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ABSTRACT: We present the direct synthesis of stabilizer-free
Cu—TIr alloy nanoparticles (NPs) with tunable compositions. Cu
and Ir are classically immiscible in the bulk. Therefore, the
physical and catalytic properties of Cu—Ir alloys are largely
unknown. A convenient microwave-assisted method utilizes
readily available Cu’* salts and IrCl; in a modified polyol
reaction; NaOH facilitates rapid solvent-assisted coreduction to
yield Cu,Ir(oo_,)NPs, where x can be varied within the
approximate range 10—50. The as-synthesized NPs form stable
dispersions of small (~2 nm) and near-monodisperse
cuboctahedra without the requirement of organic stabilizing
(capping) agents, resulting in nanostructures that are directly
amenable to heterogeneous catalysis. Cu,Ir(;g0_,)NPs supported
on mesoporous Co;0, show high selectivity toward the
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selective partial hydrogenation of crotonaldehyde to yield >40% crotyl alcohol in the vapor phase. The selectivity toward
C=0 versus C=C bond hydrogenation is largely insensitive to the Cu:Ir ratio but more Ir rich compositions are also more
highly active. Density functional theory (DFT) studies explain this behavior in two ways: first the Co;O, support enhances
selective C=0 bond activation of the crotonaldehyde feedstock via favorable support-reagent adsorption; second, increasingly

Ir-rich CulrNP surfaces provide more Ir- sites, resulting in higher hydrogenation activity.

B INTRODUCTION

The synthesis and chemistry of nanoscale bimetallic solid-
solutions of a noble metal and a first-row transition metal are
of topical interest for applications in catalysis," > optics,** and
sensing.”” Partial substitution of noble metal atoms in their
native face-centered cubic (FCC) crystalline lattices with
cheaper, more abundant first-row transition metals is a
convenient way to reduce their overall volumetric cost.
Simultaneously, alloying can lead to enhanced chemical and
thermal stability compared with the pure noble metals.
Furthermore, from the perspective of surface chemistry and
catalysis, the average binding energy of an alloy surface toward
reactant molecules can be fine-tuned as a function of both
electronic (i.e, d-band center) and geometric (i.e., surface
ensemble) effects that arise from local heteroatomic inter-
actions. Control of such effects can be achieved via synthetic
control over an alloy’s composition and structure. In turn, this
general strategy can permit substantial catalytic activity and
selectivity enhancements for noble metal catalysts commonly
utilized in large-scale chemical conversions, whose properties
have otherwise already been fully optimized.*™ "’

Many approaches have been developed to prepare alloy NPs
of noble metals and light transition metals, such as chemical
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coreduction and thermolysis. Microwave-assisted

methods have proven to be efficient in generating alloy NPs
with well-defined compositions and structural homogene-
ity.'*™"® Under microwave irradiation, polar solvent molecules
and other polarizable precursors (e.g., metal ions) undergo
dipolar rotational excitation, leading to rapid and localized heat
dissipation. As a result, inhomogeneous heat transfer leads to
the formation of short-lived “hot-spots”, whose temperatures
can be orders of magnitude higher than the bulk solution.'”*’
Within these regions, metal precursors of classically immiscible
systems may be reduced and coincorporated into nanoparticle
seeds as metastable solid-solution alloys.'*"** For example,
we have shown in our previous studies that RhAg and Aglr
alloy NPs can be formed using microwave heating while
conventional heating under otherwise identical conditions
generates ill-defined mixtures of predominantly monometallic
NPs 2122

In general, solvent-based routes for the synthesis of well-
defined metallic NPs requires the presence of stabilizers (a.k.a.
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Figure 1. (A) TEM image of as-synthesized Cu,;Ir;;NPs; Inset: size distribution histography. (B) PXRD patterns of PVP-capped, Vulcan-
supported and precipitated Cuy,Ir;NPs. (C) PXRD patterns of Vulcan-supported Cu, Ir, and CulrNPs with different compositions. The
corresponding theoretical reflection positions for Cu (JCPDS card # 04—0836) and Ir (JCPDS card # 006—0598) are also shown for reference. (D)
PXRD patterns for Cu,lIr(;po_,)NPs with Ir nominal composition 50% prepared with different Cu precursors.

capping agents) that adhere to the growing NP surfaces via
weak to moderately strong covalent or ionic interactions.
Stabilizers are often critical to prevent particle-to-particle
agglomeration, as well as to control the rate and/or direction
of further NP growth.”””* Common capping agents include
organic polymers (e.g., poly(vinylpyrrolidone) (PVP), poly(-
vinyl alcohol) (PVA)), and organic molecules or ions (e.g.,
oleylamine, citrate).”> Unfortunately, however, from the
perspective of heterogeneous catalysis, any such capping
agent represents an intrinsic hindrance to the final application:
surface-bound stabilizers serve to block metal surface sites from
reactant molecules, thus resulting in slow catalytic turnover.
Furthermore, removal of capping agents prior to catalysis often
requires relatively harsh chemical or physical treatments, which
can inadvertently cause unwanted restructuring (i.e., morpho-
logical changes or dealloying) of the NP catalysts.

Methods to remove capping agents from the surfaces of NPs,
such as thermal annealing,zs_28 UV-ozone treatment,” ™" or
chemical treatment’ >’ can result in unwanted surface
oxidation, structure, or shape change of alloy noble metal
NPs.>**” Incomplete decomposition of organic capping agents
can also result in surface coking and/or poisoning, which can
retard catalytic performance.”® Thus, identifying new ways to
prepare well-defined metallic nanocatalysts that do not require
bulky or strongly bound surface stabilizers is of topical
interest.*' ~* For example, Xia and co-workers showed that the
total amount of oleic acid and oleylamine capping agents
required to stabilize Pt—Ni NPs could be reduced using benzyl
ether as a solvent and competitive stabilizer; this resulted in a
significant electrocatalytic enhancement in the oxygen
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reduction reaction versus Pt—Ni NPs with higher oleic acid/
oleylamine surface coverage.**

Here, we present a rapid and convenient microwave-assisted
method for the preparation of CulrNPs without the use of
traditional stabilizers. The NPs are only stabilized by the
solvent (ethylene glycol; EG) and weakly bound chloride ions
from the precursors. The method provides near-monodisperse
and ultrasmall (ca. 2 nm) CulrNPs as stable suspensions. The
NPs can be easily dispersed onto different inorganic supports
and are highly active in selective hydrogenation reactions in the
vapor-phase without the requirement for any pretreatment. In
2018, we published the first example of Ag—Ir alloy NPs
prepared by a microwave-assisted method.”’ At around the
same time, the Kitagawa group in Kyoto published the first
example of Cu—Ir alloy NPs, prepared by a conventional
method.* Arguably, the use of Cu in place of Ag is more
attractive from an economic standpoint in terms of bulk
catalyst synthesis. Notably, however, both of these prior works
required the presence of PVP as a capping agent. We were
therefore motivated to further investigate the synthesis of Cu—
Ir nanostructures in the absence of PVP.

B RESULTS AND DISCUSSION

Cu,lr(;00_,)NPs with defined compositions were prepared by
changing the relative molar amounts of the Cu** and Ir**
precursors employed. A single solution containing both CuCl,-
2H,0 and IrCl;-#H,O premixed in EG was injected directly
into a stirred EG solution containing NaOH (0.0125 M),
which was preheated to 125 °C inside the cavity of a CEM-
MARS-5 microwave reactor under a flowing atmosphere of N,
gas. The precursors were then added at a rate of 0.4 mmolc,,,
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h™" over a 15 min injection period, controlled by syringe pump
(see Supporting Information, SI, for further details). Almost
instantly upon initiation of the precursor injection, a dark
suspension was formed, indicative of rapid reduction of the
metal precursors. The suspensions were heated for an
additional 30 min at 125 °C before being quenched in an
ice water bath. The resulting NPs were stable upon standing
indefinitely in the EG mother liquor upon exposure to air. In
actuality, the EG solvent should itself be regarded as a surface
passivation agent, since it has the capability to form weak
donor—acceptor interactions with atoms on the NP surfaces
via the EG-oxygen lone pairs. However, EG is known to act as
a very weakly coordinating solvent in both molecular and
heterogeneous settings, and is competitively desorbed from NP
surfaces in the presence of species bearing stronger (i.e., more
Lewis basic) donors. Since there is likely no such thing as
“naked” NPs in solution, it can be assumed that EG acts to
stabilize the ultrasmall NPs prepared by this method (vide
infra).

In order to determine the range of alloy compositions that
could be accessed by this method, a systematic series of
reactions were conducted to prepare Cu,lr(y_,)NPs with
different nominal target compositions in the range x = 10—90.
The isolated NPs were initially analyzed by a combination of
transmission electron microscopy (TEM) to determine average
size, morphology and dispersity, and by powder X-ray
diffraction (PXRD) to determine the bulk atomic structure
and extent of alloying. For the TEM studies, the as-synthesized
NPs in EG were diluted by addition of ethanol (ca. 1:15 v/v)
and directly drop-cast on to Formvar-coated grids. In support
of the premise that EG acts to stabilize the CulrNPs, direct
drop-casting of the as-synthesized NPs on to Formvar-coated
grids and subsequent imaging by TEM revealed well-dispersed
and near-monodisperse 1.7—2.1 nm CulrNPs, without
evidence of any agglomeration (Figures 1A and S1).

Since PXRD requires the isolation of solid (dry) samples, a
number of isolation methods were tested. First, the as-
synthesized NPs were subjected to precipitation by addition of
acetone followed by centrifugation. Indexing of the observed
reflections confirmed that the CulrNPs adopted a face-
centered cubic (FCC) structure as for the individual metals
(Figure 1B). The solid material isolated by this method could
not be readily redispersed in fresh EG upon sonication. This
observation suggested to us that the NPs had become
irreversibly agglomerated (Figure S2). While perhaps this
was an unsurprising result, this was not a prohibitive issue since
our intention was to directly support the stabilizer-free
CulrNPs on to secondary catalyst supports via incipient
wetness impregnation. This step circumvents agglomeration
issues while simultaneously providing catalysts with clean
metal surfaces. As an alternative preparation method that more
closely mirrors the desired catalyst preparation method, we
next prepared PXRD samples by addition of amorphous
graphitic carbon (Vulcan XC-72R) to the as-synthesized
CulrNP solutions (to achieve an approximate 30 wt % total
metal loading) followed by overnight stirring under N,.
Subsequent isolation of the CulrNP-Vulcan composites by
vacuum filtration, washing with ethanol and drying the samples
under vacuum gave free-flowing powders whose PXRD
patterns were indistinguishable from the directly centrifuged
samples (Figure 1B). Third, the as-synthesized CulrNP
suspensions were treated by the direct addition of solid PVP
followed by stirring at room temperature for 10 min, followed

by precipitation with acetone and centrifugation. This yielded a
glassy solid, reminiscent of what is usually obtained when PVP
is included in the NP synthesis. The resulting PXRD patterns
of this material were indiscernible from the other methods of
isolation (Figures 1B and S3) but the NPs could be readily
redispersed into fresh EG solvent. Taken together, these
analytical results and qualitative observations suggest that EG
does indeed function as a weak stabilizing agent for the
CulrNPs, and is easily displaced by precipitation or by the
introduction of more effective capping agents.

Direct comparisons of the PXRD patterns obtained on
Vulcan (Figure 1C) or via the addition of PVP (Figure S3) as a
function of relative Cu:Ir ratios employed in the precursor
solutions showed that the positions of the (111) and (220)
reflections for the Cu,Ir(;oo_,)NPs were located between the
indexed positions corresponding to pure Cu and Ir standards
from the database, indicative of intrinsic alloying between Cu
and Ir. Furthermore, a consistent shift was observed in line
with the value of x (Figures 1C and S4—S6). In general, all
reflections were broad, as expected for very small NPs. In line
with the TEM measurements, the most Ir-rich CulrNPs gave
the broadest X-ray reflections, and correspond to the smallest
average NP diameters. The Cu,lr(;po_,)NP sizes were also
predicted from the PXRD data using the Scherrer equation,
which showed a consistent increase in size with increasingly
higher Cu composition (Table 1).

Table 1. Physical Characterization of Cu,Ir(;g_,)NPs

composi- composi-
nominal com- tion by IC- tion by XPS-
position (%) size (nm) P-OES (%) (%)
Cu Ir PXRD STEM Cu Ir Cu Ir
12 88 1.1 1.74 + 0.49 12 88 12 88
25 75 1.5 1.84 £ 0.4S 26 74 26 74
38 62 1.8 2.00 + 0.63 35 65 34 65
S0 S0 2.1 2.10 £ 0.55 47 S3 46 54

Using the microwave-assisted method described above, the
PXRD patterns of increasingly Cu-rich Cu,Ir(;0o_oNPs (x >
47) showed the evolution of asymmetric reflections with
shoulders at lower 26 values, indicative of the presence of pure
CuNPs in addition to Culr alloys (Figure S7). Correspond-
ingly, TEM imaging revealed a bimodal distribution of particle
sizes, with the presence of additional, larger (>20 nm)
monometallic CuNPs (confirmed by energy-dispersive spec-
troscopy (EDS); Figure S8). The apparent inability of the
microwave method to form Cu-rich alloys is likely due to
differences in the comparative reduction rates of Cu** and Ir**
in EG. Ir** is reduced faster than Cu®" under the reaction
conditions; therefore, higher Cu** concentrations are likely to
favor spontaneous nucleation of CuNPs, which in turn
disfavors the incorporation of Cu** ions into the growing
Culr nuclei.*® We have observed similar behavior in the case of
AgIrNPs.”' Kitagawa and co-workers were able to prepare a
wider range of PVP-capped CulrNPs, albeit at a significantly
higher reaction temperature (T = 225 °C C;'f' 125 °C), which
may have facilitated faster Cu®" reduction.®

Cu,Ir(190-)NPs with x ~ 10—S50 could also be prepared
using a broad range of other common Cu®" precursors. The
PXRD patterns of CulrNPs prepared from four different
common Cu** precursors (Cu(ClO,),-6H,0, Cu(OAc),-H,0,
CuBr,, Cu(acac),) with a nominal Cuglrs, composition
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Figure 2. Deconvoluted XPS spectra of (A) Ir 4f region (B) Cu 2p region and (C) Cu LMM Auger for Cuy,Irs; NPs, with references shown in
solid lines (black: Cu(0); green: Cu(I)); the binding energies were referenced to C 1s graphite (284.5 eV).

showed the same diffraction patterns to that of CugylrsoNPs
prepared using CuCl,-2H,0 (Figure 1D).

To assess the actual final compositions of the as-synthesized
CulrNPs in this work, inductively coupled plasma optical
emission spectroscopy (ICP-OES) and X-ray photoelectron
spectroscopy (XPS) were employed (Table 1). Samples were
prepared for ICP-OES and XPS by directly depositing the
CulrNPs on Vulcan carbon; for the former analysis, the
CulrNP-Vulcan composites were digested by heating to 200
°C in a concentrated aqueous HCI/H,0, solution to effect
complete dissolution. For all compositions studied, there was
excellent agreement between the measured Cu:lr ratios by
ICP-OES and XPS, and the measured values were also close to
the nominal compositions, indicating that the Cu®* and Ir**
precursors were fully reduced and incorporated into CulrNPs
during the syntheses.

The XPS characterizations also revealed further important
information regarding the distribution of surface oxidation
states of the CulrNPs. The measured binding energies for Cu
and Ir were referenced to C 1s from graphite (284.5 eV). The
XPS spectrum for Cu,,IrssNPs gave emission bands ca. 63.9
and 60.9 eV, corresponding to the 4f;,, and 4f;, transitions for
Ir."” Peak deconvolution indicated that approximately 70% was
I’ and the remaining 30% was Ir** (Figure 2A). The Cu 2p
region of the spectrum showed a similar ratio of Cu®*:Cu*" of
70:30, which was also confirmed by the presence of low-
intensity satellite peaks (Figure 2B). Since Cu’ and Cu* both
have identical binding energies of 932.3 eV, differentiating
these two oxidation states is difficult. However, the Cu LMM
Auger line with a kinetic energy of 918.2 eV confirmed that
most of the copper in Cu,lr(;40_)NPs was in fact in the
zerovalent metallic state (Figure 2C). Given the average
measure size of the CuyIr;NPs (2.10 nm) and assuming a
cuboctahedral morphology, an average NP consisting of 309
total atoms would present 52% of the atoms at the surface. The
XPS findings here suggest that all core Cu and Ir atoms are in
the metallic state, while the surfaces are presumably composed
of a mixture of oxidation states, due to partial surface
oxidation. Increasingly Ir-rich CulrNPs showed similar XPS-
derived ratios of oxidation states to that of Cuylrg;, and no
obvious binding energy shifts were observed due to composi-
tional differences (Figures S9—12 and Table S1).

High-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) images of various
Cu,Ir(199_)NPs further confirmed that the majority of NPs
adopted a spherical shape (Figure 3A—E). Size measurements
of >300 particles of a given composition showed that the
average Cu,lIr(;o9_,)NP diameter had a liner dependence with
composition, with the most Cu-rich NPs being the largest
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Figure 3. HADDF-STEM images for stabilizer-free NPs: (A) pure
IrNPs; (B) Cup,IrggNPs; (C) Cuyglr,NPs; (D) CuyslrggNPs; (E)
Cuylrg, NPs; and (F) particle size as a function of Cu composition.
The insets show the corresponding size distribution histographs.

(Figure 3F). The NP sizes obtained from HAADF-STEM
imaging were also consistent with the results of the Scherrer
equation (Table 1). Pure Cu NPs prepared by the same
method have a much larger size (>50 nm) and wider size
distribution (Figure S13). 2D EDS elemental mapping analysis
of a collection of three Cu,Irs;NPs further confirmed
homogeneous mixing of Cu and Ir at the nanoscale, verifying
a uniform solid-solution alloy structure within the CulrNPs
(Figure S14).

As mentioned above, the stabilizer-free CulrNPs remained
dispersed in the EG mother liquor without undergoing
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Scheme 1. Most Commonly Obtained Reaction Outcomes in the Hydrogenation of Crotonaldehyde
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precipitation for weeks. This infers that the NP surfaces were
protected by adsorbates present in, or generated by, the
synthetic method. Attempts were made to probe the identity of
the species acting as stabilizers. Previously, Kunz and co-
workers studied the surface chemistry of capping agent-free Pt
nanoclusters obtained by conventional methods.”® FT—IR
spectroscopy was employed to identify the presence of CO
ligands bound at the PtNP surfaces, generated in situ by
solvent decarbonylation. The C=O stretching frequencies
were found to be sensitive to the OH™ concentration, which
led to the conclusion that the PtNPs were stabilized by both
CO and OH™. Accordingly, we studied the CulrNPs by FT—
IR spectroscopy but did not detect any CO moieties at the
CulrNP surfaces (Figure S15). Presumably, either CO was not
generated under the microwave-assisted reaction conditions, or
its surface adsorption was disfavored at the Cu—Ir alloy
surfaces. However, it is reasonable to assume that OH™ from
NaOH could act as a stabilizing agent, as could CI” ions
released from the CuCl, and IrCly; precursors. A closer
examination of the XPS spectrum of the as-synthesized
CulrNPs deposited on to Vulcan carbon confirmed the
presence of Cl (Figure S16), with an atomic ratio of Cl:Ir =
1:10. In order to rule out the physisorption of CI” on the
carbon support, an XPS spectrum was also taken of Vulcan
carbon after exposure to a solution of NaCl containing the
same molar quantity of CI™ as in the CulrNP synthesis. No Cl
signal was observed in this case, indicating that the Cl detected
in the CulrNPs-Vulcan composites was predominantly
associated with the NPs (Figure S16). Thus, it is most likely
that the CulrNPs prepared in this work are electrostatically
stabilized by a combination of CI” and OH™ adsorbates in
addition to steric stabilization by EG. Furthermore, the as-
synthesized CulrNPs were rapidly precipitated by the addition
of large quantities of other electrolytes (e.g, NaOH, H,SO,,
Na,SO,). Once precipitated, the solid could not be redispersed
into fresh solvent, including H,O, EtOH, EG, acetone, DMF,
or THF.

In order to understand the role of NaOH in the synthesis of
CulrNPs, attempts were also made to prepare Cu, Ir, and
CulrNPs in the absence of NaOH. Without NaOH, the
reduction of IrCl; by EG demands temperature equal to or
higher than 150 °C, while the reduction of Cu(II) could not be
achieved even after heating the EG solution of Cu(Il) to
boiling point for 1 h. This is mainly due to the low standard
reduction potential of Cu**/Cu’ (0.34 V) compared with Ir**/
I° (1.16 V).* Interestingly, when an equimolar mixture of
CuCl, and IrCl; was added to EG preheated at 150 °C, Cu*"
could be partially reduced (possibly due to autocatalytic
reduction by IrNPs);>**' the bulk NP composition was
determined to be Culrg, by both ICP-OES and XPS.
However, increasing the reaction temperature or changing the
precursor ratios did not achieve a further increase in the

relative Cu composition (Figures S17—S19). It has been
reported that NaOH promotes the dehydration of EG at
elevated temperature, generating H,O and acetaldehyde.’”"’
The latter, being a stronger reducing agent than EG, is believed
to facilitate the reduction of metal precursors (especially
Cu(1I)) at lower temperature and promote the formation of
solid-solution alloy structures over a broader composition
range.

To study the catalytic properties of CulrNPs, vapor-phase
hydrogenation of crotonaldehyde (CRAL) was chosen as a
model reaction, since it allows both the catalytic turnover and
the C=O versus C=C hydrogenation selectivity to be
simultaneously assessed as a function of the alloy composition.
The heterogeneous hydrogenation of CRAL by H, gas
provides a number of product outcomes, which are
summarized in Scheme 1. Selective hydrogenation of the
C=0 bond to yield crotyl alcohol (CROL) is the industrially
desired product, but hydrogenation of the C=C bond to yield
butyraldehyde (BUAL) is thermodynamically favored, while
CROL is kinetically unstable with respect to rearrangement to
yield BUAL.>* As such, this continues to be a challenging
reaction of both fundamental and practical interest. Secondary
support effects are widely known to play a crucial role in
enhancing the reaction selectivity to yield CROL via actlvatlon
of the C=0 bond 3956 Recent works by our group’' and
Somorjai group™® have shown that amorphous and meso-
porous forms of Co;0, provide enhanced selectivity toward
CROL, due to preferential head-on adsorption of CRAL with
the Co;0, surface via support--O=C(H)CH=CHCH,
interactions that destabilize the C=O bond and promote
hydride transfer to these groups.”® Meanwhile, direct
adsorption of CRAL at the metal NP surfaces has been
shown to favor activation of the C=C bond via
thermodynamically more favorable side-on binding; modifica-
tion of a Cu(111) surface with adatoms such as S have been
shown to force the CRAL to tilt, resulting in increased C=0
activation.”’

In this work, catalysts were prepared by direct mixing of the
as-synthesized Cu,lr(;oo_,)NP suspensions with dispersion of
mesoporous (m-) Co;0, in EtOH and stirring for 24 h (see
SI). The composites were separated by centrifugation and
washed by EtOH before being dried under vacuum at room
temperature. The actual metal loadings achieved by this
method were determined by ICP-OES. In a typical catalytic
study, 30 mg of the supported catalyst was mixed with acid-
washed sand and placed on a D3 porosity frit in a custom-
made single-pass quartz reactor. The Cu,lr(;g9_,)/m-Co;0,
catalysts were stabilized under the reaction conditions in the
absence of CRAL under flowing H,/He at 70 °C for 1 h. To
initiate the catalysis, CRAL vapor was then introduced into the
gas flow using a fritted bubbler held at 0 °C to ensure the
vapor pressure remained constant. Products were monitored
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obtained on Cu,Ir(;99—y)/m-Co30,, as a function of Ir percentage. (B) The turnover frequency to corresponding products obtained on Cu,Ir(;00—y)/

m-Co;0, with different composition.

on-stream by a gas chromatograph (GC) fitted with an
autosampler and using flame ionization detection (FID).
Turnover frequencies (TOFs; molcg, /surface site/s) were
calculated by taking the corrected raw FID integrations,
applying correction factors, and by estimation of the total
metal surface sites from the TEM data (see SI for details).

The TOF and product selectivity data obtained for five
separate m-Co;0,-supported catalysts with different Cu:Ir
compositions (Cuylrg; Cuyelrgs, Cuyelry,, Cup,lrgs, Irjg) is
summarized in Figure 4; the data points reflect TOF and
selectivity values for the catalysts after 140 min on-stream, at
which point the catalysts had reached a pseudosteady-state.
The first observation is that the overall catalyst activity toward
CRAL hydrogenation smoothly increased as a function of
increasing Ir content, and reached a maximum at Cuy,lrgg;
pure IrNPs of the same size were slightly less active than the
most Ir-rich alloy (Figure 4A; green data). Second, all catalysts
produced over 40% of the target CROL and a similar amount
of BUAL (Figure 4A; yellow and orange data); this extent of
selectivity toward CROL is comparable to the best reported Ir
catalysts in the literature.”® It should be noted that the same
NP catalysts supported on amorphous SiO, produced only
BUAL and no CROL under the same reaction conditions
(Figure S20). This is direct evidence that the m-Co;0, support
plays an important role in activation of the C=O bond in
CRAL (see above), and is further supported by the observation
that the relative selectivities toward CROL and BUAL were
largely insensitive to the Cu:lr ratio. More specifically, the
amount of the target CROL produced smoothly and gradually
decreased from 45 to 41% with increasing Ir content, which
also corresponds to an increasing overall TOFg,; in line with
previous observations that more Ir-rich NPs favor direct C=C
hydrogenation at the NP surfaces. A minority of doubly
hydrogenated BUOL was also observed for all compositions,
which also increased to ca. 10% for the most Ir-rich catalysts.
Detectable trace amounts of propylene (PP; < 0.5%) were also
detected for all catalysts (Figure 4A). The TOF values for
BUAL, CROL, and BUOL as a function of the Cu:Ir ratio are
shown in Figure 4B.

Given the fact that the CulrNPs are electrostatically
stabilized, we investigated the role that CI” ions at the NP
surfaces may play in blocking surface sites. Unlike the range of
common Cu(II) salt precursors that are commercially
available, chloride precursors of Ir(III) are by far the most
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favored from an industrial perspective, as they are most widely
available at a reasonable cost. Organometallic Ir precursors are
often less soluble in EG and are commonly the Ir(I) salts,
which detrimentally change the reduction kinetics. As such, to
probe the potential role of Cl ligands upon catalytic activity, we
used the same synthesis method to prepare analogous
Cu,sIrgsNPs using halide-free Cu(TFA), and Ir(TFA),
precursors. TEM analysis confirmed the NPs were similar in
size and dispersity to the Cl-based NPs (Figure S21) and ICP-
OES was used to confirm the Cu:Ir composition in bulk
(Table S2). The TFA-Cu,IrgsNPs were dispersed on Vulcan
carbon as described above; XPS analysis confirmed no Cl was
present but a new signal corresponding to the presence of F
(1s) was also found, which confirmed the presence of TFA
ligands (Figure S22). Interestingly, the catalytic activity of this
catalyst was the same as the corresponding Cl-stabilized
catalyst within experimental error (Figure S23).

TFA (F;CCO,") is known to be a more weakly binding
stabilizer than CI” in both homogeneous and heterogeneous
settin§s; it is a weak conjugate base of the corresponding
acid.”” The experimental ratio of F;CCO, :Ir = 1:14, while for
the Cl-based CulrNPs, the ratio of Cl:Ir was 1:10. The lower
amount of TFA on the NP surfaces may be due to weaker
binding of TFA or steric considerations. Considering there is
an equal amount of Cu and Ir in the NPs, and ~52% of the
metal atoms are on the outermost layer of an average NP
consisting of 309 atoms, the ratio of CI~ and CF;COO™ to
surface metal atoms is 1:10.4 and 1:14.6, respectively.
Collectively, we conclude that the CI™ ligands do not play a
major role in hampering the catalytic ability of the NPs.

We also compared the catalytic activities of PVP-capped
CulrNPs versus the capping agent-free NPs by taking a batch
of the most active catalyst composition, Cu,Irgg, and adding
PVP to the NP solution after synthesis. The PVP-capped
Cu,,IrgsNPs were then deposited on m-Co;0, and ICP-OES
and TEM were used to confirm comparative loading behavior
(Figure S24). Without pretreatment, the purposely PVP-
capped catalyst possessed a TOF of 0.0036 molcga;-surface
site™'-s™!, which was only one-eighth of that for its capping
agent-free counterpart (0.0258 molcgy, -surface site™'s™").

Next, density functional theory (DFT) calculations were
conducted to provide a more in-depth understanding of the
observed experimental catalytic properties as a function of
Cu:Ir compositions. It has been shown in previous studies that
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the tunability of the H binding energy on bimetallic alloy
surfaces is the most important descriptor of hydrogenation
activity.”>*7°°~%* Therefore, DFT calculations were first used
to calculate the H binding energies on Culr_, (x = 0.25,
0.50, and 0.75) (111) alloy surfaces (Figure SA). Except for
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Figure S. (A) DFT-calculated H binding energies at four different
triatomic ensembles on Culr surfaces. Each error bar represents the
standard deviation of ten calculated H binding energies. Ten random
configurations of Cu,r,_, were generated for calculations. (B)
Schematic pictures of H binding sites at the four different triatomic
ensembles after DFT relaxation. Blue and brown circles represent Ir
and Cu atoms, respectively.

Cu, triatomic ensembles, the other three Ir-related triatomic
ensembles (Ir;Cu,, Ir,Cu;, and Ir;) all have relatively strong
average H binding energies; Ir;Cu, tends to have the strongest
H binding, followed by Ir,Cu, and Ir; (Figure SA).
Interestingly, for the Iry,sCug;5(111) surface, H could not
be adsorbed on the Ir; hollow site (Figure SA, data in yellow).
This is because the lattice constant of the surface is
overcompressed due to the higher Cu percentage, leading to
a misalignment of d-electrons among surface Ir atoms. It is also
worth noting that H atoms could be adsorbed at the 3-fold
hollow site of Ir;Cu, instead of migrating to the Ir atop site
(Figure SB); this behavior is in contrast to some previously
studied bimetallics (e.g, PtAu and IrAg) that show
“untunable” H-binding behavior.”"***' Compared to some
other alloys that display both strong and weak adsorption
capacities (e.g, PdAu and RhAu) 0 the differences among the
three Ir-related triatomic ensembles are relatively small,
suggesting overall weaker tunability for H adsorption on the
Culr (111) alloy surface. Alloying more Cu with Ir generally
increases the number of Cu; ensembles, which in turn binds to
H too weakly by dilution of Ir-containing ensembles, resulting
in a predicted lowering of the overall catalytic hydrogenation
activity. This is consistent with the experimental observation
that the average TOF decreases somewhat linearly with
decreasing Ir composition (Figure 4). The nearly linear
hydrogenation TOF trend with the increase of strong binding
metal composition is similar to our previous theories and
experiments studied for PtAu®' and Aglr.”'

In order to understand the selectivity of CRAL hydro-
genation toward CROL, we next conducted more intensive
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DFT calculations to optimize the CRAL binding geometries
and calculate their binding energies at the surfaces of CulrNPs
(Figure 6). Calculations on the CRAL hydrogenation
thermodynamics on Ir (111) show that the initial hydro-
genation at the y-carbon of C=C bond is more favorable than
the others (Figure S25), in good agreement with results shown
in Figure 4 and a previous study. ! As seen in Figure 6, On
small Ir ensembles alloyed with Cu (e.g, Ir; and Ir,), binding
of CRAL through C=C bonding at the Ir sites was found to
be significantly more favorable, leading to a greater probability
of C=C bond hydrogenation versus C=0; this trend is in
direct agreement with the experimental observations here, and
in previous studies.”’ At Ir; ensembles, the binding of CRAL
was found to be further strengthened since both C=C and
C=O0 can be coabsorbed (Figure 6A). The favorable binding
of CRAL at Ir-related sites through adsorbing the C=C bond
is independent of the Ir composition of the NPs, indicating
that Ir-related sites are less able to tune the BUAL:CROL
selectivity and BUAL is the major product obtained from these
sites. This also matches with our previous combined
experimental and theoretical studies.”’

It has been confirmed in prior in situ spectroscopic studies
that transition metal oxide supports such as Co;0, and CeO,,
can improve the selectivity of C=O hydrogenation by
stabilizing the C=O adsorption at the transition metal
oxide-NP surfaces.””®® To evaluate the effect of Co,0,
support in this study, an Ir nanorod was next modeled on a
Co3;0,4(110) support, with different numbers of doped Cu
atoms at the metallic-oxide interface to simulate Culr
nanoclusters (Figure 6B). For the first time, adsorption of
small molecules on large systems of NP and Co;0, slabs was
calculated and fully studied. It can be seen that with 0, 1, or 2
Cu atoms at the interface of Co;O, and NPs, the binding of
CRAL through C=O0 shows binding energies of —2.28, —
2.15, and —2.35 eV, respectively, which are stronger than the
binding energies of CRAL through C=O on any of the NP-
based Ir; and Ir, sites (—1.54 and —1.51 eV, respectively;
Figure 6A). Although CRAL cannot bind on Cuy site, DFT
calculations show that the interface of Co;0, and Cu, sites can
still adsorb crotonaldehyde molecules via the C=O moiety
with a favorable binding energy of —1.84 eV. Taken together,
these theoretical results infer that Co;0, stabilizes the
adsorption of CRAL, and the overall observed reaction
selectivity is derived by competition between direct C=C
hydrogenation on the NP surfaces and C=0 hydrogenation at
the interface of Co;0, and the NPs, the latter of which is
largely insensitive to the Cu:Ir ratio. All these predictions are in
good agreement with our experimental results observed in
Figure 4. Due to the tremendous computational cost for the
kinetic computation with these systems, we have not included
the energy barrier calculation for the reactions.

B CONCLUSIONS

In summary, stabilizer-free, ultrasmall CulrNPs (~2 nm) were
prepared in ethylene glycol media using a simple, one-pot
microwave-assisted method. The structures of the NPs were
elucidated with PXRD, XPS, ICP-OES, and HAADF-STEM.
Hydroxide was found to facilitate the coreduction of Cu®* and
Ir’* and the formation of Cu—Ir alloy NPs that are sufficiently
stabilized by CI~ and OH™ ions without the requirement for
additional bulky organic capping agents, which greatly benefits
their subsequent utilization as heterogeneous catalysts.
Cu,lr(j00_y) supported in mesoporous Co;O, showed similar
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Figure 6. DFT-optimized binding geometries of crotonaldehyde at (A) Culr surface ensembles and (B) Culr nanorod supported on Co;0,(110).
Epinding is the calculated crotonaldehyde binding energy. Light blue, orange, white, brown, red, and deep blue spheres represent Ir, Cu, H, C, O, and

Co, respectively.

catalytic selectivities to pure Ir NPs in the selective vapor-
phase hydrogenation of crotonaldehyde, with appreciable
selectivities toward the target unsaturated alcohol product.
The observed trends in catalytic activity and selectivity were
explained by DFT studies, which suggest that the surfaces of
Cu—Ir nanoalloys both show H-binding tunability and also
benefit from the adsorption-directing ability of Co;O, as a
support.

B EXPERIMENTAL SECTION

Materials. Iridium trichloride (IrCly«H,O, 100%; Johnson
Matthey), copper(I) chloride dihydrate (CuCl,-2H,O, reagent
grade; Aldrich), ethylene glycol ({CH,OH},, 99.8%; Fisher
Scientific), poly(vinylpyrrolidone) (PVP, (M,) = 58000; Alfa
Aesar), sodium hydroxide (NaOH, Fisher Scientific), copper(II)
acetylacetonate (Cu(acac),, 97%; Aldrich), copper(II) bromide
(CuBr,, 99%; Aldrich), copper(II) perchlorate hexahydrate (Cu-
(Clo,),-6H,0, 98%; Aldrich), copper acetate monohydrate (Cu-
(OAc),'H,0, Aldrich; 98%), crotonaldehyde (C,H O, 99.5%,
Aldrich), tetraethyl orthosilicate (TEOS, 98%; Acros Organics),
poly(ethylene glycol)-block-poly(propylene glycol)-block-poly-

(ethylene glycol) (P123; Aldrich), cobalt(I) nitrate hexahydrate
(Co(NO;),-6H,0, 98%; Alfa Aesar) were used as-received. All other
reagents and solvents (analytical grade) were used without further
purification.

Synthesis of Cu,lr;go_,NPs. Under continuous N, flow, 14 mL
EG and 1 mL 0.25 M NaOH EG solution were heated to 125 °Cin a
Mars 5 Microwave Digestor, to which 5 mL EG solution containing
0.05 mmol CuCl,-2H,0 and 0.05 mmol IrCl; was injected at a rate of
20 mL-min~". The mixture was heated for another 30 min before
reaction was stopped by cooling the flask in an ice—water bath. The
as-prepared NPs can be used directly for preparation of catalysts.
Other purification methods are described in detail in the Results and
Discussion section.

Synthesis of m-Co30, and Cu,lr(;o9_,/m-C030,. SBA-15 was
prepared according to the previous method and was used as the hard
template.®* In short, 2.78 g P123 was dissolved in 50 mL 0.3 M HCl
aqueous solution at room temperature. After complete dissolution of
P123, S g TEOS was added dropwise, and the mixture was stirred at
35 °C for 24 h. Then the mixture was sealed in a Nalgene PP vessel
and heated at 100 °C for 24 h. The obtained slurry was separated by
vacuum filtration and washed with DI-H,0. A § h calcination (1.5 °C-
min~! ramp rate) was used to remove polymer.
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For the preparation of mesoporous Co;0,, 0.2 g SBA-15 prepared
using above method was added to a 2 mL ethanol solution of
Co(NO;),-6H,0 (0.8 M). After brief sonication, the mixture was
stirred at room temperature for 1 h, before the mixture was
transferred to an oven at 80 °C for the complete evaporation of
ethanol. The composite was then heated at 200 °C for 10 h to
decompose Co(NOs;),. This impregnation—decomposition step was
repeated twice using the same amount of Co(NOj;),-6H,0. After
calcining the product at 450 °C for 6 h in furnace, SBA-15 template
was removed by washing with 20 mL 2 M NaOH aqueous solution at
80 °C and m-Co;0, was recovered by centrifugation.

Cu,Ir(;00—x)NPs/m-Co30, catalyst was prepared by adding
Cu,lIr(00_»)NPs dispersed in EG to m-Co;0, dispersed in EtOH.
The mixture was stirred for 24 h and separated by centrifugation.
After being washed by copious EtOH, the catalyst obtained was dried
under vacuum.

Physical Characterizations. Powder X-ray diffraction (PXRD)
patterns of the Cu,Ir(;o_,)NPs was collected on Rigaku R-Axis Spider
Diffractometer (40 kV and 40 mA) and Agilent Super Nova
diffractometer (50 kV and 25 mA) equipped with an AtlasS2 CCD.
Both diffractometers are equipped with Cu Ka sources (4 = 1.5405
A). Transmission electron microscopy (TEM) images were collected
on a FEI Tecnai Transmission Electron microscope operating at 80
kV and a JEOL 2010F Transmission Electron Microscope operating
at 200 kV. TEM samples were prepared by drop-casting ethanol
solutions of NPs on a copper grid (200 mesh Cu/Formvar; Ted Pella,
Inc.) and allowing it to dry at room temperature. 2D-EDS mapping
and line scan measurements were conducted on a JEOL 2010F
Transmission Electron Microscope operating at 200 kV. Samples were
prepared by drop-casting ethanol solutions of NPs on a nickel grid
(CF200-Nj; Electron Microscopy Sciences, Inc.). X-ray photoelectron
spectroscopy (XPS) were performed on a Kratos X-ray Photoelectron
Spectrometer with monochromatic Al Ka source (1486.7 eV).
Inductively coupled plasma optical emission spectrometry (ICP-
OES) samples were prepared by digesting Cu,Ir(;_yNPs or catalysts
in Teflon vessels at 200 °C for 2 h in CEM MARS § digestion oven.
The digestion solution is a mixture of 1:3 (v:v) 30 wt % H,0,/12 M
HCL

Catalytic Tests. In a typical crotonaldehyde hydrogenation,
around 30 mg Cu,lr(;po_NPs/m-Co;0, catalyst was mixed first
with 250 mg acid-washed and precalcinated sand before loaded to a
U-shaped reactor on a D3-prorosity frit. The reactor was heated to 70
°C under an atmosphere of H,/He for 1 h to activate the catalyst. A
bubbler containing crotonaldehyde was placed in an ice—water bath.
H,/He flew the bubbler and carried the saturated vapor of substrate
through the catalyst bed. The product was directly introduced to a HP
Agilent 6890 GC equipped with a 15 m Restex Stabiliwax column and
FID.

Computational Section. All the density functional theory (DFT)
calculations were performed using the Vienna Ab Initio Simulation
Package (VASP). Electron correlation was described using the
generalized gradient approximation (GGA) method with the
Perdew—Burke—Ernzerhof (PBE) functional® The projector aug-
mented-wave method was employed to describe the core
electrons.*®®” Kohn—Sham wave functions were expanded in a
plane wave basis for the description of valence electrons.”® The energy
cutoffs for H and CRAL binding systems were respectively set as 300
and 400 eV. Geometries were considered relaxed when the force (per
atom) was below 0.01 eV/A. A (3 X 3 X 1) Monkhorst—Pack k-point
mesh and Gamma point were employed for the Brillouin zone
sampling of the calculations on Culr(111) and Ir—Co;0,,
respectively.”””" The Tkatchenko and Scheffler method was used to
provide van der Waals corrections to all the calculations in this
study.”" Spin-polarization and DFT+U method (U, = 3.3 eV) were
employed for all the calculations with Co;0,.

All H binding energies on Culr surfaces were calculated on the
(111) surface of the 4-layer (4 X 4) slab. For each slab model, the top
two layers were allowed to relax while the bottom two layers were
kept fixed in the bulk positions. For the modeling of Cu,Ir,_, alloy,
ten alloy configurations were generated randomly. For the calculation

of H binding energy, four different triatomic ensembles (Cus, Ir,Cu,,
Ir,Cu;, and Iry) were selected as the initial adsorption sites of H.
From all the random configurations, ten H binding sites were
randomly sampled and calculated at each ensemble. The H, molecule
(in vacuum) was selected as the reference of H binding energy. All the
CRAL binding energies were calculated with the reference energy of
CRAL in vacuum. The Ir—Co;0, system was modeled with an Ir
nanorod (2 X 4, 3 X 4, and 4 X 4 Ir in the topmost, middle, and
bottom nanorod layers, respectively) supported on a Co;0,(110)
surface (A termination). The CRAL was modeled to be adsorbed at
the (111) surface of the nanorod.
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