvolution was carried out to determine the contributions from two bands at 2110
and 2157 cm™ for the spectra collected at 123 K, and CO FT-IR peak areas at 2110 cm™ are
shown in Table 2. As can be seen in Figure 7 (c) and (d), the Cu reference catalyst after
calcination at 1023 K (1023K-C-Cu/Si0,) exibited a decrease in the intensity and a minor shift
from 2110 to 2119 cm™ compared to the reference Cu catalyst. The change in the band intensity
can be explained by sintering of the Cu nanoparticles after calcination at high temperature (1023
K), leading to a decrease in the concentration of Cu undercoordinated defect sites. This decrease

in the CO intensity is in agreement with results from a previous study by Goodman and co-
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workers.”® The peak shift to higher wavenumber with the increased Cu nanoparticle size is also
accordance with the previous work.”?* The decease in Cu dispersion after calcination at high
temperature (1023 K) was further evidenced by the decrease in the number of surface sites
measured by N,O chemisorption, as shown in Table 2. The CO FT-IR areas of the spectrum
decreased after a control experiment where CSR was performed without Zr precursor on the
same Cu/Si0O, catalyst (referred to control Cu/SiO;), as shown in Figure S1 (See Supporting
Information).

Results from previous work by Hadjiivanov and co-workers, showing the spectra of
CO (2 kPa equilibrium pressure) adsorbed on Cu/SiO, reduced at 573 K, are similar to our
work.”” As the temperature was increased, the two bands at 2128 cm™ and 2156 cm™ became
weaker and the band at 2156 cm™ disappeared at 243 K, in agreement with our spectral behavior
observed in Figure 7 (b).”> They ascribed the bands at 2128 cm™ and 2156 cm™ to Cu’-CO and
CO H-bonded to the surface Si-OH groups of the support, respectively.”> Boccuzzi and co-
workers assigned the band at 2152 cm™ to CO physisorbed on surface hydroxyls.?® In agreement
with this assignment, we also observed the band at 2157 cm™ with the SiO, support, as shown in
Figure S2 (See Supporting Information), indicating that the band at 2157 cm™ can be assigned to
the adsorption of CO on surface hydroxyl groups on the support. As shown in Figure 7 (c),
CuZry catalysts synthesized by the ALD method exhibited much smaller intensity at 2157 cm’
compared to catalysts prepared by our CSR method. Thus, whereas the CSR method leads to
selective precursor deposition on under-coordinated Cu sites or near Cu nanoparticles, ALD
overcoating leads to deposition of precursor over the entire catalyst surface.”’

As mentioned above, Hadjiivanov and co-workers ascribed the band at 2129 cm™ to

Cu’-CO.* ** According to their study, decreasing intensity of the band at 2129 cm™ with
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increasing temperature, such as seen in Figure 7 (b) and (d), is evidence that the band at 2129
cm’ is associated with Cu’-CO due to the low thermal stability of Cu’-CO.”® In agreement with
this assignment, Paffett and co-worker suggested that the feature observed at 2110 cm™ can be
related to Cu’~CO.** Vannice and co-workers also showed that the band near 2110 cm™ in the
spectrum of Cu/SiO, catalysts after reduction at 573 K is associated with Cu’-CO species.”
Goodman and co-workers also showed that model silica supported copper catalysts without
annealing exhibited a distinct band at 2091-2106 cm™ depending on the copper coverage,
suggesting that the feature observed at 2110 cm™ can be attributed to CO adsorbed on Cu surface
sites far from oxygen.”' In single-crystal studies, they assigned bands at 2091-2116 cm™ and
2108-2110 cm™ to CO adsorbed on a Cu (100) and high-index Cu (211), and on a (311) surface
perturbed by oxygen, respectively.’'®>* Similarly, Pritchard and co-worker assigned the band at
2117 cm™ to a Cu (111) surface near oxygen species. They also suggested that the band at 2111
cm” can be associated with stepped (111) surface of metallic Cu (755). Based on these studies
from the literature, the band at 2110 cm™ is mostly likely associated with metallic copper surface
sites, considering that metallic Cu is the dominant Cu phase determined by in situ XANES, as
shown in Figure 5.

Reactive N,O decomposition characterization was employed to estimate the number of
metallic Cu (Cu”) sites of the reference Cu/SiO, and the CuZr,/SiO, catalysts prepared by CSR
and ALD methods, and these results are shown in Table 2. The number of Cu’ sites of ZrO,-
deposited catalysts (CuZry/SiO,) was decreased compared to that of the reference catalyst
(Cu/Si0,), in agreement with the decrease in CO FT-IR areas. Spectral deconvolution was
performed with spectra collected at 123 K to obtain the spectral area of the CO band at 2110 cm’

(Cu®). Plots comparing the number of metallic Cu sites characterized by N,O uptake and FTIR
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spectral area of the CO band at 2110 cm™ for CuZr,/SiO; catalyts by CSR and ALD are shown in
Figure 8 (a) and (b), respectively. There is a strong correlation between these results for
CuZr,/Si10; catalyts (CSR), with a slope of 0.29. Data collected for the Cu/SiO, sample calcined
at 1023 K also followed this trend, with a similar slope as shown a black dash line in Figure 8 (b).
However, this correlation between two different characterizations does not hold for CuZr,/SiO;
catalyts (ALD). The slope for CuZr,/SiO, catalyts (ALD) is 0.13. It is smaller than that for
CuZr,/Si10; catalyts (CSR), as shown by a blue dash line in Figure 8 (b). This behavior suggests
that a larger number of sites was estimated by N,O decomposition characterization with respect
to measurement using FTIR spectral area. Apparently, the extent of surface oxidation of metallic
Cu by reactive N,O decomposition is affected by the ALD process, suggesting that reactive N,O
characterization may not be as appropriate for measuring the number of Cu surface sites as is
adsorption of CO."* ** Tt is possible that sub-surface oxidation of Cu can take place through
diffusion along the interface between Cu and ZrO, ALD layers, leading to overestimation of Cu
sites for ALD catalysts.>* Hence, the number of metallic copper sites measured by the reactive
N>O characterization is normalized to the CO FT-IR band area at 2110 cm™! of Cu/ Si0, reference
catalyst, and these values are denoted as corrected Cu’ site in Table 2. The methodology to
estimate the number of Cu-ZrO, interfacial sites is to assume that deposition of ZrO, on Cu sites
occurs with 1:1 stoichiometry. The change in the CO FT-IR band area at 2110 cm™ with ZrO,
addition can be ascribed to the number of under-coordinated Cu sites occupied by ZrO,. Hence,
the number of Cu-ZrO, interfacial sites is determined from the change in the amount of corrected

Cu’ sites, as reported previosuly.'*"

3.3. Catalytic Activity measurements
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Table 3 shows the catalytic activity for ethanol conversion over Cu/SiO, and CuZr,/SiO,
catalysts prepared by CSR and ALD methods. The Cu/SiO, catalyst exhibited higher selectivity
to acetaldehyde, as seen in previous studies.'™ ' The rate of ethyl aceate formation over Cu/SiO,
at the reaction temperature of 473 K is in accordance with the rate reported by Beuno and co-
workers.' The TOF for ethyl acetate formation reported here is the site time yield (STY),
defined as the number of molecules of ethyl acetate produced per surface site in the reactor per
unit time, as the catalytic activity was obtained at a finite extent of conversion.”> We find that
deposition of ZrO, on Cu/SiO; via two different methods increased the selectivity to ethyl aceate
in the ethanol conversion reaction. For the catalysts prepared by the CSR method, the selectivity
toward ethyl acetate increases with ZrO, loading up to a Zr-Cu molar ratio equal to 0.5, with the
Cu;Zr( s/Si0, catalyst having almost 16 times higher TOF than that of the Cu/SiO, reference
catalyst. Additional deposition of ZrO, onto the reference Cu catalyst (Cu;Zr75/S10;) decreases
the selectivity to ethyl acetate and the TOF of ethyl acetate formation. The decrease in the TOF
of ethyl acetate formation can be explained by the smaller production of acetaldehyde due to the
decreased number of Cu sites, which are active sites for the production of acetaldehyde over
Cu;Zry75/Si0; catalyst. The CuZr,/SiO, catalysts synthesized by ALD also exhibited higher
selectivity to ethyl acetate and higher ethyl acetate formation TOF. The ethyl acetate formation
TOF increased with ZrO, loading to 8 cycle ALD overcoating and levelled off above this ALD
overcoating. The 8 and 15ALD-Cu/SiO, catalysts exhibited approximately 9 times higher TOF

than that of the Cu/SiO, reference catalyst.

Interestingly, ZrO, addition (Cu,;Zr,/SiO;) on the Cu/Si0, reference catalyst via the CSR
method suppressed the formation of by-product, 2-butanone (methyl-ethyl-ketone, MEK). The

formation of 2-butanone was also inhibited after calcination at 1023 K (1023K-C-Cu/SiO;) of

ACS Paragon Plus Environment



Page 19 of 49

©CoO~NOUTA,WNPE

ACS Catalysis

the Cu reference catalyst, suggesting that under-coordinated Cu sites are responsible for the
production of 2-butanone via acetaldehyde condensation. In fact, suppression of 2-butanone
production from ethanol is beneficial in the industrial operation of ethyl acetate purification.”**
The mixture of 2-butanone and ethyl acetate forms an azeotrope, making it difficult to separate
one from another. ***° However, deposition of ZrO, by ALD did not suppress the production of
butanone, unlike ZrO, deposition by the CSR method. In fact, ZrO, deposition by an ALD

method promotes the production of 2-butanone, which can be ascribed to highly dispersed ZrO,

species on Cu/SiO; as reported in a previous study.l‘Jl

We also studied a physical mixture of Zrs/SiO, and the reference Cu/SiO; catalyst to
determine whether separated Cu and ZrO; sites can lead to the production of ethyl acetate. As
seen in Table 3, a physical mixture exhibited only a slight improvement in the rate of ethyl
acetate formation, suggesting that Cu-ZrO; interfacial sites are responsible for the enhancement
in the ethyl acetate production observed over our CuZry/Si10; catalysts. To further investigate the
active sites for the coupling reaction, we studied reactions over Zrs/Si0, and CuZr,s/SiO,
catalysts by feeding acetaldehyde and ethanol simultaneously. The TOF of ethyl acetate
formation over the Cu;Zr,s/S10, catalyst at atmosphere pressure is 12 ht. However, there was
no formation of ethyl acetate over the Zry s/Si0; catalyst, indicating that Cu-ZrO, interfacial sites

are necessary for the dehydrogenative coupling reaction between ethanol and acetaldehyde.

Figure 9 show the activities for methanol synthesis from CO; and H, for the Cu/SiO, and
CuZr,/SiO; catalysts prepared by the CSR method. As shown in Figure 9, the of methanol
formation rate over CuZr,/SiO; prepared by the CSR method increased with ZrO, loading up to a

Zr-Cu molar ratio equals to 0.5, and it was not further increased above this Zr-Cu molar ratio.
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Cu1Zr( 5/S10, Cu Zry75/Si0, and catalysts exhibited approximately 12 times higher TOF than
that of the Cu/SiO, reference catalyst. The 15ALD-Cu/SiO; catalyst synthesized by an ALD
method also exhibited approximately 5 times higher TOF than that of Cu/SiO, reference catalyst.
In addition, a physical mixture of Zr(s/SiO, and the reference Cu/Si0O; catalyst was studied for
methanol synthesis, and this mixture exhibited only 20% higher TOF in methanol formation
compared to the reference catalyst, indicating that Cu-ZrO, interfacial sites are active sites for

methanol formation reaction from CO,/H,.

The number of Cu’ and Cu-ZrO; interfacial sites shown in Table 2 (S¢, and Scy.z02) can
be used to estimate the rate contributions from two different active sites. The reaction rates of the
two active sites (under-coordinated Cu and Cu-ZrO; interfacial sites) were deconvolutated from

the reaction kinetics data using Eq. (2):
Riotar = Reu + Reu—zro, = Sculcu + Scu—zro,Tcu-zro, Eq. (2)

In this equation, 7¢, and r¢y,_zr, refer to the turnover rates (the mole of methanol production
per mole of Cu and Cu-ZrO, site per hour) for the under-coordinated Cu and Cu-ZrO, sites,
respectively; and R¢, and Rcy_zro, indicate the moles of methanol produced per mass of
catalyst per hour from under-coordinated Cu sites and interfacial Cu-ZrO,, respectively. The
experimental rate and model predicted rates are plotted in Figure 9. The model estimated the
turnover rates to be 1., = 3.5 h” and Teu-zro, = 28.5 h'. The rate per Cu-ZrO, site is

approximately 8 times faster than the rate per Cu site.

A simplified reaction kinetics model for a plug-flow reactor was used to fit the

experimental data for ethanol conversion by optimizing the rate constants (kq, k; ¢, and
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k3 cu-zro,) using nonlinear least squares regression in MATLAB (nlinfit function). The kinetic

model developed for describing the two-step ethanol conversion reaction scheme is summarized

©CoO~NOUTA,WNPE

in Eq. (3) and (4), and details for derivation of equations are shown in the Supporting

12 Information.
15 Tacet = K1PrronScu Eq. (3)
18 Tetac = PeronPacet (K2,cuScu + K2, cu-zro,Scu-zro,) Eq. (4)

21 Confidence intervals are reported as the 95% confidence level (nlinpaci function). The rate
o4 predictions from our model are shown in Figure 10. The rate constant for the first step reaction
26 (k4), converting ethanol to acetaldehyde, is 870 £ 105 h''. The model-predicted rate constants for
the two different active sites (under-coordinated Cu and Cu-ZrO, interfacial sites) are estimated
31 to be ky oy = 24 + 220 bar™' h™tand ky cy—zr02 = 17600 £ 400 bar~ h™?, suggesting that
33 k3 ¢y 1s not statistically significant and the rate contribution of under-coordinated Cu sites is

36 negligible compared to that of Cu-ZrO; interfacial sites.

Conclusions

46 Well-defined Cu catalysts promoted with ZrO,-moieties were prepared by controlled
48 surface reactions (CSR) and atomic layer deposition methods. Selective deposition of ZrO; on
under-coordinated Cu sites or near Cu nanoparticles via the CSR method was evidenced by
53 UV-Vis absorption spectroscopy, scanning transmission electron microscopy, and inductively
55 coupled plasma-absorption emission spectroscopy. The concentrations of Cu and Cu-ZrO,

interfacial sites were quantified using a combination of sub-ambient CO Fourier transform
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infrared spectroscopy and reactive N,O chemisorption measurements. The oxidation states of
the Cu and Zr species for these catalysts were determined by X-ray absorption near edge
structure measurements to be primarily Cu’ and Zr*', respectively. It was found that the
formation of Cu-ZrO, interfacial sites increased the turnover frequency by an order of
magnitude in both ethanol conversion to ethyl acetate and methanol synthesis from CO, and
H,. A physical mixture of Cu/Si0; and ZrO,/Si0, does not show enhancement in the rate of
formation of ethyl acetate and methanol, indicating that the active sites for these reactions are
Cu-ZrO, interfacial sites. In addition, the formation of ethyl acetate was not detected over
Zrys/Si0, with feeding acetaldehyde and ethanol simultaneously, suggesting that Cu-ZrO,
interfacial sites are necessary for the dehydrogenative coupling reaction between ethanol and
acetaldehyde. We note that this paper does not address the exact nature of such sites. For
example, interfacial sites may be composed of both metal and oxide working in tandem at
the metal-oxide junction. Alternatively, the chemistry may take place only on the metal,
adjacent to the interface, which has been modified by the oxide by creating index planes,

or dislocations etc. that are active for the reaction.

Associated Content

Supporting Information.

IR spectra of CO adsorbed on SiO,, Cu/Si0,, and Cu/Si0, after a control experiment; calculation
of Weisz-Prater numbers; derivation of the reaction kinetics model for two-step ethanol
conversion; and calculation of the reversibility for ethanol conversion to ethyl acetate. This

material is available free of charge via the Internet at http://pubs.acs.org.

Acknowledgements

ACS Paragon Plus Environment

Page 22 of 49



Page 23 of 49

©CoO~NOUTA,WNPE

ACS Catalysis

This material is based upon work supported by the U.S. Department of Energy, Office of Basic
Energy Sciences (DE-SC0014058). The authors acknowledge support of this research by NSF
through the University of Wisconsin Materials Research Science and Engineering Center (DMR-
1121288). Use of facilities supported by the Wisconsin Materials Research Science and
Engineering Center is also acknowledged (DMR-1121288). We wish to acknowledge funding
from the Research Innovation Committee of the College of Engineering at the University of
Wisconsin for this project. Sector 20 facilities at the Advanced Photon Source, and research at
these facilities, are supported by the US Department of Energy (DOE) - Basic Energy Sciences,
the Canadian Light Source and its funding partners, and the Advanced Photon Source. Use of the
Advanced Photon Source, an Office of Science User Facility operated for the U.S. DOE Office
of Science by Argonne National Laboratory, was supported by the U.S. DOE (DE-ACO02-
06CH11357). The authors acknowledge Thejas S. Wesley for helpful discussion on kinetic
modeling for the selective conversion of ethanol conversion to ethyl acetate, and also
acknowledge Jeffrey T. Miller at Argonne National Laboratory for helpful discussion on

XANES data analysis.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Catalysis Page 24 of 49

References

1. (a) Fujita, S.-1.; Iwasa, N.; Tani, H.; Nomura, W.; Arai, M.; Takezawa, N., React. Kinet.
Catal. Lett. 73, 367-372; (b) Iwasa, N.; Takezawa, N., Bull. Chem. Soc. Jpn. 1991, 64, 2619-
2623; (c) Sato, A. G.; Volanti, D. P.; Meira, D. M.; Damyanova, S.; Longo, E.; Bueno, J. M. C.,
J. Catal. 2013, 307, 1-17; (d) Sato, A. G.; Volanti, D. P.; de Freitas, I. C.; Longo, E.; Bueno, J.

M. C., Catal. Commun. 2012, 26, 122-126.

2. (a) Inui, K.; Kurabayashi, T.; Sato, S., J. Catal. 2002, 212, 207-215; (b) Inui, K

Kurabayashi, T.; Sato, S.; Ichikawa, N., J. Mol. Catal. A-Chem. 2004, 216, 147-156.

3. Behrens, M.; Studt, F.; Kasatkin, I.; Kiihl, S.; Havecker, M.; Abild-Pedersen, F.; Zander,
S.; Girgsdies, F.; Kurr, P.; Kniep, B.-L.; Tovar, M.; Fischer, R. W.; Nerskov, J. K.; Schlogl, R.,

Science 2012, 336, 893-897.

4, (a) Fujitani, T.; Nakamura, I.; Watanabe, T.; Uchijima, T.; Nakamura, J., Catal. Lett. 35,

297-302; (b) Nakamura, I.; Fujitani, T.; Uchijima, T.; Nakamura, J., J. Vac. Sci. Technol. 4 1996,

ACS Paragon Plus Environment



Page 25 of 49

©CoO~NOUTA,WNPE

ACS Catalysis

14, 1464-1468; (c) Fujitani, T.; Nakamura, I.; Uchijima, T.; Nakamura, J., Surf. Sci. 1997, 383,

285-298.

5. (a) Fyjitani, T.; Nakamura, I.; Ueno, S.; Uchijima, T.; Nakamura, J., Appl. Surf. Sci. 1997,
121-122, 583-586; (b) Nakamura, I.; Nakano, H.; Fujitani, T.; Uchijima, T.; Nakamura, J., Surf.

Sci. 1998, 402—-404, 92-95.

6. Fisher, I. A.; Woo, H. C.; Bell, A. T., Catal. Lett. 1997, 44, 11-17.

7. (a) Schilke, T. C.; Fisher, 1. A.; Bell, A. T., J. Catal. 1999, 184, 144-156; (b) Schilke, T.
C.; Fisher, 1. A.; Bell, A. T., Catal. Lett 1998, 54, 105-111; (c) Fisher, 1. A.; Bell, A. T., J. Catal.

1997, 172, 222-237.

8. Fisher, I. A.; Bell, A. T., J. Catal. 1998, 178, 153-173.

9. (a) Koeppel, R. A.; Baiker, A.; Wokaun, A., Appl. Catal. A-Gen. 1992, 84, 77-102; (b)

Wambach, J.; Baiker, A.; Wokaun, A., Phys. Chem. Chem. Phys. 1999, 1, 5071-5080.

10. (a) Fuyjitani, T.; Saito, M.; Kanai, Y.; Kakumoto, T.; Watanabe, T.; Nakamura, J.;
Uchijima, T., Catal. Lett. 1994, 25, 271-276; (b) Saito, M.; Fujitani, T.; Takeuchi, M.; Watanabe,

T., Appl. Catal. A-Gen. 1996, 138, 311-318.

11. Clausen, B. S.; Topsee, H., Catal. Today 1991, 9, 189-196.

12. (a) Jansen, W. P. A.; Beckers, J.; Van der Heuvel, J. C.; Van der Gon, A. W. D.; Bliek,
A.; Brongersma, H. H., J. Catal. 2002, 210, 229-236; (b) Yurieva, T. M.; Minyukova, T. P.,
React. Kinet. Catal. Lett. 29, 55-61; (c) Klier, K.; Chatikavanij, V.; Herman, R. G.; Simmons, G.

W., J. Catal. 1982, 74, 343-360.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Catalysis Page 26 of 49

13. Alba-Rubio, A. C.; O'Neill, B. J.; Shi, F.; Akatay, C.; Canlas, C.; Li, T.; Winans, R.;

Elam, J. W.; Stach, E. A.; Voyles, P. M.; Dumesic, J. A., ACS Catal. 2014, 4, 1554-1557.

14. (a) Ro, I.; Carrasquillo-Flores, R.; Dumesic, J. A.; Huber, G. W., Appl. Catal. A-Gen.
2016, 521, 182-189; (b) Carrasquillo-Flores, R.; Ro, I.; Kumbhalkar, M. D.; Burt, S.; Carrero, C.
A.; Alba-Rubio, A. C.; Miller, J. T.; Hermans, I.; Huber, G. W.; Dumesic, J. A., J. Am. Chem.
Soc. 2015, 137, 10317-10325; (c) Hakim, S. H.; Sener, C.; Alba-Rubio, A. C.; Gostanian, T. M.;

O'Neill, B. J.; Ribeiro, F. H.; Miller, J. T.; Dumesic, J. A., J. Catal. 2015, 328, 75-90.

15. Onn, T. M.; Zhang, S.; Arroyo-Ramirez, L.; Chung, Y.-C.; Graham, G. W.; Pan, X;

Gorte, R. J., ACS Catal. 2015, 5, 5696-5701.

16. (a) Rodriguez, J. A.; Liu, P.; Graciani, J.; Senanayake, S. D.; Grinter, D. C.; Stacchiola,
D.; Hrbek, J.; Fernandez-Sanz, J., J. Phys. Chem. Lett. 2016, 7, 2627-2639; (b) Ning, Y.; Wei,
M.; Yu, L.; Yang, F.; Chang, R.; Liu, Z.; Fu, Q.; Bao, X., J. Phys. Chem. C 2015, 119, 27556~

27561.

17.  Weisz, P. B.; Prater, C. D., In Adv. Catal., W.G. Frankenburg, V. I. K.; Rideal, E. K., Eds.

Academic Press: 1954; Vol. Volume 6, pp 143-196.

18. (a) Shen, J. Y.; Hill, J. M.; Watwe, R. M.; Spiewak, B. E.; Dumesic, J. A., J. Phys. Chem.
B 1999, 103, 3923-3934; (b) O'Neill, B. J.; Jackson, D. H. K.; Crisci, A. J.; Farberow, C. A.; Shi,
F.; Alba-Rubio, A. C.; Lu, J.; Dietrich, P. J.; Gu, X.; Marshall, C. L.; Stair, P. C.; Elam, J. W.;
Miller, J. T.; Ribeiro, F. H.; Voyles, P. M.; Greeley, J.; Mavrikakis, M.; Scott, S. L.; Kuech, T. F.;

Dumesic, J. A., Angew. Chem.-Int. Edit. 2013, 52, 13808-13812.

19. Ravel, B.; Newville, M., J. Synchrot. Radiat. 2005, 12, 537-541.

ACS Paragon Plus Environment



Page 27 of 49

©CoO~NOUTA,WNPE

ACS Catalysis

20. (a) Caballero, A.; Morales, J. J.; Cordon, A. M.; Holgado, J. P.; Espinos, J. P.; Gonzalez-
Elipe, A. R., J. Catal. 2005, 235, 295-301; (b) Velu, S.; Suzuki, K.; Gopinath, C. S.; Yoshida, H.;

Hattori, T., Phys. Chem. Chem. Phys. 2002, 4, 1990-1999.

21. Knapp, R.; Wyrzgol, S. A.; Jentys, A.; Lercher, J. A., J. Catal. 2010, 276, 280-291.

22.  Johnson, G. R.; Bell, A. T., ACS Catal. 2016, 6, 100-114.

23. Rainer, D. R.; Xu, C.; Holmblad, P. M.; Goodman, D. W., J. Vac. Sci. Technol. A 1997,

15,1653-1662.

24, Winkler, C.; Carew, A. J.; Haq, S.; Raval, R., Langmuir 2003, 19, 717-721.

25. Hadjiivanov, K.; Venkov, T.; Knozinger, H., Catal. Lett. 2001, 75, 55-59.

26. (a) Ghiotti, G.; Garrone, E.; Morterra, C.; Boccuzzi, F., J. Phys. Chem. 1979, 83, 2863-
2869; (b) Ghiotti, G.; Boccuzzi, F.; Chiorino, A., In Stud. Surf. Sci. Catal., Che, M.; Bond, G. C.,

Eds. Elsevier: 1985; Vol. Volume 21, pp 235-246.

217. Zhang, H.; Lei, Y.; Kropf, A. J.; Zhang, G.; Elam, J. W.; Miller, J. T.; Sollberger, F.;
Ribeiro, F.; Akatay, M. C.; Stach, E. A.; Dumesic, J. A.; Marshall, C. L., J. Catal. 2014, 317,

284-292.

28. Hadjiivanov, K.; Venkov, T.; Knozinger, H., Catal. Lett. 2001, 75, 55-59.

29.  Szanyi, J.; Paffett, M. T., In Microporous and Macroporous Materials, Lobo, R. F.; Beck,
J. S.; Suib, S. L.; Corbin, D. R.; Davis, M. E.; Iton, L. E.; Zones, S. 1., Eds. Materials Research

Soc: Pittsburgh, 1996; Vol. 431, pp 153-157.

30. Dandekar, A.; Vannice, M. A., J. Catal. 1998, 178, 621-639.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Catalysis Page 28 of 49

31. (a) Xu, X.; Vesecky, S. M.; He, J. W.; Goodman, D. W., J. Vac. Sci. Technol. 41993, 11,

1930-1935; (b) Xu, X.; Goodman, D. W., J. Phys. Chem. 1993, 97, 683-689.

32. Kim, C. M.; Yi, C. W.; Goodman, D. W., J. Phys. Chem. B 2005, 109, 1891-1895.

33, Luys, M. J.; Vanoeffelt, P. H.; Brouwer, W. G. J.; Pijpers, A. P.; Scholten, J. J. F., Appl.

Catal. 1989, 46, 161-173.

34, (a) Jensen, J. R.; Johannessen, T.; Livbjerg, H., Appl. Catal. A-Gen. 2004, 266, 117-122;
(b) Emiliana, F.; Daniele, P.; Enrico, T., Sci. Technol. Adv. Mater. 2010, 11, 054503; (c) Sato, S.;

Takahashi, R.; Sodesawa, T.; Yuma, K.-1.; Obata, Y., J. Catal. 2000, /96, 195-199.

35. Boudart, M., Chem. Rev. 1995, 95, 661-666.

36. Inui, K.; Kurabayashi, T.; Sato, S., Appl. Catal. A-Gen. 2002, 237, 53-61.

ACS Paragon Plus Environment



Page 29 of 49

©CoO~NOUTA,WNPE

ACS Catalysis

Table of Contents

6 -
Zr precursor solution (before deposition)
T Zr precursor solution (after deposition)
5 — 340 times diluted Zr precursor solution w/ n-pentane
n-Pentane
3
s 4 I
O
o -
&
o 37
S
a2 ]
Q
<L 24
1 -
- e ———————— e ———
0 L T T T T T 1
200 400 600 800 1000

Wavelength (nm)

Figure 1. UV-Vis absorption spectra of Zr precursor (Bis-(cyclo-pentadienyl) dimethyl-
zirconium) solution before/after deposition onto Cu/Si0,, 340 times diluted Zr precursor with n-
pentane, and n-pentane.
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Figure 2. (a) STEM image of Cu;Zr, s/Si0, prepared by the CSR method and (b) EDS
histrogram of Zr content for the Cu;Zr, s/S10, catalyst.
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43 Figure 3. STEM images of 2 wt% Cu,;Zr( s/SiO; prepared by the CSR method with EDS
44 mapping of Cu and Zr. Correspondence of colors and elements: red, Cu; green, Zr.
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Figure 4. (a) In situ XANES spectra at the Cu K edge and (b) respective derivative of spectra of
Cu/Si0,, 1023K-C-Cu/Si0,, and CuZr,/SiO, catalysts prepared by CSR and ALD methods after
reduction at 573 K. Spectra and derivative spectra of CuO, Cu,0O, and Cu are included in both
figures for comparison.
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Figure 5. In situ XANES spectra showing evolution of Cu species as a function of temperature
for Cu,Zr( s/S10; catalyst prepared by CSR.
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Figure 6. (a) In situ XANES spectra at the Zr K edge and (b) respective derivative of spectra of
CuZr,/Si0O; catalysts prepared by CSR and ALD methods after reduction at 573 K. Spectra and
derivative spectra of ZrO, and Zr are included in both figures for comparison.
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Figure 7. IR spectra of 3 Torr of CO on Cu/SiO, and CuZr,/SiO; prepared by CSR method
collected at (a) 123 K and (b) 263 K and on Cu/Si0O,, Cu/SiO, calcined at 1023K (1023K-C-
Cu/Si0,), CuZr,/SiO; prepared by ALD method collected at (c¢) 123 K and (d) 263 K. Catalysts
were in situ reduced in flowing H, at 573 K before spectra collection and the intensities are
normalized by the pellet density.
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Figure 8. Plot of the number of metallic Cu sites characterized by N,O titration and CO FTIR
23 band at 2110 cm™ of catalysts prepared by (a) CSR and (b) ALD methods.
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51 Figure 9. Methanol formation rate of CuZr,/SiO, catalysts prepared by CSR from CO,/H,.
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Figure 10. (a) Total acetaldehyde formation rate of CuZr,/Si0; catalysts prepared by CSR. The
model-predicted rate constant (k,) for the first step of ethanol conversion reaction is 870 + 105
h™'. (b) Ethyl acetate formation rate of CuZry/SiO, catalysts prepared by CSR. Dashed line
indicates model predicted rates. The model predictions are k, ¢, = 24 £ 220 h' bar' and
k3 cu-zro,= 17600 £ 400 h! bar”. The rate contribution of under-coordinated Cu sites (kzcy) 1s
negligible compared to that of Cu-ZrO; interfacial sites (k ¢y,—zr0,) for converting acetaldehyde

to ethyl acetate.
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Table 1. Characterization of Cu/SiO; and CuZr,/SiO; catalysts

T
0.25

T
0.50

Zr/Cu (molar ratio)

Nominal Actual Zr/Cu Actual Zr/Cu

Sample Zr/Cu molar molar ratio molar ratio Cu 1(2231 ing = l((())zc)ling

ratio (ICP) (EDS)

Cu/Si0O, 0 0 0 6.84 0
Cu,Zr( »5/S10, 0.25 0.32 - 6.19 2.88
Cu,Zry 5/Si0, 0.5 0.56 0.53 6.11 4.94
CuyZry 75/S10, 0.75 0.79 - 6.03 6.87

5ALD-Cu/SiO,’ - 1.87 - 5.83 15.7
8ALD-Cu/SiO;" - 2.37 - 5.49 18.7
15ALD-Cu/SiO," - 4.03 - 491 28.4
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1
2
3
4
5
6
7 Table 2. CO FT-IR and N,O characterization results of Cu/Si0, and CuZr,/S10, catalysts
8
9 Cu’site®  CO FTIR peak area® Corrected Cu’ site ¢ Cu-ZrO, interfacial sites
10 Sample ( 1 -1 -1 -1 -1
pumol g7) (2110cm™) (umol g7) (umol g™)
11
12 Cu/SiO, 208.9 62.2 208.9 N/A
15 Cu,Zry 5/Si0, 96.0 26.2 87.9 121.0
16
18
19 1023K-C-Cu/SiO,° 128.1 354° 118.9 N/A
2
22 5ALD-Cu/SiO;° 140.9 20.9 70.2 138.7
gg 8ALD-Cu/SiO, 115.0 14.4 48.5 160.4
24 15ALD-Cu/SiO,* 115.0 13.8 46.5 162.4
25
26 “Metallic copper sites were determined by N,O chemisorption. ® Spectra deconvolution was performed with spectra collected at
27 123 K. © Catalysts were calcined at 1023 K, followed by in-situ reduced before activity measurement. ¢ Number of metallic
28 copper sites measured by the reactive N,O characterization (Cu’ site) is normalized to the CO FT-IR band area at 2110 cm™ of
29 Cu/SiO, reference catalyst. © The spectral area of the CO band measured at 2119 cm™ due to sintering of the Cu nanoparticles
30 after calcination at high temperature (1023 K).
31
32
33
34
gg Table 3. Product distribution and ethyl acetate formation TOF for selective ethanol conversion
acetate reaction.
37
38
39 Selectivity (%)
40 C . Ethyl acetate TOF
41 Catalyst on(\l/;r)smn formation TOF ©  Promotional
42 0 Acet- Ethyl 2- (h™1 factor ¢
aldehyde acetate butanone
43
44
45 Cu/Sio, 45.1 77.8 33 18.8 1.32£0.05 1
46
47 CuZr  ISi0, 29.8 82.2 15.6 0 737+ 1.16 5.6
48
49 CuZr /Si0, 30.2 64.8 32,9 0 21.00 +0.88 16
50 ‘
51 Cu Zr _ /SiO; 16.3 68.8 35.1 0 11.69 +2.48 8.9
52 '
gj Zr /SiO+Cu/SiO, " 332 78.4 9.2 12.9 2.54+0.04 1.9
55 b
56 1023K-C-Cu/SiO, 27.1 100.0 0 0 0 -
57 5ALD-Cu/SiO,° 35.0 55.2 4.4 40.3 4.73 +£0.38 3.6
58
59
60

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Catalysis Page 38 of 49

8ALD-Cu/SiO, " 322 53.2 8.1 39.2 10.84 +2.83 8.2

15ALD-Cu/SiO,"° 27.0 64.8 9.5 26.5 11.50+£1.50 8.7

% Physical mixture of two catalysts and TOF was calculated with the number of site of Cu/SiO,. ° Catalysts were calcined at 1023
K, followed by in-situ reduced before activity measurement. ° TOF was calculated with corrected metallic copper sites shown in
Table 2. ¢ TOF promotional factor was calculated with respect to TOF of the Cu/SiO, reference catalyst.

Note. Reaction temperature: 473 K; pressure, Py, = 7.6 bar, Pypano = 0.1 bar.
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