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ABSTRACT: Neutral binary (vanadium—cobalt) oxide clusters are
generated and detected in the gas phase for the first time. Their
reactivities toward carbon monoxide (CO) are studied both exper-
imentally and theoretically. Experimental results suggest that neutral
VCoO, can react with CO to generate VCoO; and CO,. Density
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functional theory studies show parallel results as well as provide detailed

reaction mechanisms.

SECTION: Kinetics and Dynamics

Vanadium—containing supported catalysts are widely
employed in many chemical reactions,' due to their
efficient performance in various catalytic processes: carbon
monoxide (CO) oxidation,” oxidative dehydrogenation (ODH)
of alkanes,>* and dehydrosulfurization of aromatic substances. 5
Recent studies show that the coexistence of V*/#* and Co®*/**
sites on vanadium—cobalt (V—Co) oxide catalysts should be an
important factor for high selectivity in ODH of ethane (C,Hy)
and that cobalt can modify the redox behavior of vanadium.’
Correspondingly, vanadium species doped in an appropriate
amount can cause disorder in the spinel structure of cobalt
chromites, thus favoring oxygen mobility and promoting
catalytic performance for methane (CH,) combustion.’ Never-
theless, the precise description of the “active sites” existing on
the surface of VO,/supported catalysts is still a challenge, and
conflicting conclusions have been drawn from the available
surface-characterization methods applied.”*

An ideal model system to simulate real surface reactions and
to discover surface reaction mechanisms is gas-phase clusters in
an “isolated” environment.”'® Many excellent studies have been
accomplished with regard to the structure and reactivities of
gas-phase cationic,”'* ™' anionic,"***™%” and neutral®®™>*
metal oxide clusters (NMOCs). Employing NMOCs for the
study of catalytic processes is advantageous as it minimizes the
effect of cluster charge, which has been considered to be
significant with regard to cluster reactivity.”>***NMOCs often
have high vertical ionization energies (>8 €V), and multiphoton
ionization with a 10 ns Nd*'/YAG laser pulse can cause
significant cluster fragmentation and confuse the mass spectra
for reactants and products.***’
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Recently, our group has developed a novel 118 nm, single-
photon ionization (SPI) technique, which has proved to be
reliable for detecting the distribution and reactivity of NMOCs
without dissociation.*® ** Many gas-phase NMOCs and their
reactivities have been studied in recent years (e.g,, the reactions
of vanadium-, cobalt-, iron-, and tantalum-containing NMOCs
with CO,*" ethylene,**** propylene,"* acetylene,® sulfur
dioxide,** ammonia,* and methanol®"). These cluster studies
yield an understanding of the corresponding real catalytic
systems and enable one to propose a full catalytic cycle at the
molecular level for the bulk catalytic system.

In the past few years, the study of binary metal oxide clusters
(BMOCs) has been reported for ionic systems. These cluster
systems can serve as a more detailed molecular approach for the
understanding of the active sites in catalytic supports and
modified catalytic systems,'”'#2%>33546=52 The first example of
generating, as well as studying, the reactivity of BMOCs is
reported by He and coworkers. They proposed that the novel
AIVO," cluster can activate CH, oxidation at room temper-
Additionally, Schwarz and coworkers and He and
coworkers reported CH, activation by V;PO,," with different
cluster generating methods at almost the same time.*”** The
Schwarz group also illustrated the first complete gas-phase
catalytic cycle conducted by the BMOC AIVO;"/AIVO,*
couple through both experimental and theoretical studies.'
Sauer, Asmis, and coworkers studied the infrared spectroscopy
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of CeVO,*, CeV,04", and Ce,VO;" BMOC:s for the first time,
indicating interesting structures parallel to the condensed phase
VO,/CeO, supported materials.'” The initial studies of the
photoelectron spectroscopy of BMOCs are reported by Zheng
and coworkers, whose group investigated MAIO, and M,AlO,
(M=TiorV;x=1,2, or 3) BMOCs. These experimental mass
resolved results are coupled to density functional theory (DFT)
calculations to provide insight into the electronic properties of
supported vanadium and titanium oxides.”>>'

Despite the importance of BMOC:s for catalysis, to the best
of our knowledge, experimental and theoretical studies on the
reactivity of neutral binary metal oxide clusters (NBMOCs)
have not been reported. This letter reports the generation of
V—Co NBMOC:s and the study of their reactivities toward CO.

Figure 1 shows the distribution of V—Co NBMOC:s detected
by 118 nm SPI and time-of-flight mass spectrometry
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Figure 1. Distribution of V—Co NBMOCs detected by SPI TOFMS at
118 nm.

(TOFMS). The distribution is generated by laser ablation of
V/Co metal disk with 0.5% O, seeded in helium carrier gas.
The series V,Co,0,, (with x + y = 2—4; that is, VC0O;_g
VCo0,0,_ V,C004 VCo03;05_, and V,Co0,04_5) can be
observed.

The reaction of V—=Co NBMOCs with CO is shown in
Figure 2. The mass spectrum is very sensitive to experimental
conditions, and the two curves in Figure 2 are recorded under
well-controlled “identical” conditions, except for the introduc-
tion of CO for the red curve. The intensity of the signal for
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Figure 2. Reaction of V—Co NBMOCs with pure CO. The blue
arrows point out the decrease in the VCoO, signal and the
corresponding increase in the VCoOj; signal when CO added into
the reaction cell.

VCo0, decreases with increasing VCoO; when CO is added to
the fast flow reaction cell, to generate reaction 1

VCoQ, + CO — VCoO; + CO,, AE=—135eV (1)

The ratio of the intensities of VCoO; to VCoO, in Figures 1
and 2 is not exactly the same for the reference spectra due to
fluctuations in the relative signal intensities and variations in the
growth and cooling conditions in the experiment from day to
day. This is also true for the background noise signal, as can be
seen in the Figures. In Figure 1, the VCoO;/VCoO, signal ratio
is 0.98/1.52 = 0.64, and in Figure 2 the before reaction signal
ratio for VCoO;/VCoO, is 0.99/1.25 = 0.79. This is certainly
within reason for the small signals and is typical day-to-day
experimental variation: 0.64 to 0.79 or 0.72 + 0.08 seems quite
reasonable. This ratio, after the reaction experiment with CO, is
(1.56 + 0.25)/0.57 = 3.18 + 0.2: the variation range comes
from separate experiments and the background noise signals.
Other signal (e.g, VCoO;(CO)) intensities contribute to
reducing the above ratio (by as much as 0.25). Therefore, even
though the quantitative signal ratio value is not without some
uncertainty, the overall qualitative result is clear: the VCoO;/
VCoO, intensity ratio before and after reaction has changed by
at least a factor of 4 due to the VCoO, + CO — VCoO; + CO,
reaction. Other reactions are evident, such VCoO; + CO —
VCo0;(CO), as well. The total abundance of VCoO;, VCoO,,
and VCoO,CO (2.38) in Figure 2 after the reaction is ~6%
more than that of the unreacted VC0oO; and VCoO, before the
reaction (2.24): well within the inevitable system fluctuation for
weak signals.

Reaction 1 is exothermic according to DFT calculations (AE,
zero-point energy corrected reaction enthalpy at 0 K). The
concentration of CO is estimated to be more than 10° times
that of free VCoO, in the reaction, so we can treat reaction 1 as
a pseudo-first-order reaction. The pseudo-first-order reaction
constant (k) in the fast flow reactor can be estimated by using
the following equations:*>*!

I =1, exp(—kpl/v) (2)

in which I and I are signal magnitudes of the clusters in the
presence and absence of reagent gas; p is the molecular density
of reactant gas; [ is the effective path length of the reactor, and v
is the cluster beam velocity. The estimated rate constant for
reaction 1 is on the order of 107! cm® molecule™ s7*
according to our experimental results with an uncertainty of
+50%.

The CO absorption products VCoO;(CO) and V,04(CO)
can also be observed in Figure 2.

VCoO; + CO — VCo04(CO) 3)

V,0; + CO = V,04(CO) )

Although V,04(CO) is formed as a result of CO attachment
to V,0y, the intensity of V,Oj signal after the reaction is almost
the same as the intensity of the unreacted V,O; reference
signal. Two possible reasons for this behavior can be suggested:
(1) system fluctuations mentioned above and/or (2) ionization
efficiency of V,04(CO) is possibly higher, which will lead to a
higher signal. (See the similar result for the generation of
V,05(C,Hg) in the reaction of V,0O4 + C,Hj in ref 32.) Other
less significant reactions for CO to CO, can be mentioned for
couples such as VCo0,04/VCo0,05, all of which can contribute
to variations in the exact ratios for particular couples before and
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after the CO to CO, reaction, especially for the possible
V,C0,0,(CO), clusters.

Figure 3 shows the DFT-optimized most stable structures of
VCo0O, (1) and VCoO; (2). (See the Supporting Information
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Figure 3. Optimized ground-state structures of VCoO; and VCoO,
using a DFT BPW91/TZVP algorithm.

for other isomers.) The structure of VCoO; (2) in the triplet
ground state is kite-shaped within the C; point group. This
structure is similar to that for the neutral V,0O; cluster,>
substituting Co for V at the two-oxygen-coordinated position.
According to our calculation, the VCoO, (1, triplet) is the
isomer of VCoO, with the lowest energy. (See Figure 3.) The
geometry of the triplet VCoO, (1, triplet) is in a C,, point
group with the CoO,0,VO,0, (O, bridged oxygen; O,
terminal oxygen) structure, which is different from the trans-
0,VO,0,VO, structure of V,0,.>*> Another isomer of VCoO,
(6, triplet, see Supporting Information), which is only 0.03 eV
higher in energy than VCoO, (1, triplet), is present. We also
calculate the potential energy reaction surface for the VCoO,
(6, triplet) structure with CO and find that this reaction is also
barrierless. (See the Supporting Information.) Therefore, the
overall conclusion does not change despite the structural
complexity of VCoO,. (See the following text for the details.)

Because the Co—O and V—O bridging distances change
significantly from structures 1 to 2, the oxidation states change
for the Co and V sites in these clusters. We determine charges
for Co and V in their clusters employing electrostatic potentials
using a grid-based method (CHELPG) * for V and Co in both
VCoO, (1) and VCoO; (2). The charge values for Co change
from 1.68 for 1 to 1.28 for 2, indicating a significant oxidation
state variation. The charge values for V change a little from 2.21
for 1 to 2.14 for 2.

Reaction 1 involves an O-atom transfer from VCoO, to CO.
The calculated potential energy surface for this process, as
shown in Figure 4, reveals that the favorable oxidation proceeds
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Figure 4. Triplet potential energy surface for the reaction of VCoO,
with CO. The E values are relative to the entrance channel, corrected
with zero-point energy, and given in electronvolts.

by an initial bonding of the carbon atom of CO on the Co site
of the Co0,0, moiety to form the (CO)CoO,0,VO,0,
encounter complex, intermediate 3. Co binding to the C
atom of CO rather than the O atom is typically rationalized by
a mechanism that suggests electron donation from the HOMO
of CO (7) to the empty metal d orbital and electron back-
donation from the filled metal d orbital to the CO (z*)
LUMO. The initial process releases 1.23 eV binding energy,
which provides enough energy for the following CO, moiety
formation process (3 — 3/4 — 4). Then, the C atom attacks
one of the O, atoms at the VO,0, side (transition state 3/4),
resulting in a stable intermediate 4 with a bridging CO, moiety
(Figure 4). The elongation of Co—C bond takes place easily to
form a linear CO, moiety (4 = 4/5 — 5). Note that the linear
CO, unit is fully located on the V site instead of Co site in
intermediate S. The dissociation of CO, from intermediate §
leads to the final products VCoOj; and CO, formation.

We also consider the approaching of CO directly to one of
the O, atoms of VOO, moiety. This approach, transition state
1/5 in Figure 4, has a significant barrier and is thus unfavorable
for the reaction processes.

The reactions of neutral cobalt oxide clusters with CO have
been reported recentlg, and Co30, is suggested to be very
reactive toward CO.* The first CO combination step for
Co;0, + CO is very similar to that of VCoO, + CO, and the C-
atom end of CO is chemically absorbed on the Co site.
Subsequently, the oxygen-transfer process in the Co;0,/CO
system involves one O, atom between two Co atoms, which is
different from that of VC0O,/CO system with only O, on the
V site involved.

AIVO," and VCoO, are both stoichiometric BOCs that are
active to CO." Unlike the neutral VC0O,/CO cluster, the
cationic AIVO," reacts with CO more straightforwardly. For the
AIVO,"/CO cluster, the carbon atom of CO approaches
directly the terminal oxygen of the O,O,AlO, moiety combined
with a large amount of energy release: the reaction rate is also
about one order faster than that of VCo0Q,/CO."” This
comparison reveals that both the charge effect and the spin
distribution play important roles in the chemistry because the
only unpaired electron of AIVO," is located on the O, atom of
the O,0,AlO, moiety while the Co atom of VCoO, possesses a
Mulliken atomic spin density of 1.46.

V—Co binary oxide catalysts have been widely used on ODH
of alkanes.>*> Both V- or Co-doped oxides provide high
performance for CO oxidation.” The activities of V—Co oxide
catalysts highly depend on the coexistence as well as interaction
of V**/# and Co*/?" sites.> The gas-phase cluster VCoO,
provides a more clear and perhaps ideal mechanism for the CO
oxidation by a real V—Co oxide surface: (1) CO is chemically
absorbed on the Co site. (2) CO interacts with O, atoms
bonding to the V site, forming a nonlinear CO, unit. (3)
Another O atom from O, or other oxidants can be added to V
site to complete the proposed catalytic cycle. (See Figure S.)
Our results suggest a mechanism for a V—Co oxide catalyst
surface enhancing the CO to CO, oxidation reaction.

B CONCLUSIONS

In conclusion, we generate neutral bimetallic oxide clusters for
the first time. Experimental studies suggest that VCoO, can
react with CO to produce VCoO; and CO,. DFT calculations
illustrate that the approaching of CO to the Co site, and the
subsequent interaction of CO with one O, atom of the
0,0,VO,0; moiety of the VCoOj cluster is crucial to complete
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Figure S. Proposed full catalytic cycle for CO oxidation to CO, on a
V—Co oxide surface based on the calculations for the reaction of
VCoO, cluster with CO.
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the CO oxidation process. Our studies and results illuminate
the mechanism for catalytic processes occurring on the surfaces
of real supported catalysts, and suggest new types of
multicomponent catalysts.
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The optimzed low-lying isomers of VCoO, and VCoOj clusters
and triplet potential energy surface for the reaction of VCoO,
(6) with CO. This material is available free of charge via the
Internet at http://pubs.acs.org.
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