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Abstract: Catalytic CO oxidation by molecular O, is an
important model reaction in both the condensed phase and gas-
phase studies. Available gas-phase studies indicate that noble
metal is indispensable in catalytic CO oxidation by O, under
thermal collision conditions. Herein, we identified the first
example of noble-metal-free heteronuclear oxide cluster cata-
lysts, the copper—vanadium bimetallic oxide clusters Cu,VO;_s~
for CO oxidation by O,. The reactions were characterized by
mass spectrometry, photoelectron spectroscopy, and density
functional calculations. The dynamic nature of the Cu—Cu unit
in terms of the electron storage and release is the driving force
to promote CO oxidation and O, activation during the
catalysis.

Catalytic carbon monoxide (CO) oxidation by molecular
oxygen (O,) is an important prototypical reaction in both
condensed phasel'! and gas-phase catalysis.”* Condensed-
phase studies can develop catalysts that can be directly used
for removal of poisonous CO, while gas-phase studies with
state-of-the-art mass spectrometry in conjunction with quan-
tum chemistry calculations can uncover the molecular- and
electronic-level mechanisms that govern catalytic CO oxida-
tion. It is noteworthy that the findings on catalytic CO
oxidation (such as mechanisms of oxygen activation) from
gas-phase studies can parallel well those from condensed-
phase experiments.**®>!

Available gas-phase experiments indicate that a noble
metal (NM) is indispensable in catalytic CO oxidation by O,
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under thermal collision conditions,™* although many NM-
free species can catalyze CO oxidation by N,O."! Two or more
NM atoms are needed when the catalytic reaction (2CO +
0,—2C0,) is mediated by bare or homonuclear metal oxide
clusters, including Au,~,”Y Aug™ ! Auy(CO), 5”1 Ag,” (n=
7,9,11),21Pt,0,,” (n=3-6; m=0-2),*" and Pd,O; 5" Our
recent studies revealed that single Au and Pt atoms doped
heteronuclear oxide clusters AuAl,O; 5P and PtA1,0, ,~ P!
can catalyze CO oxidation by O,. Notably, Ichihashi and co-
workers reported the reactions of copper cluster anions with
O, and CO and found that some clusters such as Cu;O,” can
catalyze CO oxidation at the collision energy of 0.2 e V.4 The
calculated reaction profile suggested that the reaction should
also proceed under thermal collision conditions. Herein, we
demonstrated unambiguously that the catalytic CO oxidation
by O, can be mediated by copper—vanadium bimetallic oxide
clusters Cu,VO,,” (m=3, 4, and 5). Copper is a metal with
low cost, high abundance, and potential use in a wide range of
catalytic applications.”” Vanadium oxides are well-known
catalysts and catalytic supports.”’l This study serves as the first
example of catalytic CO oxidation by O, on gas-phase
heteronuclear oxide cluster catalysts without NM atoms.

The laser-ablation-generated Cu,V'80, 5~ clusters were
mass-selected, confined, and thermalized through collisions
with helium atoms, and then they were allowed to interact
with CO, O,, and a gas mixture of CO and O, in an ion trap
reactor (see the Supporting Information).” It should be noted
that copper has two stable isotopes (69.15 % “Cu and 30.85 %
%Cu) while the experiment was run to mass-select the “Cu,
isotopomers. Figure 1a,b,c shows the mass spectra of mass-
selected Cu,V'®*0,,” clusters (m =5, 4, and 3, respectively)
when the reactor is only filled with inert bath gas (He). When
the reactant gas CO, O,, or CO + O, was injected into the
reactor to interact with the mass-selected ions, new product
ions could appear as shown in Figure 1d-k (see the caption of
Figure 1 for the experimental conditions).

Figure 1d indicates that after interaction of CO with
Cu,VOs, two product ions Cu,VO,  and Cu,VO; appear.
CO can also react with Cu,VO,~ to give rise to products
Cu,VO;™ and Cu,VO;CO™ (Figure 1¢). The Cu,VO;CO™ and
Cu,VO;(CO),” products appear after the reaction of CO with
Cu,VO;~ (Figure 1f). On the interactions of '°O, with the
mass-selected clusters, the Cu,V'®0O;~ can pick up an '°O, to
generate Cu,V'®0,'°0," (Figure 1i) while the Cu,V'*O5" is
completely inert toward '°O, (Figure 1g). A weak product
peak Cu,V'™®0,%0,  was observed in the reaction of
Cu,V'*®0,” with '°O, (Figure 1h). The primary reactions are
listed below (see the Supporting Information for all of the
reactions derived from Figure 1 a-i).
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Figure 1. Mass spectra for elementary reactions of mass-selected
Cu,V'®0, ™ clusters (a—c) with CO (d—f) and O, (g—i), and for catalytic
reactions of mass-selected Cu,V'*0;~ (j) and Cu,V'®0,~ (k) with the
gas mixture of C'°O and '°0,. The CO partial pressures were 16 mPa
(d), 24 mPa (e), and 144 mPa (f). The '°O, partial pressures were

396 mPa (g), 198 mPa (h), and 23 mPa (i). The gas mixture contains
74 mPa C'*O and 148 mPa '°O, for (j) and 50 mPa C'*O and 100 mPa
160, for (k). The time periods for the reactions were 1.5 ms in (d)—(j)
and 2.0 ms in (j) and (k). The Cu,V,”®0,” and Cu,V,"*0,CO™ species
are labeled as x,y,z and x,y,2,CO, respectively. Cu,V,"*0, ,'°0,” (n#0)
is labeled as x,y,z—n,n. Peaks marked with asterisks are due to water
impurities.

Cuy,VO5~ + CO — Cu, VO, + CO, (1)
Cu,VO,” + CO — Cu,VO;~ + CO, (2a)
Cuy,VO,” + O, — Cu, VO4~ (2b)
Cu,VO;™ + O, — Cu,VO5~ (3a)
Cuy,VO;~ + CO — Cu, VO,CO™ (3b)

The rate constants and reaction efficiencies for the above
reactions have been determined and the results are summar-
ized in Table 1. The elementary reactions (1), (2a), and (3a)
can comprise a catalytic cycle for CO oxidation by molecular
O, mediated with Cu,VOs; 5~ clusters.

To confirm the catalytic cycle, each of the Cu,V'*O,,”
(m=3, 4, and 5) clusters was mass-selected and interacted
with the gas mixture of C'°O and 'O, (Figure 1j,k; Support-
ing Information, Figures S4-S6). The experimental results
indicated that the catalytic oxidation of CO by O, indeed
takes place starting from any of the species Cu,V'*O;~
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Table 1: Reaction rate constants?®¥ and reaction efficiencies for the
thermal reactions of Cu,VO;_;~ with CO and O,.

Reaction

¢ [9%]"

34£1
31£10
0.21+0.07
54+18
3.2+1.1

k107" cm® molecule "'s™]

1 24+0.8
2a 2.2+0.7
2b 0.013+0.004
3a 3.6+1.2
3b 0.23+£0.08

[a] ¢ =k/kapo,kapo is the theoretical collision rate."”

(Figure 1j), Cu,V**O,~ (Figure 1k), and Cu,V'*O;" (Support-
ing Information, Figure S6). For example, the cluster source
generated Cu,V'®Os~ can oxidize two CO molecules to
generate Cu,V'*0,” and Cu,V'®0O; (Reactions (1) and
(2a)). The resulting Cu,V'*O,~ can pick up one '*O, molecule
to generate Cu,V'*054'°0,~ (Reaction (3a)), and such formed
Cu,VB0,40," can then oxidize another two CO molecules,
and so forth. Figure 1] indicates that starting from Cu,V'*O;~,
the O atoms in Cu,V'*O5" can be substituted by isotopic '°O
to generate Cu,V'®0,%0,”, Cu,V"*0,"0;", Cu,V*0'"%0,,
and Cu,V'%O5~. The generation of Cu,V'*0,_,'°0, (n =0-4)
and Cu,V*0,_,'°0,” (n=0-3) further confirms the catalysis.
The side reactions (2b) and (3b) observed in the elementary
reactions (Figure 1e,fh) barely appear in the catalytic reac-
tions (Figure 1j,k). This result can be due to the difference of
the effective cluster temperatures in the elementary versus
the catalytic reactions.

Density functional theory (DFT) calculations have been
performed to explore the structures of Cu,VO;;5 clusters
(Figure 2; Supporting Information, Figure S8) and the mech-
anisms of CO oxidation catalyzed by Cu,VO; s~ (Figure 3;
Supporting Information, Figures S9-S12). The lowest-lying
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Figure 2. DFT-calculated low-lying isomers of Cu,VOs~ (a), Cu,VO,~
(b), and Cu,VO;™ (c). The bond lengths and relative energies are in
units of pm and eV, respectively. Superscripts 1 and 3 denote the spin
multiplicity.
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Figure 3. DFT-calculated potential energy profiles for reactions (1),
(2a), and (3a). The bond lengths and relative energies are in units of
pm and eV, respectively. “Cu,V,0, is labeled as "xyz, and M denotes
the spin multiplicity.

isomer of Cu,VOs~ (IS1, Figure 2) has a triplet spin state. The
two unpaired electrons in IS1 are delocalized on two Cu
atoms (0.80 pg) and four surrounding oxygen atoms (1.20 ).
In contrast, the lowest-lying isomers of Cu,VO,” (IS4) and
Cu,VO;~ (IS7) are in the singlet states (Figure2). The
structure and spin state of 'Cu,VO, were further exper-
imentally confirmed by photoelectron spectroscopy (Support-
ing Information, Figure S7).

As shown in Figure 3, the half-naked Cu atom in
*Cu,VO5~ (IS1) can anchor CO with a binding energy of
0.55eV (I1, Figure3a). One of the two oxygen atoms
bridging the Cu atom and the V atom can be abstracted to
form a bent CO, unit (I1—-TS1—12) with a small barrier of
0.08 eV. In the next step, CO, desorption proceeds favorably
to generate a triplet *Cu,VO,~ (IS5). Note that *Cu,VO,~
(IS1) can also oxidize CO to generate the singlet 'Cu,VO,”
(IS4) favorably through a spin crossing!'!! from triplet to
singlet spin state if CO approaches the other Cu atom
(Supporting Information, Figure S10). Notably, the DFT
method may not be accurate enough to determine the
lowest-lying isomer in the experiment. Thus, the reactions
of low-lying isomers of Cu,VOjs~ (IS2 and IS3) with CO were
also studied theoretically (Supporting Information, Fig-
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ure S9). The calculated results indicated that both of the
reactions (IS2 + CO—IS5+ CO,, IS3 + CO—1S84 + CO,) are
favorable.

For the reaction of the singlet 'Cu,VO,  (IS4) with CO
(Figure 3b), one of the oxygen atoms bridging the Cu atom
and the V atom participates in CO oxidation in which the first
step is subject to a barrier of 0.30 eV (I3 —-TS2—14). Then
desorption of a gas phase CO, to generate the singlet
'Cu,VO;~ (IS7) is kinetically and thermodynamically favor-
able. Similarly, the other low-lying isomers of Cu,VO,~ (IS5
and IS6) can also oxidize CO to generate Cu,VO;~ (IS9 and
1S7), as shown in the Supporting Information, Figure S11.
After the consecutive CO oxidation, the Cu—Cu unit formed
in the resulting Cu,VO;™ is of great importance to facilitate
the attachment of O, and a large binding energy is released
(I6 in Figure 3¢, see also the Supporting Information, Fig-
ure S12). A negligible barrier of only 0.02 eV (16 —=TS4—17)
is needed for further O, activation. The activation of O, can
be well reflected by the significant elongation of the O—O
bond, from 121 pm in free O, to 142 pm in I7. The subsequent
formation of the initial *Cu,VOs~ (IS1) is calculated to be on
a downhill pathway. The pathways on the reactions of
Cu,VOj;™ isomers (IS8 and IS9) with O, were also calculated
(Supporting Information, Figure S12). The DFT calculations
indicated that these low-lying isomers can also activate O,.
The deviations by DFT for Cu-V-O system are in +0.3 eV
(Supporting Information, Table S1), while all of the calcu-
lated transition states are lower in energy than the separated
reactants by more than 0.3 eV. Therefore, each of the
elementary steps is barrierless overall. The computational
results well support and interpret the experimental observa-
tions.

The activation and dissociation of molecular O, is
generally highlighted as the rate determining step in catalytic
CO oxidation."” The Cu—Cu unit in Cu,VO;~ functions as the
preferred trapping site to capture O, tightly (Figure 3c;
Supporting Information, Figure S12). Natural bond orbital
(NBO) analysis indicates that the Cu—Cu unit in Cu,VO;~
(IS7-1S9) is positively charged (Table 2). This property of

Table 2: Natural charges on the Cu—Cu units in low-lying isomers of
Cu,VO, .

Cu,VOs~ Q (e) Cu,VO,~ Q (e) Cu,VO,~ Q (e)
IS1 1.88 1S4 1.39 I1S7 0.33
1S2 1.73 IS5 1.36 IS8 0.51
1S3 1.67 1S6 1.52 1S9 0.56
Cu,VO;™ is remarkably different from that of the oxygen

deficient system Au,TiO~ or Au,VO, that has two separate
Au>—-M®" (M=Ti or V) bonds and is completely inert
toward molecular O,.>*¥ The electronic feature of Cu is of
great importance to facilitate the charge transfer interaction
between the Cu—Cu unit and molecular O,. During O,
adsorption, significant negative charge (—0.46¢ in IS7,
—0.76 ¢ in IS8, and —0.71 e in IS9) is transferred dominantly
from the Cu—Cu unit into the 2st* orbital of O, and then the
O, is significantly activated. This unique reactivity of
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Cu,VO;~ toward molecular O, can be traced back to the
multivalent nature of copper with Cu’, Cu'*, Cu**, and even
Cu’* oxidation states,!"* which facilitates formation of oxygen
off-stoichiometry species. Thus, the copper oxides are greatly
important in a wide range of chemical reactions involving the
oxygen release and intake processes.'**!*] These factors well
rationalize the reactivity of Cu,VO;~ toward molecular O,.

The variation of NBO charges on the vanadium atom is
small (Supporting Information, Table S2). However, the V
atom plays a crucial role for the catalysis. The V atom is four
and three-fold coordinated with O atoms in Cu,VOs~ and
Cu,VO;7, respectively (Figure 2). Thus, the V atom helps to
store and release the O atoms (VO,+—VOs;). Note that none of
the homo-nuclear Cu,O, species has been reported to
catalyze CO oxidation by O,.*™f Moreover, the negatively
charged VO; moiety and the positively charged Cu—Cu unit in
Cu,VOj; results in a large dipole moment (8.84, 7.14, 7.25 D
for 1S7, IS8, 1S9, respectively), which can polarize and
activate O, during Reaction (3a).¢

Cu and Au are in the same group in the periodic table. The
previous study indicates that single Au atom doped aluminum
oxide clusters AuALO; s* can catalyze CO oxidation by O,.%
The charge cycling on the gold atom (Au*«Au") drives the
catalytic cycle. Herein, the Cu—Cu unit can also accept
a significant amount of negative charge (Table 2) during
consecutive CO oxidation (Cu,VO5;~—Cu,VO,” —Cu,VO5")
and the stored negative charge can be released during O,
activation (Cu,VO;~ —Cu,VOj5"), suggesting that the Cu, unit
functions effectively as a single Au atom. The mechanism of
O, activation by the Cu, dimer in this study parallels similar
behavior of bioelectro-reduction of oxygen by multi-copper
oxidoreductases (such as laccase)!' in which the dynamic
nature of the Cu atoms in terms of electron cycling is the
driving force to promote O, reduction.

In conclusion, we identified the first example of NM free
heteronuclear oxide cluster catalysts to catalyze CO oxidation
by O,. The oxidation catalysis is driven by electron cycling on
Cu—Cu unit in Cu,VOs; 5 . For the crucial step of molecular
O, activation, the well charge separation between the
negatively charged VOj; unit and the positively charged Cu—
Cu unit in Cu,VO; greatly facilitates charge transfer
interaction between the Cu—Cu unit and molecular O,. This
gas-phase study provides the molecular-level insights into the
nature of copper catalysis. The fundamental mechanisms
behind the interesting results are helpful in the design of cost-
effective heterogeneous catalysts as well as in the under-
standing of O, reduction by multi-copper oxidoreductases.
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