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ABSTRACT  Catalytic conversion of carbon dioxide (CO2) into value-added chemicals is an important and 

active field in both of the condensed-phase and gas-phase studies. This mini-review summarizes a variety of 

experimentally identified reactions in the activation and transformation of CO2 by metal species in the gas phase. 

The use of advanced mass spectrometric instrumentation in conjunction with quantum chemistry calculations can 

uncover the mechanistic details and determine the vital factors that control the activation of CO2. This review 

focuses mainly on three topics: the activation of CO2 by (1) bare metal ions and metal oxide species, (2) metal 

hydrides, and (3) other gas-phase metal species. Emphasis is placed on the latest advances in the hydrogenation of 

CO2 mediated with metal hydrides. A potential prospect toward the future effort in the activation and 

transformation of CO2 in gas phase has also been discussed.  

Keywords: carbon dioxide activation, gas-phase metal species, mass spectrometry,  

quantum chemistry calculations; DOI: 10.14102/j.cnki.0254-5861.2011-3081 

 

1  INTRODUCTION 

 

Recycle carbon dioxide (CO2) from industrial emission 

has long been an important subject because CO2 contributes 

greatly to the global warming[1-4]. CO2 is an abundant 

resource, less toxic than most of the chemicals, and can be 

used as potential C1 building block in chemical reactions. 

Catalytic conversion of CO2 into value-added products is an 

environmentally benign and sustainable way to recycle CO2. 

However, the inherent thermochemical stability and the 

kinetic inertness pose significant challenges to scientists to 

use CO2 as feedstock. Though nature has solved this 

problem by using CO2 in the photosynthesis process, it is 

still difficult for industry to use CO2 effectively due to the 

poor understanding of related chemistry. Transition metal 

catalysts play paramount roles in a wide range of reactions, 

including catalytic conversion of CO2 under relatively mild 

conditions[1], but the molecular-level mechanisms on how 

catalysts function are far from clear. It is hard to capture and 

then characterize the nature of the active sites on 

condensed-phase catalysts because of their complex and 

out-of-control chemistry environment, and then hinder the 

rational design of advanced catalysts.  

Gas-phase ion-molecule experiments can be performed 

under isolated, controlled, and reproducible conditions[5-14]. 

With the aid of advanced mass spectrometry experiments in 

conjunction with theoretical calculations, the highly reactive 

species can be captured and characterized under unperturbed 

environment in which the difficult-to-control effects can be 

excluded and then the fundamental requirements necessary 

for bond activation and formation can be obtained at a 

strictly molecular level. Note that condensed-phase studies 

can guide the synthesis of catalysts that can be used directly 

in a wide range of catalytic reactions, while gas-phase 

studies are of great importance to parallel related 

condensed-phase studies to uncover the underlying 

mechanisms that govern the observed experimental results. 

Significant findings, such as the existence of complementary  
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active site[15] and the discovery of spin conservation 

phenomenon[16] have been revealed by studying the reactions 

of gas-phase clusters with small molecules. For the 

activation of CO2, the reactions of different kinds of 

gas-phase metal species with CO2 have been extensively 

investigated and some excellent results have been 

summarized by Schwarz in a recent review[17]. The focus of 

this mini review is to permeate the latest advances in CO2 

activation and transformation mediated with gas-phase metal 

species. The following topics are discussed: the reactions of 

(1) bare metal ions and metal oxide species, (2) metal 

hydrides, and (3) other gas-phase metal species, such as 

ScNH+[18], [MCN]+ (M = Fe and Co)[19], and Nb2BN2
–[20] 

with CO2. Emphasis is placed on the fascinating reactivity of 

metal hydrides toward the hydrogenation of CO2. Structure 

characterization of CO2 adsorbed species using spectro- 

scopic techniques is shortly discussed. The experimentally 

identified results on the interactions of related gas-phase 

metal species with CO2 are summarized in Table 1.  

 

2  REACTIONS OF BARE METAL CATIONS AND 

METAL OXIDE SPECIES WITH CO2 

 

Metal and metal oxide catalysts have been extensively 

used in the field of catalytic conversion of CO2 into more 

useful chemical materials. The studies on the interactions of 

bare metal cations and metal oxide species with CO2 are 

helpful to provide insights into the nature of M–O bond 

formation and define the fundamental requirement to 

activate CO2. The reactions of CO2 with 46 atomic metal 

cations have been studied systematically in the gas phase[21]. 

Only early transition metal cations exhibit oxygen atom 

transfer (OAT) reactivity, two in the first (Sc+ and Ti+), three 

in the second (Y+, Zr+, and Nb+), and four in the third row 

(La+, Hf+, Ta+, and W+). Note that all the nine atomic metal 

cations involved in the OAT reactions have O-atom 

affinities > 6.9 eV, which is much larger than the enthalpy of 

O–CO bond (5.5 eV) in CO2. This phenomenon shows that 

these OAT reactions are thermodynamically controlled. 

There is no indication for the formation of VO+ and AsO+, 

though the O-atom affinities for V+ and As+ are larger than 

that of O–CO bond in CO2. This absence of exothermic OAT 

from CO2 to V+ and As+ can be ascribed to the spin 

forbidden nature, for example, from 5V+ to 3VO+. In contrast, 

on the interactions of atomic lanthanide cations with CO2, 

the reactions are kinetically controlled[22]. Available 

experimental and theoretical results indicate that eleven out 

of fourteen cations have O-atom affinities higher than that of 

O–CO bond in CO2, while only seven of these were 

observed to react with CO2 through OAT chemistry. It has 

been proposed that a kinetic barrier was required for OAT 

and this barrier was found to correlate with the energy 

required to achieve two unpaired non-f valence electrons in 

5d-orbital, that is the energy to excite the Ln+ cations from 

the ground state (4fn5d06s1) to the excited state (4fn-15d26s0), 

the electronic structure of which favors efficient bonding 

with oxygen atom in LnO+.  

Comparing with the inert nature of V+ ion toward CO2 in 

OAT, a newly reported result demonstrated that the diatomic 

V2
+ cation can abstract an oxygen atom from CO2 to 

generate V2O
+ (Fig. 1a), which serves as a short-lived 

intermediate and it is surprisingly more reactive than V2
+ in 

the reaction with CO2 to give rise to V2O2
+ (Fig. 1b)[23]. 

Though the spin forbidden process (4V2
+ → 2V2O

+) also 

exists on the pathway for V2
+ + CO2 (Fig. 1c), all the 

calculated energies for intermediates and transition states are 

well below the separate reactants. Thus, product V2O
+ can be 

formed in the experiment (Fig. 1a). For the V2O
+/CO2 couple, 

one reason that leads to the much higher reactivity of V2O
+ 

may be due to the spin situation (Fig. 1d). The whole OAT 

process is confined to the doublet state and then the barriers 

for CO2 activation and dissociation (TS3 and TS4) can be 

more easily suppressed with respect to the V2
+/CO2 couple. 

Moreover, the “prepared” structure of V2O
+ due to the 

presence of the oxygen bridge was emphasized to account 

for its enhanced reactivity. The active V atom that is 

responsible to anchor CO2 in V2O
+ is more positively 

charged than that in V2
+. However, the oxygen bridge can 

overcompensate this unfavorable charge situation by 

elongating the V–V bond (251 pm) in V2O
+, which can 

accept the oxygen atom from CO2 more easily to overcome 

TS3. The oxygen bridge can also raise the πdxz/dxz orbital 

energy from –10.5 eV in V2
+ to –9.5 eV in V2O

+, and this 

doubly occupied orbital is already delocalized extensively to 

the C atom of CO2 in TS3. This behavior greatly eases the 

transfer of d-electrons into the empty π*-orbital of CO2 and 

then favors the subsequent activation of CO2. Metal oxide 

catalysts are superior to metal catalysts due to their higher 

selectivity, durability, and stability in the conversion of CO2, 

however, it is challenging to define the exact structure of 

active sites. These gas-phase studies on the reactions of 

metal ions and metal oxide clusters with CO2 are pivotal to 

understand the underlying mechanisms behind their 

remarkably different reactivity. 
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(d) 

Fig. 1.  The reactions of V2
+
 and V2O

+
 with C

18
O2 inside the ion trap of the Fourier-transform ion cyclotron resonance mass spectrometer.  

The pressure of C
18

O2 in (a) is about 1.010
−7

 mbar and in (b) is 4.010
−9

 mbar. Calculated potential energy surfaces for the  

reactions of (c) V2
+
 and (d) V2O

+
 with CO2. Key structures with selected geometric parameters are provided.  

The relative energies are in unit of eV. Reprinted with permission from reference 23 

 

3  REACTIONS OF METAL HYDRIDES WITH CO2  

 

The hydrogenation of CO2 serves as one of the most pro- 

mising pathways to remove CO2 emission and produce value 

-added chemicals, such as methanol and formic acid[24, 25]. In 

addition to the extraordinary activity of noble-metal catalysts, 

3d-metal (such as Fe, Co, Ni, and Cu) based catalysts has 

been demonstrated to have comparable or even improved 

reactivity with noble-metal catalysts in recent years[25-27]. 

However, the nature in the hydrogenation of CO2 remains far 

from clear due to the lack of experimental evidence of C–H 

bond formation, the key step to transform CO2 into methanol 

or formic acid. Metal hydrides[28, 29] are crucial intermediates 

to induce the hydrogenation of CO2, and studies on the 

reactions of metal hydrides with CO2 are of great importance 

to provide fundamental insights into this elementary step and 

then the guidelines can be obtained to optimize catalysts. In 

the field of gas phase, the studies on the reactions of metal 

hydrides with CO2 have been relatively scarcely reported 

and the potential formation of C–H bond has been proposed. 

For example, the formation of attached HCO2
– moiety on the 

reactive system was suggested through the insertion of CO2 

into the M–H bond of Cp2TiH+[30], CuH2
–[31], and PtH3

–[32]. 

Recently, we provided solid evidence that HCO2
– can be 

formed directly as a product in the thermal reaction of CO2 

with a diatomic metal hydride species FeH–, conforming the 

formation of C–H bond[33], as shown in Fig. 2b. Note that the 

reduction of CO2 into CO occupies a pivotal state during 

catalytic hydrogenation[4], and this channel can usually 

compete with the hydrogenation products. In this case, the 

scientists prefer to sacrifice the reactivity in order to pursue a 

high selectivity for a desired product. For the FeH–/CO2 

couple, the reduction of CO2 into CO also serves as the main 

channel (Fig. 2b). Thus, the reactions of other late transition 
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metal anions MH– with CO2 have also been investigated[34]. 

The results show that the CoH– anion exhibits similar 

reactivity to FeH– (Fig. 2d), in contrast, NiH– can selectively 

convert CO2 into CO (Fig. 2f) and CuH– gives rise to the 

hydrogenation product HCO2
– selectively (Fig. 2h). These 

results highlight that the product selectivity is highly 

dependent on the nature of 3d-metal. To have a fundamental 

understanding on the factors that lead to different 

distributions of products, for example, the calculated 

pathway for FeH– + CO2 is shown (Fig. 3).  

 

Fig. 2.  Time-of-flight (TOF) mass spectra for the reactions of mass-selected FeH
−
, CoH

−
, NiH

−
, and CuH

−
 (a, c, e, and g) with CO2 (b, d, f, 

and h). The reactant pressures are shown in mPa (= 10
−3

 Pa). Reprinted with permission from references 33 and 34 

 

 
Fig. 3.  Theoretical calculated potential energy profiles for the reaction of FeH

−
 with CO2 in the quintet state. The relative  

energies are given in eV. The bond lengths are given in pm. Reprinted with permission from reference 33  

 

CO2 can be capture directly by the H atom of FeH– with a 

binding energy of –0.61 eV (I7). The next step is 

accompanied by complete rupture of Fe–H bond in a 

barrier-free process (I7 → TS5 → I8) to generate HCO2
–, 

and then the nearly neutral Fe atom can be released from 

Fe(HCO2)
– (I8). Moreover, the Fe atom in FeH– functions as 

a more preferred site to trap CO2 tightly (I9, ∆H0 = –1.43 

eV), and a 0.46 eV barrier has to be surpassed to cleave C–O 

bond to produce CO and HFeO–. Several mechanisms for the 

hydrogenation of CO2 mediated with metal hydride have 

been proposed. The ƞ2-coordination of electrophilic CO2 to 

the metal center followed by migration of a H atom from 

metal to CO2 is the most generally accepted process to give 

rise to HCO2
–[30, 32, 35, 36]. This mechanism can account for 

the hydrogenation of CO2 by Cp2TiH+[30] and PtH3
–[32]. 

While the direct approach of CO2 to the terminally bonded H 

atom and subsequent H atom transfer to the C atom of CO2 

has less been reported[37, 38]. The diatomic FeH– anion serves 
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as an ideal model to explore the mechanistic details of CO2 

hydrogenation and it demonstrates unambiguously that the 

direct H transfer from metal site to CO2 is an energetically 

more favorable pathway. This result parallels well the 

condensed-phase hydrogenation of CO2 by iron-based 

catalysts[37]. This mechanism was further evidenced by 

studying the reactions of CoH–, NiH–, and CuH– anions[34] 

with CO2 that the direct H atom transfer represents the most 

favorable pathway to form C–H bond, indicating that this 

chemistry may be universal during the hydrogenation of CO2 

mediated with transition metal based catalysts. The much 

weaker Co–H/Ni–H bonds (2.34 eV/2.62 eV) than that of 

Co–O/Ni–O bonds (3.99 eV/3.96 eV) indicates that in 

principle, the channels to produce HCO2
– and CO should 

both be observed for the two systems. The significantly 

different selectivity for CoH– + CO2 (Fig. 2d) and NiH– + 

CO2 (Fig. 2f) lies in the subsequent transformation of the 

crucial intermediates after CO2 dissociation, as shown in Fig. 

4. The electronegativity of Ni (1.91) is slightly larger than 

that of Co (1.88)[39]. The leading result is that the H atom in 

intermediate B is more electrostatic attractive toward the 

terminal O atom, thus, the energy more stable products of 

NiOH– and CO with respect to that of Ni and HCO2
– can be 

generated. However, this O–H bond formation process from 

intermediate A is kinetically hindered, and the channels for 

the reduction and hydrogenation of CO2 are competitive. 

These analysis indicates that a subtle difference in electronic 

structure of 3d-metal is powerful enough to bring about a 

strikingly different result in the selectivity of the final 

product. In contrast, the reduction of CO2 into CO by CuH– 

is the thermodynamic impediment process because of the 

stronger Cu–H bond (2.88 eV) than that of Cu–O bond (2.79 

eV). This fact gives CuH– the chance to transform CO2 into 

HCO2
– exclusively.  

The active metal site plays a central role in catalytic 

transformation because the activity and selectivity of CO2 

hydrogenation have been demonstrated to be very sensitive 

to the well-defined structure of metal sites[40, 41]. On the 

reaction of diatomic metal hydride anion MH (M = Fe, Co, 

Ni, Cu) with CO2, both the metal and the H sites in MH can 

adsorb CO2 and induce the activation of CO2. Further 

analysis indicates that the larger binding energies of CO2 

facilitate the CO bond cleavage and make the CO release 

process preferentially from the metal site, while the HCO2
 

product is formed through direct hydride transfer with a 

negligible barrier from the H site. Moreover, the hydride 

affinities of metal species have been calculated to be closely 

related to the insertion barrier of CO2 into the MH bond, 

and a smaller hydride affinity corresponds to a lower 

barrier[30]. For the reaction of FeH and CO2, the much 

weaker FeH bond (1.63 eV)[42] compared to the PtH bond 

(3.44 eV)[43] and TiH bond (2.12 eV)[44] may account for 

the barrier-free pathway for the insertion of CO2 into FeH 

bond. Thus, the nature of 3d-metals as well as the strengths 

of MO and MH bonds are all important factors for the 

product selectivity of different metal hydride species toward 

CO2. 

The selectivity for CO2 catalytic hydrogenation mediated 

with a particular catalyst is even more essential than the 

reactivity in industrial applications to avoid the complex 

process of products separation[45]. The formate anion HCO2
− 

was generated directly as a product on the reaction of MH− 

(M = Fe, Co) with CO2
[33, 34], while the reduction of CO2 into 

CO was a more competitive channel (branching ratio of 60% 

for FeH− + CO2 and 77% for CoH− + CO2, respectively). In 

sharp contrast, CuH− can selectively transform CO2 into 

hydrogenation product HCO2
− (branching ratio of 86%) 

while NiH− can only reduce CO2 into CO (branching ratio of 

100%). The current results parallel the condensed-phase 

experiments that Ni-based catalysts can transform CO2 into 

CO effectively[46, 47], in contrast, Cu-based catalysts can 

selectively promote the generation of formate products[48-50]. 

 
Fig. 4.  Natural charge (e) distribution on the crucial intermediates A (in reaction CoH

−
 + CO2)  

and B (in reaction NiH
−
 + CO2). Reprinted with permission from reference 34 

Available studies have shown that hydrogen ligands can 

affect the electronic nature of metal hydrides and then modify 

their reactivity in the hydrogenation of CO2
[51, 52]. For 

example, the Cu2H2
– anion can adsorb CO2 strongly at room 
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temperature and the channel responsible for the possible 

formation of the attached HCO2
– moiety in CuH2CO2

– is 

relatively weak (Fig. 5b)[53]. The generation of the HCO2
– 

moiety on product CuH(HCO2)
– was further identified with 

the increase of temperature (Fig. 5c), while the Cu2H3
– anion 

reacts slowly with CO2 to generate adsorption product 

Cu2H3(CO2)
–[31]. A recent study demonstrated that for the 

gas-phase reactions of the Fe2Hn
– (n = 0～3) anions with CO2, 

the reduction of CO2 into CO dominants the channels, 

whereas only Fe2H
– and Fe2H2

– can induce the hydrogenation 

of CO2 effectively to produce Fe(HCO2)
– (Fig. 5e) and 

HFe(HCO2)
– (Fig. 5g), respectively[54]. Previous studies 

demonstrated that during C–H bond formation, the electron 

that can be used to reduce CO2 comes dominantly from the 

terminal H atom and the nearby metal atom[33, 34, 53]. As shown 

in Fig. 6, natural bond orbital analysis indicates that the 

hydrogen ligands in the Fe2H1～3
– anions can remarkably 

modify the charge state of the Fe atom (marked as Fe1) that is 

directly connected with the terminal H atom. The more 

positively charged Fe1 atoms in Fe2H2
– and Fe2H3

– indicate 

that it is more difficult for these systems to transfer an 

electron to the coming CO2 molecule. A charge transfer model 

[(FeH)δ– + CO2 → Feδ+ + (HCO2)
–] was proposed to account 

for the hydrogenation of CO2 mediated with Fe2Hn
–. This 

study highlights the fact that only an appropriate number of 

hydrogen ligands on Fe2
– can modify its electronic structures 

reasonably and then induce the effective hydrogenation of 

CO2.  

The insertion of CO2 into a metal-hydride bond is a key 

step that has been the subject of much recent interest. The 

energetics and rate of CO2 insertion have been shown to vary 

widely with different metals and ligand environments. Several 

possible mechanisms for this process have been discussed[35]. 

It is intriguing to study the effect of other ligands in metal 

species on CO2 activation, and the important roles of different 

ligands in modifying the reactivity of metal clusters can be 

obtained. Metal carbide species are considered as the active 

sites on real-life catalysts to investigate the mechanism of 

CO2 reduction due to the fact that the surfaces of transition 

metal carbides can bind CO2 well and are highly active for the 

cleavage of CO bonds[55, 56]. Our recent experimental results 

show that the CoCDn
− (n = 0～3) species can reduce CO2 into 

CO while CoCD4
− can only adsorb CO2 selectively under 

thermal collision conditions. The crucial roles of different 

number of D ligands in metal carbides for CO2 activation 

were rationalized by quantum chemical calculations and the 

results may provide fundamental understanding on the 

mechanisms that govern the catalytic reactions. 

 
Fig. 5.  TOF mass spectra for the reactions of mass-selected Cu2H2

−
 (a), Fe2H

−
 (d), and Fe2H2

−
 (f) with CO2 at different  

temperatures (b, c, e, and g). Reprinted with permission from references 53 and 54 
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Fig. 6.  Natural charge (e) distribution on the Fe atoms in Fe2Hn
−
 (n = 0～3). Cited with permission from reference 54 

 

Bimetallic catalysts exhibit improved activity and 

selectivity over single-component ones in the catalytic 

conversion of CO2, as the active site of bimetallic catalysts 

can be well tailored and thus their performance can be 

regulated. The studies on the reactions of bimetallic hydrides 

with CO2 are of great importance to elucidate how interplay 

alters electronic structures, charge-transfer property, and 

then modify the catalytic properties. Very recently, for the 

first time, the Bowen group successfully generated and 

identified the reactivity of bimetallic palladium-copper 

hydride cluster anion (PdCuH4
–) to catalytically convert CO2 

into HCOOH in combination with mass spectrometric 

analysis, photoelectron spectroscopy, and theoretical 

calculations[57]. As shown in Fig. 7, the calculations show 

that structures A and B are two low-energy PdCuH4
– isomers. 

In structure C, CO2 is inserted into the Cu–H bond of A, and 

D is obtained by the insertion of CO2 into the Pd–H bond in 

B. Both structures C and D have a HCO2
– moiety and they 

can be potential intermediates to generate HCOOH. In 

structure D, the bridged H atom can transfer to the HCO2
– 

moiety, forming structure E with a formic acid moiety. 

Subsequent dissociation of formic acid from E can generate 

PdCuH2
–, which can react with H2 to regenerate PdCuH4

–. 

Note that the structure C is a more stable intermediate, while 

a high energy (2.38 eV) is required for it to release HCOOH. 

Thus, it is unlikely that HCOOH can be formed via this 

process. In contrast, the reaction starting from B proceeds on 

a relatively smoother pathway, indicating that the metastable 

isomer B is the catalytic driving force, though both isomers 

can be identified in the experiment. 

 

 

Fig. 7.  Theoretical calculated relevant low-lying energy structures of PdCuH4
−
 (A and B), PdCuCO2H4

−
 (C, D, and E),  

and PdCuH2
−
. The relative energies for PdCuH4

−
 (A and B) and PdCuCO2H4

−
 (C, and D) are shown below  

each structure. Reprinted with permission from reference 57 

 

4  REACTIONS OF OTHER METAL  

SPECIES WITH CO2 

 

The studies on the reactions of CO2 with metal species 

coordinated by small ligands (CN–, Cl–, CO, OH–, and so on) 

are vital to have a more comprehensive understanding on the 

chemistry of CO2. For example, the reaction of ScNH+ with 

CO2 can generate neutral product HNCO, which is one of 
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the first polyatomic molecules observed in the interstellar 

gas[18]. The reactions of M(CN)+ (M = Co and Fe) with CO2 

produce addition product M(CN)(CO2)
+, careful structure 

analysis of which can obtain more information about the 

knowledge in CO2 capture and reduction by related enzymes 

in nature[19]. Recently, the Ma group discovered a very 

interesting phenomenon that the Nb2BN2
– cluster anion[20] 

can reduce four CO2 molecules consecutively to produce an 

oxygen-rich product Nb2BN2O4
– (Fig. 8b～d), while the 

species without B (Nb2N2
–) or N (Nb2B

–) atom can reduce 

two or three CO2 molecules, respectively. CO2 can be 

captured by the two Nb atoms in Nb2BN2
– in the initial step. 

The presence of B atom in Nb2BN2
– is vital to shorten the 

Nb–Nb bond (Fig. 8e). This can be reflected by the 

calculated lowest-lying structures for Nb2BN2
– and Nb2N2

– 

that the Nb–Nb bond in Nb2BN2
– is greatly shorter (229 pm) 

than that in Nb2N2
– (273 pm). Thus, more electrons can be 

stored in the Nb–Nb bond of Nb2BN2
– and then the electrons 

can be used in the following CO2 reduction process. In the 

subsequent steps of CO2 activation and dissociation, the 

synergy between Nb atom and B atom was emphasized to 

drive electron transfer into the π*-orbitals of CO2 due to the 

similar d-orbital nature of the B p-orbital. This gas-phase 

study can be helpful to understand the nature of active site 

on BN substrate supported transition metal catalysts that 

exhibit superior reactivity for various catalytic reac- 

tions[58-60].  

 

 
(e) 

Fig. 8.  TOF mass spectra for the reactions of mass-selected Nb2BN2
−
 with Ar (a) and CO2 (b～d). The reactant pressures are 

 shown in mPa (= 10
−3

 Pa). Calculated structures of Nb2BN2
−
, Nb2N2

−
, and Nb2B

−
 (e). The relative energies 

 are shown below each structure. Reprinted with permission from reference 20  

 

A more appealing and promising direction in CO2 

utilization is to convert CO2 with CH4 directly into 

value-added chemicals but it is remarkably challenging due 

to the thermodynamic stability and kinetic inertness of both 

molecules. Design of better-performing catalysts for direct 

conversion of CO2 and CH4 under mild conditions requires 

fundamental understanding on the mechanistic details, 

however, related catalytic examples have been scarcely 

reported[61-63]. In gas-phase studies, it demonstrated that the 

establishment of catalytic cycles for CH4 conversion is 

challenging because it is difficult to design effective routes 

for the transformation of product clusters (for example, 

MxOyHz
q and MxOyCH2

q) to regenerate the reactant clusters. 

Recently, the examples for catalytic conversion of CO2 and 

CH4 by heteronuclear metal oxide clusters were reported[61, 62]. 

We take the conversion by RhVO3
– as an example (Fig. 9). 

On the interaction of RhVO3
– with CH4, only adsorption 

product RhVO3CH4
– was observed at room temperature  
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(Fig. 9b). Isotopic labeling experiment with CD4 as reactant 

gas indicated that the kinetic isotopic effect for this 

absorption channel was estimated to be 3.0 ± 0.6, implying 

that dissociative adsorption took place. When the reaction 

temperature was ramped up to 600 K, two new weak signals 

RhVO3CH2
– (RhVO3CH4

– → RhVO3CH2
– + H2) and 

RhVO3C
– (RhVO3CH4

– → RhVO3C
– + 2H2) appeared, 

convincing that CH4 was dissociated on RhVO3
–. Note that 

RhVO3
– can also reduce CO2 to CO, indicating that RhVO3

– 

may be a promising candidate to induce co-conversion of 

CO2 and CH4. On the interaction of RhVO3CH4
– with CO2 at 

295 K, only adsorption product RhVO3CH4CO2
– can be 

clearly observed. While the elevated temperature (Fig. 9d) 

brings about a series of stronger signals corresponding to the 

loss of neutral species of CH3
•, CH2O, CH3OH, and CO from 

RhVO3CH4CO2
–. These experiments indicate that the 

conversion of CO2 and CH4 can be mediated by RhVO3
–. 

DFT calculations show that the exposed Rh site in RhVO3
– 

(Fig. 9e) is nearly neutral, which is facile to dissociate CH4 

in adsorption product A. Direct dehydrogenation from A is 

energetically demanding, consistent with the experimental 

result that a higher reaction temperature is required to drive 

the release of H2. In this case, CO2 has the chance to attach 

on RhVO3CH4
– and then gives rise to a more stable 

intermediate B, from which different neutral products can be 

obtained. This fact emphasizes the crucial roles of the 

introduced CO2 that can switch the endothermic CH4 

conversion to exothermic reactions and the partial oxidation 

of CH4 by RhVO3
– can perform along the lower potential 

energy surface. Thus, the production of CH3OH and CH2O 

becomes thermodynamically and kinetically favorable. 

While the attached CO in structure C can be release only 

under the conditions of a higher temperature or 

collision-induced dissociation, and then RhVO3
– can be 

regenerated to complete the catalytic cycle. The RhVO3
– 

cluster represents the first example to convert CO2 and CH4 

directly and a molecular-level mechanism on related 

catalytic conversion was obtained.  

 

 

(e) 

Fig. 9.  TOF mass spectra for the reactions of mass-selected RhVO3
−
 (a) with CH4 (b) seeded in the cooling gas (He) and then react  

with CO2 at 295K (c) and 600 K (d). The pressure of CH4 in panel b is about 1.4 Pa and the pressures of CO2 in panel c is  

about 0.2 Pa and in panel d about 0.7 Pa. Calculated structures for RhVO3
−
, RhVO3CH4

−
, RhVO3CH4CO2

−
,  

and RhVO4C
−
 are shown (e). Reprinted with permission from reference 62 



 

1394 LIU Y. Z. et al.: Activation of Carbon Dioxide by Gas-phase Metal Species No. 10 

  

5  SPECTROSCOPIC CHARACTERIZATION OF 

CO2 ADSORBED SPECIES M(CO2)n
0/+/− 

 

Adsorption induced CO2 fixation is an important field of 

scientific research. Understanding the nature of metal-CO2 

interaction (chemisorption, physisorption, or the coexistence 

of both feasibility), is vital to provide insights into the 

structures of captured CO2. Powerful characterization 

techniques, such as infrared photodissociation spectroscopy, 

anion photoelectron spectroscopy, and matrix isolation 

spectroscopy, in combination with theoretical calculations 

play pivotal roles to investigate the structure of captured 

CO2. Early transition metal cations M+ have strong reducing 

power to reduce CO2 into CO[21], as mentioned in the second 

section, while the capability of late transition metal species 

in the reduction of CO2 is highly dependent on their 

positions in the periodic table and the charged state. For 

example, the neutral Ni, Pd, and Pt atoms are normally 

unable to activate CO2, while the addition of an electron in 

these systems can lead to the formation of chemisorbed 

anionic complexes M(CO2)
− (M = Ni, Pd, and Pt)[64]. In 

contrast, anion photoelectron spectra investigation of 

M(CO2)
− (M = Cu, Ag, and Au) species found that only 

physisorption in the case of Ag(CO2)
−, only chemisorption 

in Cu(CO2)
−, and both features for Au(CO2)

−[65]. Moreover, 

spectroscopy characterization of M(CO2)n
+/− or MO(CO2)n

+/− 

complexes can understand the stepwise evolution of 

coordination environment with gradual addition of CO2
[66]. 

Matrix isolation spectroscopic study has a number of 

advantages for investigating some transient intermediates. 

These extremely reactive and photolabile species can be 

trapped and accumulated over a long period of time in 

matrix isolation, so detection sensitivity can be enhanced 

and a broad spectral range can be easily explored in a short 

time[67, 68]. The reactions of transition metal atoms and 

simple oxide molecules with CO2 have been intensively 

studied in solid noble gas matrices[69-81], which indicate that 

CO2 not only can form complexes with transition metal 

centers but also can be reduced to CO via insertion reactions.  

The insertion intermediates and various coordination 

complexes in different coordination modes including η1O, 

η1C, η2C,O, and η2O,O fashions were characterized 

spectroscopically. These fundamental studies are vital to 

provide useful information for more effective CO2 fixation 

or separation, while this is not the main topic in this 

mini-review. 

 

6  CONCLUSION 

 

This review summarizes the latest process in the 

activation and transformation of CO2 by metal species in the 

gas phase. Hydrogenation of CO2 occupies a very important 

stage to catalytically convert CO2 into formic acid, which 

serves not only as an energy carrier and commodity but also 

a promising hydrogen storage material[24, 25]. Though some 

knowledge on C–H bond formation has been obtained, there 

is still a long way to go in this direction due to the following 

issues. The current studies are focused on homonuclear 

metal hydrides, while related study on heteronuclear species 

has been scarcely reported[57]. In this case, the pivotal 

synergy between different metal centers in the active site is 

elusive, thus, the strategy to engineer the reactivity and the 

selectivity of desirable product in practically used bimetallic 

catalysts is ambiguous. Secondly, only elementary steps 

have been emphasized and the catalysis in the hydrogenation 

of CO2 under mild conditions has been rarely established[57]. 

The fundamental chemistry and the key factors that control 

the rate-determining steps in the catalysis are still lack. 

Finally, the stepwise hydrogenation of CO2 to generate other 

C1 chemicals, such as CH3OH, has not also been 

experimentally identified in the gas phase. Gas-phase studies 

performed under isolated conditions, in principle, can never 

account for exactly the precise structure of active sites or the 

catalytic behaviors in the condensed phase, while related 

studies are of significant importance to uncover the 

underlying mechanisms behind the fascinating results, 

discover new species, and open new perspective for 

effectively catalytic conversion of CO2 in the future.
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Table 1.  A Summary of Experimentally Identified Results on the Interactions of Gas-phase Metal Species with CO2 

Species Ion products Neutral products k1
a
  Methods

b
 Remark Year 

Al

 AlO


 CO, C, O  F  1992

[82]
 

Sc

 ScO


, ScO(CO2)1,2


 CO 7.4  10

11
 A  2006

[21]
 

Ti

 TiO


, TiO(CO2)


 CO 4.1  10

11
 A  2006

[21]
 

V
 

VO
+
, VCO

+
, VO2

+
 CO, O, C  F  1995

[83]
 

V2

 V2O

+
 CO 3.8  10

12
 D, theory  2020

[23]
 

Crn

  CrnO


 CO  F n = 1～18 1998

[84]
 

Fen

 FenO


 CO  F n = 1～18 1997

[85]
 

Fe2

 Fe2O


, Fe2O2


 CO

 
(1.8  0.4)  10

10  
C, theory  2020

[54]
 

Nix

 Nix(CO2)y

−
, Nix(CO2)yOz

−
 CO (0.63–1.09) × 10

−10
 A x = 3～5 1995

[86]
 

Cu
 

CuO
+
, CuCO

+
 CO, O  F  1999

[87]
 

Y

 YO


, YO(CO2)


 CO 5.9  10

10
 A  2006

[21]
 

Y

 YO

+
, YCO

+
  CO, O  F  1999

[88]
 

Zr

 ZrO


, ZrO(CO2)1,2


 CO 2.5  10

10
 A  2006

[21]
 

Zr

 ZrO


,  

ZrCO

, ZrO2


 

CO, O, C  F  1999
[89]

 

Nb

 NbO


,  

NbO(CO2)

, NbO2(CO2)03


 

CO 1.8  10
10

 A  2006
[21]

 

Nb

 NbO

+
, NbCO

+
, NbO2

+
 CO, O, C  F  1998

[90]
 

Mo

 MoO

+
, MoCO

+
, MoO2

+
 CO, O, C  F  1998

[91]
 

Pdx

 Pdx(CO2)y

−
  (0.05–3.4) × 10

−10
 A x = 3～8 1995

[86]
 

La

 LaO


, LaO(CO2)


 CO 4.2  10

10
 A  2006

[21]
 

La

 LaO


, LaO(CO2)


 CO 4.4  10

10
 A  2006

[22]
 

Ce

 CeO


, CeO(CO2)


 CO 4.6  10

10
 A  2006

[22]
 

Ce

 CeO


 CO  D  1997

[92]
 

Pr

 PrO


, PrO(CO2)


 CO 1.6  10

10
 A  2006

[22]
 

Nd

 NdO


, NdO(CO2)12


 CO 3.7  10

11
 A  2006

[22]
 

Nd

 NdO


 CO  D  1997

[92]
 

Sm
 

SmO

 CO  F, theory  2017

[93]
 

Gd
 

GdO

, GdCO


, GdO2


 CO, O, C  F, theory  2018

[94]
 

Gd

 GdO


, GdO(CO2)1,2


 CO 3.4  10

10
 A  2006

[22]
 

Tb

 TbO


, TbO(CO2)14


 CO 3.8  10

11
 A  2006

[22]
 

Lu

 LuO


, LuO(CO2)15


 CO 3.3  10

11
 A  2006

[22]
 

Hf

 HfO


, HfO(CO2)1,2


 CO 2.5  10

10
 A  2006

[21]
 

Hf
2 

HfO
2

, HfO

, CO


 CO

 
6.3  10

10 
D, theory  2012

[95]
 

Ta

 TaO


, TaO2(CO2)04


 CO 2.4  10

10
 A  2006

[21]
 

Ta

 TaO


 CO  D  1995

[96]
 

Ta
2 

TaO
2

, Ta

, TaO


, CO2


, CO


 CO

 
6.5  10

10 
D, theory  2012

[97]
 

W

 WO


, WO2(CO2)03


 CO 4.2  10

11
 A  2006

[21]
 

W

 WO


 CO 6.0  10

11
 D  1991

[98]
 

Pt
 

PtO
+
, PtCO

+
, CO2

+
 CO, O, Pt  F, theory  2003

[99]
 

Ptx

 Ptx(CO2)y


  (0.061.71)  10

10
 A x = 3～7 1995

[86]
 

Th

 ThO

+
 CO  D  2002

[100]
 

Th

 ThO

+
 CO  D  1997

[92]
 

U

 UO

+
 CO  D  2002

[100]
 

U

 UO

+
 CO  D  1997

[92]
 

U

 UO

+
, UO2

+
 CO, C  F  1980

[101]
 

Np

 NpO

+
 CO  D  2002

[100]
 

Pu

 PuO

+
 CO  D  2002

[100]
 

YO

 YO2


, Y

+
 CO, O + CO2  F  1999

[88]
 

ZrO

 ZrO2


, ZrCO2


 CO, O  F  1999

[89]
 

NbO

 NbO2

+
, NbCO2

+
 CO, O  F  1998

[90]
 

MoO

 MoO2

+
, MoCO2

+
, Mo

+
 CO, O, O+CO2  F  1998

[91]
 

HfO2
2 

HfO2

, CO2


 

 
3.2  10

10 
D, theory  2012

[95]
 

TaO

 TaO2


 CO  D  1995

[96]
 

To be continued 
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TaO
2

 TaO

, CO2


 

 
1.3  10

10 
D, theory  2012

[97]
 

TaO2
2

 TaO2

, CO2


 

 
7.2  10

10 
D, theory  2012

[97]
 

WO
+
 WO2

+
 CO 2.0  10

11
 D  1991

[98]
 

[ReO2]
 

[ReO3]

 CO (1.9  0.1)  10

12 
C, theory  2016

[102]
 

PtO

 Pt

+
, PtO2

+
, PtCO2

+
 O + CO2, O2 + CO, CO, 

O 

 F, theory  2003
[103]

 

UO
 

UO2

 CO  D  2002

[100]
 

UO

 UO2

+
 CO  F  1980

[101]
 

V2O

 V2O2

+
 CO 8.8  10

10
 D, theory  2020

[23]
 

MoxOy

  MoxOy+1


, MoxOy+1CO


 CO  A, theory x = 2, 3; y = 

2～5  

2010
[104]

 

WxOy

 WxOy+1


 CO  A, theory x = 2, 3; y = 

2～6 

2010
[104]

 

MoxWyOz

 MoxWyOz+1


, MoxWyOz+2C


  CO  A, theory x + y = 3, z = 

2～7 

2010
[104]

 

RhVO3
 

RhVO3CO2

 (295 K),  

RhVO4

 (600 K) 

CO (600 K) (5.2  1.5)  10
11

 

(295 K) 

C, theory  2019
[62]

 

Rh2VO
− 

Rh2VO2
−
 CO (9.9  2.0)  10

10 
C, theory  2020

[61]
 

Rh2VO2
− 

Rh2VO2CO2
−
, Rh2VO3

−
 CO (10.3  2.2)  10

10 
C, theory  2020

[61]
 

[Cp2TiH]
 

[Cp2TiHCO2]
 

  B, theory  2015
[30]

 

[OTiH]
 

[OTiOH]

 CO  B, theory  2015

[30]
 

[HTaO]
 +

/[TaOH]
+
 [OTaOH]

+
 CO  B, theory  2016

[106]
 

FeH
 

HCO2

, HFeO


, FeO2H


 Fe, CO (6.2  1.2)  10

10 
C, theory  2017

[33]
 

Fe2H

 FeHCO2


, Fe2HO


, Fe2HO2


 Fe, CO (2.4  0.5)  10

10  
C, theory  2020

[54]
 

Fe2H2

 FeH2CO2


, Fe2H2O


 Fe, CO (1.5  0.3)  10

10  
C, theory  2020

[54]
 

Fe2H3

 Fe2H3O


 CO (6.4  1.3)  10

11
 C, theory  2020

[54]
 

CoH
 

HCO2

, OCoH


, O2CoH


  Co, CO (8.0  1.6)  10

10 
C, theory  2020

[34]
 

NiH

 NiOH


, NiO2H


  CO (4.4  0.9)  10

10 
C, theory  2020

[34]
 

CuH
 

HCO2

, CuHCO2

 
Cu (2.7  0.5)  10

12
 C, theory  2020

[34]
 

CuH2
 

CuH2CO2
 

 (2.8  0.4)  10
13 

C, theory  2017
[31]

 

Cu2H2
 

Cu2H2(CO2)1,2

, CuH2CO2


 Cu 1.7  10

12 
(298 K) C, theory  2018

[53]
 

Cu2H3
 

Cu2H3CO2

  (1.3  0.1)  10

13
 C, theory  2017

[31]
 

PtHn

 H2Pt(HCO2)


   B, G, 

theory 

n = 0～3, 5 2016
[32]

 

PdCuH4

 PdCuH2


 HCOOH  B, G, 

theory 

 2020
[57]

 

TaCH2
+
 [TaCH2O]

+
 CO 6.9  10

10
 D  1995

[96]
 

[TaCH2O]
+
 TaO2

+
 C2H2O 1.3  10

10
 D  1995

[96]
 

ScS
 

ScO

, Sc


 COS, S+CO2  F, D, 

theory 

 2000
[107]

 

TiS

 TiO


, TiOS


, Ti


  COS, CO, S + CO, S + 

CO2 

 F, D, 

theory 

 2000
[107]

 

VS

 VO


, VOS


, V


 COS, CO, S + CO, S + 

CO2 

 F, D, 

theory 

 1998
[108]

 

YS

 YO


, YOS


, Y


 COS, CO, S + CO2  F, D, 

theory 

 2006
[109]

 

ZrS

 ZrO


, ZrOS


, Zr


 COS, CO, S + CO2  F, D, 

theory 

 2006
[109]

 

NbS

 NbOS


, NbO


, Nb


 CO, CO + S, S + CO2   F, D, 

theory 

 2006
[109]

 

[ClMg]
 

[ClMgCO2]


   B, theory  2018
[110]

 

[ClMgCO2]


 [ClMgC2O4]

, [ClMgCO3]


 CO  B, theory  2018

[110]
 

ScNH

 ScO

+
 HNCO (8.5  1.7)  10

11 
C, theory  2019

[18]
 

[FeCN]

  [NCCO2Fe]

  
 B, theory  2018

[19]
 

[CoCN]

  [NCCO2Co]

  
 B, theory  2018

[19]
 

[ClZn]
 

[ClZnCO2]


   B, theory  2018
[110]

 

[ClZnCO2]


 [ClZnC2O4]

, [ClZn]


   B, theory  2018

[110]
 

To be continued 
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[YC6D5]
 

[YC7D5O2]

, [YC6D5O]


 CO  B, theory  2016

[111]
 

[Re(CO)2]
 

[Re(CO)2O]

 CO 3.9  10

11
 D, theory  2017

[112]
 

NUOCl2

 UO2(NCO)Cl2


   C, theory  2016

[113]
 

CuB

 Cu

+
, CuOB

+
, CuCO

+
 CBO2, CO, BO (1.2  0.2)  10

9
 C, theory  2018

[63]
 

Nb2BN2

 Nb2BN2O


 CO (5.3  1.1)  10

10
 C, theory  2020

[20]
 

Nb2BN2O

 Nb2BN2O2


 CO (2.7  0.5)  10

10
 C, theory  2020

[20]
 

Nb2BN2O2

 Nb2BN2O3


 CO (8.9  1.8)  10

11
 C, theory  2020

[20]
 

Nb2BN2O3

 Nb2BN2O4


 CO (1.3  0.3)  10

11
 C, theory  2020

[20]
 

Nb2N2

 Nb2N2O


 CO (8.8  1.8)  10

11
 C, theory  2020

[20]
 

Nb2N2O

 Nb2N2O2


 CO (4.0  0.8)  10

11
 C, theory  2020

[20]
 

Nb2B

 Nb2BO


 CO (1.6  0.3)  10

11
 C, theory  2020

[20]
 

Nb2BO

 Nb2BO2


 CO (8.0  1.7)  10

12
 C, theory  2020

[20]
 

Nb2BO2

 Nb2BO3


 CO (6.0  1.3)  10

13
 C, theory  2020

[20]
 

CuBCH3
+
 Cu

+
, CuOBH

+
, CuCO

+
  C2H3BO2, C2H2O, 

CH3BO 

(5.3  1.1)  10
11

 C, theory  2018
[63]

 

RhVO3CH4

 RhVO3CH4CO2


 (295 K), 

RhVO5CH

 (600 K), 

RhVO4CH2

 (600 K), 

RhVO4C

 (600 K), 

RhVO4CH4
 

(600 K) 

CH3
•
, CH2O, CH3OH, 

CO 

 C, theory  2019
[62]

 

Mg(CO2)n

    E, theory  2003

[114]
 

Al(CO2)n

    E, theory n = 1～11 2003

[115]
 

Si(CO2)n

    E, theory  2004

[116]
 

Ti(CO2)n

    E, theory n = 3～7 2013

[117]
 

V(CO2)n

    E, theory  2013

[118]
 

V(CO2)n

    E  2004

[119]
 

Fe(CO2)n

     E  2002

[120]
 

Fe(CO2)n

     E  2001

[121]
 

Co(CO2)n

    E, theory n = 2～6 2019

[122]
 

Co(CO2)n

    E, theory n = 2～15 2017

[123]
 

Ni(CO2)n

    E  2004

[124]
 

Ni(CO2)n

    E  2003

[125]
 

Cu(CO2)n

    E, theory n = 3～8 2017

[126]
 

Rh(CO2)n

    E, theory n = 2～15 2017

[123]
 

Ag(CO2)n

    E, theory n = 3～8 2017

[126]
 

Ir(CO2)n

    E, theory n = 2～15 2017

[123]
 

NiO2(CO2)n

    E  2003

[125]
 

YO(CO2)n

    E, theory n = 2～11 2018

[66]
 

NbO2(CO2)n

    E, theory n = 3～9 2020

[127]
 

NbO2(CO2)n

    E, theory n = 1～7 2019

[128]
 

TaO2(CO2)n

    E, theory n = 1～7 2019

[128]
 

Mn(CO2)n

    E, theory n = 2～10 2017

[129]
 

Fe(CO2)n

    E, theory n = 3～7 2017

[130]
 

Co(CO2)n

    E, theory n = 3～11 2014

[131]
 

Ni(CO2)n

    E, theory n = 2～8 2014

[132]
 

Cu(CO2)n

    E, theory n = 2～9 2014

[133]
 

Ag(CO2)n

    E, theory n = 2～11 2013

[134]
 

Au(CO2)n

    E, theory n = 2～13 2012

[135]
 

Ni(CO2)

    G, theory  2019

[64]
 

Cu(CO2)

    G, theory  2015

[65]
 

Pd(CO2)

    G, theory  2019

[64]
 

Ag(CO2)

    G, theory  2015

[65]
 

Pt(CO2)

    G, theory  2019

[64]
 

Au(CO2)

    G, theory  2015

[65]
 

TiOx(CO2)y

    E, theory x = 1～3; y > 1 2018

[136]
 

[ClMgCO2]

    E, theory  2014

[137]
 

[Co(Pyridine)(CO2)]

    G, theory  2015

[138]
 

To be continued 
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Sc  OScCO, OCScCO3  H, theory  2016
[69]

 

Ti OTiCO
+
, OTiOC

+
 OTiCO, O2Ti(CO)2,  

O2Ti(CO), OTi(CO)2 

 H, theory  1999
[80]

 

V OVCO
+
, OVOC

+
 OVCO,  

O2V(CO)2, OV(CO)2 

 H, theory  1999
[80]

 

Cr OCrCO

,
 

Cr(CO2)
+
, Cr(CO2)2

+
 

OCrCO, O2Cr(CO)2,  

Cr(CO2), Cr(CO2)2,  

CrOCrCO, OCCrCO3  

 H, theory  2014
[70]

 

Cr  OCrCO,  

O2Cr(CO)2, O2CrCO,  

CrO, CrCO， 

CrO2, OCr(CO)2, 

CrCO2 

 H, theory  1997
[81]

 

Mn OMnCO

, OMnCO

+
 OMnCO, O2MnCO, 

O2Mn(CO)2,  

Mn(O2)CO, MnO, 

MnO2   

 H, theory  1999
[79]

 

Fe OFeCO

, FeOCO

+
 OFeCO, O2FeCO,  

Fe(O2)CO, FeO2  

 H, theory  1999
[79]

 

Co OCoCO

, CoCO2


, OCoCO

+
 OCoCO, O2CoCO, 

OCo2CO, CoO  

 H, theory  2007
[73]

 

Co OCoCO

, CoCO2


 OCoCO, CoO  H, theory  1999

[79]
 

Ni ONiCO

, NiCO2


 ONiCO  H, theory  1999

[79]
 

Cu OCuCO

, CuCO2


   H, theory  1999

[79]
 

Zr (ZrO)
 +

CO OZrCO, ZrO  H, theory  2000
[76]

 

Mo  OMoCO, O2Mo(CO)2,  

O2MoCO, MoCO 

 H, theory  1997
[81]

 

Ru ORuCO

 ORuCO, O2RuCO, 

OCRu(O2)CO, RuCO  

 H, theory  2002
[74]

 

Rh ORhCO

 ORhCO, O2RhCO, 

RhO 

 H, theory  2007
[73]

 

Ta OTaCO

, O2Ta(CO)2


 OTaCO, O2Ta(CO)2  H, theory  2000

[77]
 

W  OWCO, O2W(CO)2,  

O2WCO, WO,  

WCO, OW(CO)2WO 

 H, theory  1997
[81]

 

Re OReCO

, ORe(CO)2


 OReCO, O2ReCO,  

ORe(CO)2, O2Re(CO)2  

 H, theory  2002
[[75]

 

Os OOsCO

 OOsCO, O2OsCO, 

O2Os(CO)2  

 H, theory  2002
[74]

 

Th OThCO
+
, O2Th(CO)2


 OThCO, O2Th(CO)2, 

ThO 

 H, theory  2000
[78]

 

U OUCO
+
, O2U(CO)2


 OUCO, O2U(CO)2, 

O2UCO 

UO, UO2 

 H, theory  2000
[78]

 

ScO  ScCO3  H, theory  2016
[69]

 

TiO  TiO2(CO)  H, theory  2012
[71]

 

NbO  NbO2(CO)  H, theory  2011
[72]

 

TiO2  OTiCO3  H, theory  2012
[71]

 

NbO2  NbO2(CO2)1,2  H, theory  2011
[72]

 

a
 k1: in cm

3
 molecule

1
 s
1

. 
b
 The experimental methods are labelled as A−H: A: fast flow reactor-mass spectrometry (MS), B: collision cell-MS, C: linear ion trap reactor-MS, D: ion 

cyclotron resonance cell-MS, E: IR-PD spectroscopy, F: guided ion beam-MS, G: photoelectron spectroscopy, and H: matrix isolation infrared 

spectroscopy. 
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