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Selective dehydrogenation catalysts that produce acetaldehyde
from bio-derived ethanol can increase the efficiency of
subsequent processes such as C-C coupling over metal oxides to
produce 1-butanol or 1,3-butadiene or oxidation to acetic acid.
Here, we use in situ X-ray absorption spectroscopy and steady
state kinetic experiments to identify cu® at the perimeter of
supported Cu clusters as the active site for esterification and cu’
surface sites as sites for dehydrogenation. Correlation of
dehydrogenation and esterification selectivities to in situ
measures of Cu oxidation states show that this relationship holds
for Cu clusters over a wide-range of diameters (2-35 nm) and
catalyst supports and reveals that dehydrogenation selectivities
may be controlled by manipulating either.

Biomass has been targeted as a potentially renewable source
of carbon for the production of fuels and chemicals due to
concerns regarding sustainability and global climate change.l’2
In particular, ethanol (C,HsOH) is an appealing building block
for longer chain oxygenates and hydrocarbons because of
recent improvements in the efficiency of fermentation
processes.a‘4 C,H;OH-derived C, units can be used to produce a
number of commodity chemicals (e.g., 1-butanol and higher
alcohols,’ Cs aromatics,® and ethyl acetate’) using an array of
condensation reactions.® Most of these reactions proceed via
coupling reactions involving carbonyl groups of aldehydes or
ketones, which requires highly  selective (>95%)
dehydrogenation of C;H;OH and other alcohols to avoid yield
losses.*? Copper (Cu) catalysts give high selectivities for
alcohol dehydrogenation, in part, because Cu (as well as Ag9
and Au) cleaves C-C and C-O bonds at much lower rates than
other transition metals (e.g., Pd, Pt, Ni).lo‘11 Esterification is the
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major side reaction over both heterogeneous and
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homogeneous Cu <:ata|ysts,18’19 and this undesirable pathway

decreases dehydrogenation yields and reduces the value of the
products stream for fuel and lubricant applications.9 Despite
the importance of dehydrogenation and esterification
reactions as intentional and unintentional reactions catalyzed
by supported Cu clusters, the chemical nature and the location
of the active site for each category of reactions remains
unclear despite previous reports regarding the effects of Cu
cluster size,“”ls’20 support,12’21’22 oxidation state,”’20 and
preparation methods.'??*

Here, we use a combination of in situ X-ray absorption
spectroscopy, steady-state rate measurements, and reaction
inhibition studies to demonstrate that dehydrogenation occurs
on Cu° sites and esterification proceeds on Cu®* sites that exist
only at the perimeter of the interface between Cu clusters and
the support. The relative populations of exposed cu® and cu®
sites depend sensitively on the cluster size and the support
identity.

Figure 1 shows that the selectivity for dehydrogenation
(i.e., formation of acetaldehyde, C,H,0) is 10'-10% times
greater than that for esterification, and 102-10" times greater
than that for all other reactions and depends on ethanol
conversion (Xgiony) on 6 nm Cu clusters formed upon the
surface of CrO, by the reduction of commercial 2CuO Cr,0;3 in
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Fig. 1 Changes in selectivity for dehydrogenation (A ), esterification (), ketonization
(<), decarbonylation (e), aldol addition (), etherification ( V), and dehydration (m) as
functions of Xgon on 6 nm Cu-CrO, (2.75 kPa C,HsOH, 15 kPa H,, 503 K). Lines are
intended to guide the eye.
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H,, hereafter referred to as Cu-CrO, (2.75 kPa C,HsOH, 15 kPa
H,, 83.6 kPa He, 503 K). Esters account for the largest amount
of carbon lost at these conditions and on other Cu catalysts
(e.g., Cu-Si0,, Cu-ZnO, and Cu-TiO,, Table S1). Esterification
rates and selectivities are immeasurable at low Xgoy (Fig. 1),
which shows that esters do not form by primary reaction
between two C,H;OH molecules, but rather form by a
secondary reaction that involves a reactive intermediate
derived from C,Hs;OH, consistent with previous studies.'>***
Moreover, esterification rates are >20 times smaller in the
absence of C,H;0OH in comparison with those measured in
mixtures of C;H;OH, H,, and C,H,0 reactants (Table S2). Esters
form on homogeneous (CuBr,ls’19 and Cu(OAc)zlg) and
heterogeneous catalysts (Cu,zz'zs’27 Cu-SiOz,H'm'22 Cu-CrZO3,12'27
and Cu-Zn-Zr-AI-OZS) by the coupling of an alcohol and an
aldehyde,lg'25 whereas basic metal oxides (e.g., MgO and
CaO)28 form esters via the Tishchenko reaction between two
aIdehydes.Z&30 Taken together, the observations that ethyl
acetate (C4HgO,) forms by secondary reactions of C,H;OH
(Figure 1) and that esterification rates are insignificant in pure
C,H,0 streams (Table S2) suggest that C,H,O reacts with a
C,H;0H derived intermediate to form C,HgO, as suggested
previously.13’25 Here, rate inhibition and X-ray absorption
spectra are combined to identify the chemical nature and
likely location of the active sites responsible for the formation
of C4HgO,.

The active sites for esterification on supported Cu cluster
catalysts have been associated with the Cu dispersion,13
prevalent oxidation state of the Cu,lz’”"17 and Lewis acidic sites
of the metal oxide support31 in a series of independent studies.
Colley et al. concluded that active sites for the formation of
C4HgO, are located on Cu rather than the Cr,0; support of
commercial Cu-Crzoa,27 while Moromi et al. suggested that
C,H;0OH and C,H,O couple on Pt-SnO, at Lewis acid sites
presented by the support (sn*").3! others have suggested Cu”
as the active site for esterification,lz"zo'32 which is consistent
with recent comparisons of the number of Cu-ZrO, interfacial
sites to C4HgO, formation rates on CuZr-SiO, catalysts.17
However, these hypotheses have not been proven to hold for
series of Cu clusters supported on multiple reducible and
irreducible supports, or to correlate with Cu® populations;
therefore, the origin and control of the active site(s) remains
unknown. Figure S1 shows that pyridine (0.1-2.5 kPa) inhibits
esterification rates on 6 nm Cu-CrO, catalysts at 503 K.
Esterification rates that decrease with increasing pyridine
pressure, combined with evidence from Colley et al”’
identifying Cu as the active site on Cu-Cr,03, strongly suggests
that Lewis acid sites (e.g., cu®, Cu2+) bind active intermediates
that form C,HgO,. Thus, it seems likely that Lewis acidic Cu
sites remain even after in situ reductive treatments or reform
upon the introduction of C,H;0 and C,H,0.

In  contrast with previous studies that
esterification rates to the number of Cu®* species measured ex
situ using XPS™ or adsorbed CO in FTIR,Y in situ X-ray
absorption near edge structure (XANES) spectra provide a
direct measurement of the distribution of Cu oxidation states

(i.e., cu®, cu', and cu®) present following reductive

correlate

2| J. Name., 2012, 00, 1-3

treatments and at conditions used fgr, A«CaHs@QH
dehydrogenation. Figure S2 shows thBP!XANES/specti®Oaf
supported Cu catalysts (on SiO,, C, TiO,, ZnO, and unsupported
Cu) measured following in situ reduction (40 kPa H,, 60 kPa He,
573 K) do not change after introduction of the reactant
mixture for 30 min (4 kPa C,HsOH, 0.75 kPa C,H,0, 0.25
C,H30,, 30 kPa H,, bal. He, 503 K) within the uncertainty of the
technique. These data strongly suggest that oxidation states
measured at a given temperature during temperature
programmed reduction-XANES (TPR-XANES) experiments
match those present during C,H;OH dehydrogenation
experiments measured under strict kinetic control.

Ester formation rates normalized by total Cu atoms
measured at Xg oy = 10% (Fig. S5, 503 K, 2.75 kPa C,H;0H, 15
kPa H,, 83.6 kPa He) decrease with increasing particle
diameter as reser ~ d*3* %2 for SiO, supported Cu catalysts,
which suggests that esterification may occur on under
coordinated sites such as edges, corners, or perimeter sites at
the interface of the Cu clusters and the support.33 While regter
depends monotonically on the diameter of Cu clusters on Cu-
SiO,, esterification selectivities vary by an order of magnitude
for a given Cu cluster diameter across multiple catalyst
supports (e.g., SiO,, C, TiO,, CrO,, Al,05, etc.) and do not
correlate with Cu cluster size when the identity of the support
also changes (Fig. S6). Taken together, the number of
esterification sites, depends on both the support identity and
the cluster size. This suggests that active sites for ester
formation exist at the perimeter of the cluster-support
interface and not on metal terraces,13 which are minimally
influenced by the support. These perimeter sites may be Lewis
acidic cu® species, as implied by pyridine inhibition
measurements (Fig. S1). The importance of cu® for
esterification reactions can be directly tested by correlating
XANES measurements with selectivity measurements, as
described below.

Figure 2a shows XANES spectra obtained at the Cu-K edge
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Fig. 2 a) TPR-XANES spectra of Cu-K edge on 2 nm Cu-SiO,, and b) change in the
distribution of Cu in Cu®* (m), Cu’ (), and Cu’ (A) oxidation states during in situ
reduction from 298 K- 773 K, 5K min™ in 40% H,/60% He.
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Fig. 3 Y (rester/Ydehydro) COrrelate with the ratio of cu® to e’ species at 573 K for Cu
catalysts including Cu supported on ZnO-AlLO, (¥), TiO, (A), ALO, (%), SiO, (2 nm, #; 3
nm, m; 8 nm, &; 35 nm, @), C (8 nm, %), ZnO (#) CrO, (<), Raney Cu(2), and
unsupported Cu (®). Insert illustrates cu® atoms at the cluster perimeter. Rates are
measured at Xgoy = 10% (2.75 kPa C;HsOH, 15 kPa H,, 83.6 kPa He, 503 K) and
corrected for the approach to equilibrium. Linear fit (dashed) includes all filled symbols.

(8980 eV) during TPR of 2 nm Cu-SiO, (40 kPa H,, 303-773 K, 5
K min™"), and the changes in the spectral line shape with
increasing temperature reflect the stepwise reduction of Cu
atoms (Cu2+%Cu+9Cuo). Figure 2b shows the mole fraction of
Cu in each oxidation state as a function of temperature
(oxidation state distributions at 573 K for all other Cu catalysts
are provided in SI, Table S7). The fractions of Cu®*, Cu®, and Cu°
present during C,HsOH dehydrogenation were calculated from
TPR-XANES curves at the reaction temperature, assuming that
oxidation states do not change with the introduction of
oxygenates (Figs. S2 and S3).

Figure 3 shows the correlation between the ratio of rates
for C4HgO, and C,H,0 formation (y, where y = regter/Tqendro) and
the ratio of (Cu2+
supported on two classes of materials, which are described

individually. For all materials, the measured ratio of (CuZ+ +

+ Cu+) to cu® present in Cu nanoparticles

cu’) to cu° gives a quantitative measure of the reducibility of
Cu and encompasses all indirect factors that affect the extent
of charge transfer from Cu atoms to the support or adsorbates.
Charge transfer at the interface between the metal cluster and
the support forms exposed cu® sites around the cluster
perimeter, as described for Cu-CeOZ,34 Pt-SiOz,35 and Au-TiOz.g6
The bulk ratio of (Cu2+ +Cu’) to Cu® measured by XANES also
represents that of exposed Cu species available for catalysis, if
we assume that Cu®* species can exist only at the cluster-
support interface and that the Cu clusters are hemispherical
(derivation in ESI, Equation S1).

First, values of y linearly correlate to the ratio of (Cu2+ +
cu’) to cu® for catalysts that do not contain a second metal
oxide component that can independently facilitate
esterification (i.e., SiO,, C, ZnO, ZnO-ALO,, Cr,0; and
unsupported Cu powder; filled symbols, Fig. 3). Among these
materials, values of y do not depend solely on the diameter of
Cu clusters, or the identity of the support, rather y is a complex
function of both. This correlation (Fig. 3) provides compelling
evidence that exposed cu® species (and not Cuo), present at
the interface between Cu clusters and supports, are the

This journal is © The Royal Society of Chemistry 20xx
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predominant active sites for esterification on inert, catalyst
supports. DOI: 10.1039/C6CC0O8305F

Second, Cu clusters in contact with metal oxides that
independently catalyze esterification (i.e., TiO,, co-precipitated
Cu-AlO,, and Raney Cu; hollow symbols, Fig. 3) lie above the
linear trend line, because Ti02,37'39 and AI,(OY39_41 catalyze ester
formation even in the absence of Cu. In addition, Raney Cu
produced from CuAl alloys contains trace Al, as demonstrated
by compositional analysis (Table S4), that may form Al,O, in
situ. AlLO, and TiO, catalysts prepared without Cu show
significant selectivities for esterification (Table S3); however,
rates associated with the support cannot be directly
subtracted from the total esterification rates on Cu-ALO, and
Cu-TiO, because of significant differences between the surface
areas and properties of materials made with and without Cu
(Table S3). Yet, these data (Fig. 3 and Table S3) show that
these Lewis acidic supports catalyze esterification, which
increases y without increased cu® sites, and are consistent
with the hypothesis that Lewis acid sites, whether cu® or
support sites, catalyze esterification.

Scheme 1 shows interdependent catalytic cycles for the
esterification of C,HsOH that are consistent with C,H3O,
formation rates (measured here and previously reported for
Cu catalysts)ls’zs‘zs’41 as well as the role of Cu®" and Cu” sites in
this reaction. Adsorption of C,H;OH and C,H,O onto
unoccupied cu® surface sites to form adsorbed ethanol
(C,HsOH*) and acetaldehyde (C,H,0%*) (1.1 and reverse 1.5,
respectively), the dissociative adsorption of H, (reverse 1.4 and
reverse 1.9), and O-H bond rupture to form ethoxide (C,H;0%*)
(1.3) are all assumed to be quasi-equilibrated steps based on
previous studies of Cu clusters’®*”** and Cu (110)43 and
Cu(111) surfaces.***® The elimination of hydrogen from the
carbonyl carbon of C,H;0* (1.3) completes dehydrogenation
and forms C,H,O by subsequent desorption of C,H,O0* (1.5).
The esterification cycle begins with adsorption of C,H,0 to
cu™ sites (1.6) forming an activated aldehyde intermediate

Scheme 1 Proposed mechanism for ethyl acetate formation from ethanol through a
dehydrogenation (1.1-1.5) and redox esterification cycle (1.6-1.10) on cu®and cu®.
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(C,H,0™*) on Cu’. Nucleophilic attack of C,HsO* to the
carbonyl of C,H,0™* reforms cu”™ and a hemiacetal
intermediate (1.7), which dehydrogenates to produce C,HgO,*
and H* (1.8), which desorb (1.9, 1.10). Scheme 1 shows that
that bind aldehydes
interconvert with Cu®’ sites within the redox cycle that forms
C,HgO,, as described for esterification on homogenous Cu
catalysts (e.g., cuBr'®* and Cu(OAc)z).19

Overall, the strong correlation between y and the ratio of
the Cu oxidation states, together with the inhibiting effects of
pyridine on ester formation rates, provide compelling evidence
that Cu®* sites participate primarily in the catalytic cycle that
produces C,HgO, from reactions of C,H,0 and C,HsOH (Scheme
1) while cu® mainly catalyzes the intervening steps for
dehydrogenation. The number of esterification active sites
(i.e., cu® species) depends on the cluster size (i.e., number of
perimeter Cu atoms), and the identity of the support, which
affects the extent of charge transfer. This work offers insight
into possible combinations of characterization methods to
identify specific reaction centers and highlights the need to
understand and control selectivity of potential reactions of
biomass fermentation products to commodity chemicals.
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