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Abstract 

On purpose atomic scale design of catalytic sites specifically active and selective at low 

temperature for a target reaction is a key challenge. Here we report teamed Pd1 and Mo1 single-

atom sites that exhibit high activity and selectivity for anisole hydrodeoxygenation to benzene at 

low temperature, 100-150°C where a Pd metal nanoparticle catalyst or a MoO3 nanoparticle 

catalyst is individually inactive. The catalyst built from Pd1 or Mo1 single-atom sites alone are 

much less effective, although the catalyst with Pd1 sites shows some activity but low selectivity. 

Similarly, less dispersed nanoparticle catalysts are much less effective. Computational studies 

show that the Pd1 and Mo1 single-atom sites activate H2 and anisole, respectively and their 

combination triggers the hydrodeoxygenation of anisole in this low temperature range. The 

Co3O4 support is inactive for anisole hydrodeoxygenation by itself but participates in the 

chemistry by transferring H atoms from the Pd1 to the Mo1 site. This finding opens an avenue of 

designing catalysts active for a target reaction channel such as conversion of biomass derivatives 

at a low temperature where neither metal nor oxide nanoparticles are. 

 

Keywords: Single-atom catalysis, multifunctional catalysis, hydrodeoxygenation, catalysis, in 

situ spectroscopy, density functional theory calculations, and kinetic modeling 
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1. Introduction 

The on-purpose design at the atomic scale of catalysts for multi-step reactions that would 

operate at low temperature with high selectivity is the “holy grail” of heterogeneous catalysis. 

Usual heterogeneous catalysts, formed by nanoparticles of metal or oxide on a support present a 

variety of active sites. In many situations, this wide, but nonuniform, distribution of active sites 

on metal or oxide nanoparticles may suppress activity and selectivity at low temperature due to 

potential poisoning of some types of active sites to decrease the per-atom activity of the catalyst 

and unwanted side-reactions.1-4 Highly dispersed catalytic sites, ultimately in the form of isolated 

cations, present a narrow distribution of uniform active sites with specific electronic structures, 

which may improve the catalytic activity and selectivity. The downside of this specificity is that 

such single atoms may have difficulty in catalyzing a multi-step reaction.5, 6 

Here, to realize catalysis along a demanded reaction channel at a low temperature where 

supported metal or oxide nanoparticle catalysts of metal element X or Y are not active, we 

propose teaming two single-atom sites including X1, responsible for chemisorbing and activating 

molecule A, and Y1 for molecule B, respectively, to turn on the reaction between A and B at low 

temperature. Here the subscript “1” was added to refer to a single-atom site. Typically, single-

atom sites are formed by immobilization of an isolated metal cation on an oxide support and 

have a chemical state and coordination environment markedly different from that of the 

continuously packed surface sites of a nanoparticle of the considered metal.7, 8  

To explore the hypothesis of realizing low-temperature catalysis through teaming single-

atom sites, hydrodeoxygenation (HDO), a transformative reaction of biomass derivative,9-13 was 

chosen as a probe reaction. Single-atom Pd1 and Mo1 sites were chosen to anchor on Co3O4. Our 

exploration shows that Pd1 and Mo1 single-atom sites activate H2 and anisole, respectively, and 



4	

	

that the teamed Pd1 and Mo1 single-atom catalyst is highly active and selective for anisole HDO 

at a temperature as low as 100oC, while neither a Pd metal nanoparticle nor a MoO3 nanoparticle 

is active for producing benzene through anisole HDO in the temperature range 25oC-250oC.13 

This work demonstrates that teaming single-atom catalytic sites is an efficient approach for 

designing catalysts active and selective at low temperature.  

 

2. Results and Discussion 

2.1 Preparation and in-situ characterization of catalyst with teamed Pd1 and Mo1 single-

atom sites 

2.1.1 Selection of reaction and design of catalysts 

We chose the hydrodeoxygenation (HDO) of anisole 11, 14-25 as an example of a type of 

reactions in which both reactants, molecular hydrogen and anisole, must be adsorbed and 

dissociated on catalytic sites before their derivatives could couple to form intermediates leading 

to a product such as benzene. Palladium metal nanoparticles supported on silica, 0.5wt%Pd/SiO2 

[Figures S9 and S10 in the Supporting Information (SI)] were first prepared as benchmark 

materials through impregnation of a palladium precursor, followed by drying at 60oC in air and 

then reduction at 350oC in H2. These supported Pd nanoparticles are not active for anisole HDO 

at <300oC although they are active for hydrogenation of anisole to methoxycyclohexane (Figure 

S19). MoO3 nanoparticles are not active for anisole HDO at a temperature lower than 250oC 

(Figure S20), consistent with literature.13 In addition, literature reported that MoO3 crystallites 

undergo facile reduction to form less reactive MoO2 at 320oC.26 
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Figure 1. XRD and TEM studies of used catalysts. (a) XRD patterns of MoO3 (black line) and Co3O4 (red line) (a1), 
used 0.25wt%Pd/(Co0.95Mo0.05)3O4 (a2), 0.25wt%Pd/Co3O4 (a3), 5.0%Mo/Co3O4 (a4), 0.25wt%Pd/(Co0.90Mo0.10)3O4 
(a5), and 0.25wt%Pd/(Co0.80Mo0.20)3O4 (a6). (b) Enlargement of XRD pattern of 0.25wt%Pd/(Co0.95Mo0.05)3O4 after 
anisole HDO at 150oC. (c-e) High-resolution TEM images of 0.25wt%Pd/(Co0.95Mo0.05)3O4 nanoparticles after 
anisole HDO at 150oC.  

 

To prove the hypothesis that teaming single-atom sites could turn on anisole HDO 

catalysis at low temperature, we chose palladium as one of the two metal elements as it was 

demonstrated in the literature that (1) singly dispersed Pd atoms (Pd1) on Cu or Au metal can 

activate molecular hydrogen at low temperature and (2) the adsorption energy of H atoms on Pd1 

single-atom sites is relatively weak and thus allows H atoms to spill-over on the support.27-30 In 

addition, we chose isolated Mo1 cations as the second type of single-atom sites since they exhibit 
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high affinity to oxygen atoms.31-34 We selected Co3O4 as the support to anchor Pd1 and Mo1 

atoms as it has been used as a support for Pt,35 Pd,36 Ni37, and Rh38, 39 single-atoms in the 

literature.  

 

2.1.2 Preparation of catalysts  

Three catalysts, (Co0.95Mo0.05)3O4 having only single-atom Mo1 sites (Mo1/Co3O4), 

0.25wt%Pd/Co3O4 having only single-atom Pd1 sites (Pd1/Co3O4), and 

0.25wt%Pd/(Co0.95Mo0.05)3O4 having coexisting single-atom Mo1 sites and single-atom Pd1 ones 

(Pd1+Mo1/Co3O4), respectively, were prepared (Section S1 of the SI). To prepare 

0.25wt%Pd/(Co0.95Mo0.05)3O4, (Co0.95Mo0.05)3O4 was first prepared by a wet-chemistry route and 

then Pd was added in a second step by a specific deposition-precipitation as described in SI. 

XRD patterns of the used (Co0.95Mo0.05)3O4, 0.25wt%Pd/Co3O4, and 

0.25wt%Pd/(Co0.95Mo0.05)3O4 are presented in Figure 1a2, 1a3, and 1a4, respectively. Since the 

three used catalysts exhibit the same XRD pattern as pure Co3O4 (the red lines in Figure 1a1), 

the introduction of Pd1 and/or Mo1 atoms in the three catalysts did not change the lattice structure 

of the Co3O4 support. Sizes of 0.25wt%Pd/(Co0.95Mo0.05)3O4 nanoparticles are 10±2 nm before 

catalysis and 11±3 nm after catalysis, based on calculations using the Scherrer equation40 based 

on its XRD pattern in Figures 1b and statistical accounting of TEM images such as Figure 1c-1e 

and Figure S2. These studies suggest that no notable sintering of 0.25wt%Pd/(Co0.95Mo0.05)3O4 

nanoparticles occurred after the anisole HDO at 150°C. In addition, the crystalline nature of the 

support of 0.25wt%Pd/(Co0.95Mo0.05)3O4 after HDO catalysis at 150oC was confirmed by the 

observation of lattice fringes of the (111), (200) and (311) planes of Co3O4 in HRTEM images 
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(Figure 1c-1e). Statistical investigations suggest that the main exposed plane of the Co3O4 

nanoparticles is (111).  

 

2.1.3 XANES and EXAFS studies of fresh 0.25wt%Pd/(Co0.95Mo0.05)3O4 

The oxidations state and coordination environment of Pd and Mo atoms of the fresh 

catalyst 0.25wt%Pd/(Co0.95Mo0.05)3O4 were characterized with X-ray Absorption Near Edge 

Spectroscopy (XANES)41, Extended X-ray Absorption Fine Structure (EXAFS)42, and Ambient 

Pressure X-ray Photoelectron Spectroscopy (AP-XPS)43, 44 in a manner of ex situ studies at 25oC 

and in situ studies at catalysis temperatures under a catalytic condition as defined by the 

literature.45 The Pd foil, Mo foil, and PdO nanoparticles in ambient were studied as references 

for energy calibration and peak assignment in XAS studies. Their XANES spectra of Pd K-edge 

and Mo K-edge and their r-space spectra of Pd foil, Mo foil, and PdO nanoparticles were 

generated to aid the interpretation of energy-space and r-space spectra of 

0.25wt%Pd/(Co0.95Mo0.05)3O4 before catalysis, also designated as fresh catalyst, and 

0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis, anisole HDO at 150oC.  

The red spectrum in Figure 2b is the energy space spectrum of Mo K-edge of the fresh 

catalyst, 0.25wt%Pd/(Co0.95Mo0.05)3O4. It is distinctly different from the black spectrum of Mo 

foil in Figure 2b but similar to MoO3 reported in literature.46 Thus, Mo atoms of the fresh 

catalyst 0.25wt%Pd/(Co0.95Mo0.05)3O4 are oxidized. In addition, the r-space spectrum of Mo K-

edge of the fresh catalyst (black spectrum in Figure 2d) is distinctly different from the Mo foil 

(pink spectrum in Figure 2d). The fresh 0.25wt%Pd/(Co0.95Mo0.05)3O4 has one major peak at 

1.71 Å while there is a minor peak at 3.23 Å (black spectrum in Figure 2d). All distances cited 

in this article are the values upon phase correction of EXAFS unless a specific note is given. 
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Based on the literature46, the Mo-O-Mo peak at 2-3.5 Å in the r-space spectrum of Mo K-edge of 

MoO3 nanoparticles is strong. Figure S11b represents the reported r-space spectra of MoO3 

nanoparticles reported in the literature46. Compared to the strong Mo-O-Mo peak of MoO3 

nanoparticles in 2-3.5 Å reported in the literature, the quite weak peak at 3.23 Å observed from 

the fresh catalyst, 0.25wt%Pd/(Co0.95Mo0.05)3O4 suggests that Mo-O-Mo is not a majority species 

formed in the fresh catalyst. Thus, the Mo atoms are mainly singly dispersed in the fresh catalyst. 

 

Figure 2. XANES and EXAFS studies of fresh 0.25wt%Pd/(Co0.95Mo0.05)3O4 (a-d) and 
0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis (anisole HDO at 150oC) (e-h). (a) XANES spectrum of Pd K-edge 
of fresh 0.25wt%Pd/(Co0.95Mo0.05)3O4 and Pd foil in ambient. (b) XANES spectrum of Mo K-edge of as-prepared 
0.25wt%Pd/(Co0.95Mo0.05)3O4 and Mo foil in ambient. (c) r-space spectrum of Pd K-edge of fresh 
0.25wt%Pd/(Co0.95Mo0.05)3O4 and Pd foil in ambient. (d) r-space spectrum of Mo K-edge of fresh 
0.25wt%Pd/(Co0.95Mo0.05)3O4 and Mo foil in ambient. (e) XANES spectrum of Pd K-edge of 
0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis (anisole HDO at 150oC) and Pd foil in ambient. (f) XANES spectrum 
of Mo K-edge of 0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis (anisole HDO at 150oC) and Mo foil in ambient. (g) 
r-space spectrum of Pd K-edge of 0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis (anisole HDO at 150oC), Pd foil in 
ambient, and PdO in ambient. (h) r-space spectrum of Mo K-edge of 0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis 
(anisole HDO at 150oC).  
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Table 1. List of parameters used to fit peaks in r-space spectra of Pd K-edge and Mo K-edge of 
0.25wt%Pd/(Co0.95Mo0.05)3O4 data collected during catalysis of anisole HDO at 150oC or collected 
from fresh 0.25wt%Pd/(Co0.95Mo0.05)3O4 in ambient before catalysis. 
 

Entry Status Path CN Distance (Å) σ2 (Å2) 
1 

During 
catalysis at 

150oC 

Pd-O 2.09±0.28 2.23±0.02 0.00683 
2 Pd-(O)-Co 3.17±0.51 2.92±0.02 0.00683 
3 Mo-O 3.20±0.71 1.72±0.01 0.00619 
4 Mo-(O)-Co 1.74±0.61 3.39±0.06 0.00619 
5 Fresh catalyst 

in ambient at 
25oC 

Pd-O 3.15±1.11 2.01±0.03 0.00141 
6 Mo-O 1.75±0.64 1.71±0.03 0.00387 
7 Mo-(O)-Co 0.88±0.63 3.23±0.09 0.00397 

 

The energy space spectrum of Pd K-edge of the fresh catalyst, 

0.25wt%Pd/(Co0.95Mo0.05)3O4 (black spectrum in Figure 2a) is distinctly different from Pd foil 

(green spectrum in Figure 2a). Its r-space spectrum (black spectrum in Figure 2c) only has one 

peak at 2.01 Å, distinctly different from the peak of Pd foil (green spectrum in Figure 2c). The 

peaks of Pd-O and Pd-O-Pd of the reference sample, the well crystalized PdO nanoparticles in 

ambient are presented in the blue spectrum in Figure 2g. Compared to the spectra of the 

reference sample PdO nanoparticles (blue spectrum in Figure 2g) and another reference sample 

Pd foil (green spectrum in Figure 2c), the r-space spectrum of the fresh catalyst, 

0.25wt%Pd/(Co0.95Mo0.05)3O4 (black spectrum in Figure 2c) does not have either the peaks of 

Pd-O-Pd of PdO nanoparticles or the peak of Pd-Pd of Pd foil, suggesting that Pd atoms in the 

fresh catalyst, 0.25wt%Pd/(Co0.95Mo0.05)3O4 are singly dispersed. The fitting to the spectrum of 

the fresh catalyst (red spectrum in Figure 2c) suggests that the Pd atoms are singly dispersed and 

only bond with oxygen atoms. The lack of peak of Pd-(O)-Co in the black spectrum in Figure 2c 

suggests that the singly dispersed Pd atoms of the fresh catalyst, 0.25wt%Pd/(Co0.95Mo0.05)3O4 

are mainly on the surface instead of in the subsurface or in the bulk.  
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2.1.4 XANES, EXAFS, and AP-XPS studies of 0.25wt%Pd/(Co0.95Mo0.05)3O4 during 

catalysis  

The coordination and chemical environments of the Mo and Pd atoms of 

0.25wt%Pd/(Co0.95Mo0.05)3O4 during anisole HDO at 150oC were studied using XANES, 

EXAFS, and AP-XPS. The Pd K-edge spectrum of 0.25wt%Pd/(Co0.95Mo0.05)3O4 (black 

spectrum in Figure 2e) was collected during catalysis at 150°C. In terms of the r-space spectrum 

of the Pd K-edge of 0.25wt%Pd/5.0%Mo/Co3O4 during catalysis, two peaks were observed at 

2.23 Å and 2.92 Å in the black spectrum in Figure 2g, assigned to Pd-O and Pd-(O)-Co bonds, 

respectively. For comparison, the r-space spectrum of Pd K-edge of the reference sample PdO 

nanoparticles is presented in Figure 2g (blue spectrum). The first peak in this blue spectrum was 

assigned to Pd-O bonds, and the second and third peaks were contributed from two different Pd-

(O)-Pd interactions in the Pd-O-Pd units of the PdO nanoparticles.47 Compared to the r-space 

spectrum of PdO nanoparticles, the lack of the two featuring peaks of Pd-O-Pd of PdO 

nanoparticles in the r-space spectrum of 0.25wt%Pd/5.0%Mo/Co3O4 during catalysis suggests 

that no PdO nanoparticles were formed in 0.25wt%Pd/5.0%Mo/Co3O4 during catalysis. The 

major feature of metallic Pd foil in the r-space spectrum (green spectrum in Figure 2g) is the 

peak of Pd-Pd bonds at 2.75 Å. The lack of such a Pd-Pd peak of Pd foil in the spectrum of 

0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis at 150oC indicates that no Pd metal nanoparticles 

were formed during catalysis at 150oC. In addition to these deductions from EXAFS, the lack of 

metallic Pd clsuters and PdO nanoparticles was suppported by AP-XPS studies of 

0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis at 150oC in Figure 3d3 and the ex-situ studies with 

HR-TEM (Figure 1c-1e).  
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Based on the black spectrum in Figure 2g, neither Pd-O-Pd peak of PdO nanoparticles 

nor Pd-Pd peak of Pd nanoparticles was observed in the r-space spectrum of 

0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis, suggesting that the Pd atoms exist in the form of 

single-atom sites, Pd1 during the catalysis at 150oC. Coordination numbers and bond lengths 

around Pd1 single atoms during catalysis were estimated through fitting the r-space spectrum of 

0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis (red spectrum in Figure 2g). They are listed in 

entry 1-4 in Table 1. Based on this fitting, a Pd atom coordinates with 2.09±0.28 oxygen atoms 

and 3.17±0.51 cobalt atoms in its first and second shells, respectively. The low coordination 

numbers of a Pd1 atom suggest that Pd atoms of 0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis at 

150oC are mainly on the surface of the support. The potential possibilities of fitting the r-space 

spectrum of Pd K-edge collected from 0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis at 150oC 

were discussed in Section 4.3 of the SI and later compared to these distances between Pd and Co 

atoms in the intermediates obtained in DFT calculations in Section 8.3 of the SI. 
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Figure 3. XPS studies of 0.25wt%Pd/(Co0.95Mo0.05)3O4 at 25oC (black spectra) and AP-XPS studies of 
0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis at 100oC (red spectra), 150oC (blue spectra), and 200oC (green 
spectra). (a) O 1s. (b) Co 2p. (c) Mo 3d. (d) Pd 3d. 

 

The bonding of Pd with oxygen atoms was further supported by the binding energy (BE) 

of Pd 3d during catalysis at 150oC tracked with AP-XPS (Figure 3d3). The BE of Pd 3d5/2 of 

0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis at 150oC, 337.2 eV, is obviously higher than those 

of metallic Pd or Pd-Co bimetallic nanoparticles, 335.0-335.3 eV reported in literature,48-50 

confirming that the Pd atoms of 0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis are cationic. This 

cationic nature of Pd atoms is further supported by the energy position of Pd K-edge in XANES 

study of 0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis at 150oC (black spectrum in Figure 2e). 

The lack of palladium oxide or Pd metal nanoparticles in the HR-TEM images of 
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0.25wt%Pd/(Co0.95Mo0.05)3O4 after catalysis at 150oC (Figure 1c-1e) supports that Pd does not 

exist in the form of metal oxide or metallic nanoparticles.  

Compared to the coordination environment of Pd atoms in the 

0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis at 150oC (entries 1 and 2 in Table 1), Pd atoms in 

the fresh catalytic have a different coordination environment as listed in entry 5 in Table 1. It 

suggests that the fresh catalyst was restructured by the pretreatment in 5% H2 at 150oC and the 

catalysis condition at 150oC. In the following computational studies (Section 2.7), the structural 

model of the catalyst 0.25wt%Pd/(Co0.95Mo0.05)3O4 was built on the basis of the structural 

parameters of 0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis. 

The black spectrum in Figure 2h is the r-space spectrum of Mo K-edge of 

0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis. In this spectrum, only a peak at 1.72 Å was 

observed. For MoO3 nanoparticles reported in the literature,46 however peaks at 2.90 Å and 3.12 

Å attributed to Mo-(O)-Mo interactions in Mo-O-Mo units in addition to the Mo-O peak were 

simultaneously observed.46 They are represented in Figure S11b. In terms of Mo foil,26, 46 its Mo 

K-edge in r-space spectrum is featured by two peaks at 2-3 Å (pink spectrum in Figure 2d). 

However, the r-space spectrum of Mo K-edge of 0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis at 

150oC does not have any peak at a R value higher than 2.0 Å (black spectrum in Figure 2h). It 

suggests that neither MoO3 nor metallic Mo nanoparticles were formed during catalysis. The 

spectrum of 0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis (black spectrum in Figure 2h) was 

fitted into a single peak (red spectrum in Figure 2h). This fitting suggests that each Mo atom 

coordinates with 3.20±0.71 oxygen atoms in the first shell and 1.74±0.61 Co atoms in the second 

shell (entry 3 and 4 in Table 1).  The lack of formation of Mo metal or MoO3 nanoparticles on 

0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis is supported by the surface sensitive AP-XPS 
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studies during catalysis (Figure 3c3) since the observed binding energy of Mo 3d of 

0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis, 231.8 eV, is obviously higher than that of 

metallic Mo reported in literature,48 but lower than that of MoO3.51-53 In addition, in-situ XANES 

spectra of the Mo K-edge of 0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis (red spectrum in 

Figure 2f) show that Mo atoms are cationic, consistent with its coordination with oxygen atoms 

deduced from in situ studies of EXAFS and AP-XPS.  

Compared to the coordination environment of Mo atoms in 0.25wt%Pd/(Co0.95Mo0.05)3O4 

during catalysis (entries 3-4 in Table 1), the Mo atoms of the fresh catalyst are in a different 

coordination environment (entry 6-7 in Table 1). Thus, obviously the coordinating environment 

of Mo atoms was restructured by the pretreatment in 5% H2 at 150oC and the following catalysis 

at 150oC. This restructuring made a Mo atom directly bond with 3.20±0.71 oxygen atoms and 

1.74±0.61 cobalt atoms in the first and second coordination shells. This structural parameter was 

used in building structural model of 0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis for exploring 

catalytic mechanism of anisole HDO in Section 2.7. 

 

2.2 Preparation and characterization of (Co0.95Mo0.05)3O4 and 0.25wt%Pd/Co3O4 

Compared to 0.25wt%Pd/(Co0.95Mo0.05)3O4 containing two types of single-atom sites, 

Mo1 and Pd1, the catalyst (Co0.95Mo0.05)3O4 containing only one type of single-atom sites Mo1 

and the catalyst 0.25wt%Pd/Co3O4 containing only one type of single-atom sites Pd1 were 

prepared as described in Sections S1.2 and S1.4, respectively. The r-space spectrum of the Mo 

K-edge of (Co0.95Mo0.05)3O4 (Figure S12) shows that the Mo atoms are singly dispersed in 

(Co0.95Mo0.05)3O4 during anisole HDO at 150 °C and coordinate with 3.20±0.28 oxygen atoms on 

average, similar to Mo atoms in 0.25wt%Pd/(Co0.95Mo0.05)3O4 during catalysis. The in-situ 
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XANES spectrum shows that the Mo atoms in (Co0.95Mo0.05)3O4 are cationic (Figure S13). 

Similar to the single dispersion of Pd atoms in 0.25wt%Pd/(Co0.95Mo0.05)3O4, the Pd atoms of the 

0.25wt%Pd/Co3O4 after catalysis for HDO anisole at 150oC are still singly dispersed on Co3O4 

(Figure S7). In the following sections, the (Co0.95Mo0.05)3O4, 0.25wt%Pd/Co3O4, and 

0.25wt%Pd/(Co0.95Mo0.05)3O4 catalysts are designated as Mo1/Co3O4, Pd1/Co3O4 and 

Mo1+Pd1/Co3O4, respectively for convenience. 

 

2.3 Realization of active and selective catalysis with teamed Pd1 and Mo1 sites at low 
temperature  

(Co0.95Mo0.05)3O4

0.25wt%/(Co0.95Mo0.05)3O4

0.01wt%/(Co0.95Mo0.05)3O4 0.05wt%/(Co0.95Mo0.05)3O4 0.15wt%/(Co0.95Mo0.05)3O4

0.25wt%Pd/Co3O4

 

Figure 4. Catalytic activity and selectivity for benzene formation through anisole hydrodeoxygenation (HDO) 
on catalysts. (a) Catalytic performances of 50 mg of (Co0.95Mo0.05)3O4 (Mo1/Co3O4). (b) Catalytic performances of 
50 mg of 0.25wt%Pd/Co3O4 (Pd1/Co3O4). (c) Catalytic performances of 50 mg of 0.25wt%Pd/(Co0.95Mo0.05)3O4 
(Mo1+Pd1/Co3O4). (d-f) Catalytic performances of x wt%Pd/(Co0.95Mo0.05)3O4 with increased amount of Pd (x) from 
0.01wt%, 0.05wt% to 0.15wt%. In each measurement of catalytic performance, 50 mg of a catalyst was mixed with 
300 mg of purified quartz. In all catalytic measurements, the anisole vapor was delivered to the catalyst bed through 
the flowing H2. For delivering anisole vapor, 25 mL/min H2 (99.99%) was introduced to a sealed bottle containing 
about 10 ml 99.9% anisole; the liquid anisole in the bottle remained at room temperature by keeping the bottle in a 
room-temperature water bath without additional heating or cooling.   
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The catalytic activity and selectivity of anisole HDO on the three different catalysts, 

Mo1/Co3O4, Pd1/Co3O4, and Mo1+Pd1/Co3O4 were measured in a fixed-bed flow reactor under 

the catalytic condition as described in Section S6. As shown in Figure 4a, 50 mg of 

(Co0.95Mo0.05)3O4 is nearly inactive for the conversion of anisole in 100-130°C; The conversion 

of anisole on 50 mg (Co0.95Mo0.05)3O4 at 150oC is <10% with a selectivity of only 40% for 

producing benzene. 50 mg of Pd1/Co3O4 exhibits a larger conversion of anisole, 68% at 140oC 

and 88% at 150oC, but the selectivity for benzene remains quite low (35% at 140°C and 40% at 

150°C) (Figure 4b). The main side-reaction channel is the hydrogenation of the phenyl ring of 

anisole. 

In comparison, the catalyst with teamed single-atom sites, Mo1+Pd1/Co3O4, exhibits 87% 

conversion of anisole at 140°C and 98% at 150 °C (Figure 4c). The selectivity for benzene 

through anisole HDO at 140 °C and 150 °C on Mo1+Pd1/Co3O4 (Figure 4c) are 81% and 83%, 

respectively, obviously higher than that on Mo1/Co3O4 (Figure 4a) and Pd1/Co3O4 (Figure 4b) 

by at least 40%-45%. These parallel studies clearly show that teaming the two types of single-

atom sites, Pd1 and Mo1, on Co3O4 to form Mo1+Pd1/Co3O4 allows the benzene production 

through anisole HDO of anisole to be efficiently and selectively performed at a temperature as 

low as 100-150oC. The yields of benzene from 50 mg of Mo1+Pd1/Co3O4 at 150oC, 83%, and at 

140oC, 72%, are much higher than the total yield (39.2%) of 50 mg Pd1/Co3O4 (35%) and 50 mg 

of Mo1/Co3O4 (4.2%) at 150oC, clearly justifying the team effect of Pd1 and Mo1 sites on Co3O4 

in this low-temperature range. The high low-temperature activity of the Mo1+Pd1/Co3O4 for 

anisole HDO contrasts the absence of activity in producing benzene through anisole HDO on Pd 

metal nanoparticles of 0.50wt%Pt/SiO2 (Figure S19) at 300oC or lower, and on MoO3 

nanoparticles at a temperature 200oC or lower (Figure S20).13 It justifies the hypothesis that a 
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low temperature catalysis, unable to be reached on a classical metal or oxide nanoparticle 

catalyst, can be realized by teaming two sets of single-atom sites on a support.  

The teaming effect of Pd1- and Mo1-based sites on the support, Co3O4 was clearly 

confirmed by the evaluation of catalytic performance of a physical mixture of 50 mg 

0.25%Pd/Co3O4 (Pd1/Co3O4) and 50 mg (Mo0.05Co0.95)3O4 (Mo1/Co3O4). As listed in Table S5, 

the yield of benzene on the physical mixture in Column 3 is always lower than that on 50 mg 

0.25wt%Pd/(Co0.95Mo0.05)3O4 [Mo1+Pd1/Co3O4] in Column 2 in the temperature range of 120-

150oC by 11.4%-28.5% (Column 4. These differences listed in Table S5 clearly supported the 

team effect of Pd1 and Mo1 on anisole HDO at these catalysis temperatures. 

In terms of the catalytic stability of 0.25wt%Pd/(Co0.95Mo0.05)3O4 [Mo1+Pd1/Co3O4], we 

performed time-stream experiments for 0.25wt%/(Co0.95Mo0.05)3O4 at 140oC for 96 hours. As 

shown in Figure S21, the yield of benzene remains about 72% for at least 96 hours. In addition, 

we also tested the reusability of the catalysts by repeating the ramping up and cooling down. The 

yield for benzene remained nearly constant in the first four cycles (Figure S22). 

 
2.4 Hydrogen spillover on the support of teamed Pd1-based and Mo1-based sites of 

0.25wt%Pd/(Co0.95Mo0.05)3O4 

 The potential influence of the loading of Pd atoms on the catalytic performance of 

anisole HDO was explored through systematic studies under the same catalytic condition as used 

in Figure 4. 0.01wt%Pd/(Co0.95Mo0.05)3O4, 0.05wt%Pd/(Co0.95Mo0.05)3O4, and 

0.15wt%Pd/(Co0.95Mo0.05)3O4 were prepared with the same method as 

0.25wt%Pd/(Co0.95Mo0.05)3O4 described in Section S1.3. The actual loadings of Pd and Mo are 

listed in Table S2. These four catalysts with different loadings of Pd [x 

wt%Pd/(Co0.95Mo0.05)3O4] exhibit very similar conversions of anisole and selectivity for benzene 
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at 150°C (Figures 4c-4f). It suggests that the amount of Pd1 sites on (Co0.95Mo0.05)3O4 is not 

critical for kinetics. It also indicates that the step performed on Pd atoms, dissociation of H2 as 

we will show in the computational studies (Section 2.7), can proceed even with an actual loading 

of Pd as low as 0.003at% (entry 1 in Table S2). This suggests a low activation barrier for 

dissociating H2 on Pd1 site and a high spillover rate of H atoms on the support, Co3O4. 

The hydrogen spillover effect of Co3O4 was confirmed by the following experiment. We 

measured catalytic performance of a physical mixture of 50 mg 0.25%Pd/Co3O4 (Pd1/Co3O4) and 

50 mg (Mo0.05Co0.95)3O4 (Mo1/Co3O4) to compare to the catalytic performance of 50 mg 

0.25%Pd/Co3O4 (Pd1/Co3O4) or that of 50 mg (Mo0.05Co0.95)3O4 (Mo1/Co3O4).  Column 2, 3, and 

5 in Table S4 list the yield of 50 mg 0.25wt%Pd/Co3O4 (Pd1/Co3O4), yield of 50 mg 

(Mo0.05Co0.95)3O4 (Mo1/Co3O4), and the yield of the physical mixture of 50 mg 0.25%Pd/Co3O4 

(Pd1/Co3O4) and 50 mg (Mo0.05Co0.95)3O4 (Mo1/Co3O4) in 110-150oC, respectively. Clearly, the 

yield of benzene generated from the physical mixture of 50 mg 0.25%Pd/Co3O4 (Pd1/Co3O4) and 

50 mg (Mo0.05Co0.95)3O4 (Mo1/Co3O4) in Column 5 in Table S4 is obviously higher than the sum 

(Column 4) of the yield from 50 mg 0.25%Pd/Co3O4 (Pd1/Co3O4) and that from 50 mg 

(Mo0.05Co0.95)3O4 (Mo1/Co3O4). Column 6 in Table S4 lists the difference between the yield of 

the mixture (Column 5) and the sum of the yields of the two catalysts (Column 4). This 

comparison shows that H atoms can readily spillover on surfaces of Co3O4 which is the support 

of Mo1/Co3O4, Pd1/Co3O4, Mo1+Pd1/Co3O4. It confirmed the role of the support Co3O4 in H 

spillover. 
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Figure 5.  Kinetics studies of anisole HDO on (a) (Co0.95Mo0.05)3O4, (Mo1/Co3O4), (b) 0.25wt%Pd/Co3O4  
(Pd1/Co3O4), and (c) 0.25wt%Pd/(Co0.95Mo0.05)3O4 (Mo1+Pd1/Co3O4) in 100-150oC for measuring apparent 
activation energies. In these kinetics studies, 5 mg catalyst was mixed with 100 mg quartz and conversions of 
anisole are always lower than 15%.  

 

 

2.5 Kinetic studies of the team effect of Pd1 and Mo1 single-atom sites for anisole HDO 

To check whether the observed differences in catalytic performance among 

Mo1+Pd1/Co3O4 (Figure 4c), Pd1/Co3O4 (Figure 4b), and Mo1/Co3O4 (Figure 4a), and the 
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difference listed in Table S5, are intrinsic or not, the kinetics studies of anisole HDO on the 

three catalysts was performed in the temperature range of 100-150oC, where the conversions of 

anisole were always kept ≤ 10% (See Section S6.2). Figure 5 shows the plots of 𝐿𝑛 𝑘 − 𝐿𝑛𝐶 

as a function of &
'

. The rate constant, 𝑘  can be calculated with the equation (1): 𝑘 =

)*+,-./0	2/.3,+4	,+5.	60*75.6×9:0+;0+0
<-=62*70	-,50×[?]*[A]:

. The definition of Q, Y, N, [A], and [B] can be found in the SI, 

in Section S6.2. When the conversion is ≤10%, rate constant, 𝑘 is nearly linearly proportional to 

the yield of benzene through the equation (2), 𝑘 = 𝑌ACDECDC×𝐶 since Q, Y, and N are constant, 

and the slight variations of [A] and [B] does not obviously influence the rate constant, 𝑘 in the 

narrow temperature range (100-150oC) as described in Section S6.2. Then, there is a correlation, 

𝐿𝑛𝑌ACDECDC = 𝐿𝑛 𝑘 − 𝐿𝑛𝐶. Thus, the plot of 𝐿𝑛	(𝑌ACDECDC)  as a function of &
'
 has the same 

slope as the Arrhenius plot where 𝐿𝑛	(𝑘) is plotted as a function of &
'
. 	 Based on the slopes of 

these plots in Figure 5a for Mo1/Co3O4, Figure 5b for Pd1/Co3O4, and Figure 5c for 

Mo1+Pd1/Co3O4, the apparent activation energies for producing benzene through anisole HDO 

on Mo1/Co3O4, Pd1/Co3O4, and Mo1+Pd1/Co3O4 are calculated to be 112±11 kJ/mol, 79±5 

kJ/mol, and 69±6 kJ/mol, respectively. Thus, the apparent activation barrier on Mo1+Pd1/Co3O4, 

69±6 kJ/mol is lower than that of Pd1/Co3O4 having only Pd1 single-atom sites, 79±5 kJ/mol, and 

markedly lower than that of Mo1/Co3O4 having only Mo1 single-atom sites, 112±11 kJ/mol. 
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Figure 6. Catalytic activity and selectivity for the anisole HDO on the 0.25wt%Pd/(Co1-xMox)3O4. Catalytic 
performances of (a) 50 mg of 0.25wt%Pd/Co3O4, Pd1/Co3O4, (b) 50 mg of 0.25wt%Pd/(Co0.95Mo0.05)3O4, 
Mo1+Pd1/Co3O4. (c) 50 mg of 0.25wt%Pd/(Co0.90Mo0.10)3O4, (d) 50 mg of 0.25wt%Pd/(Co0.80Mo0.80)3O4, and (e) 
Selectivity for producing benzene at 150oC as a function of the amount of Mo integrated in the synthesis of (Co1-

xMox)3O4. In each measurement, 50 mg of catalyst was mixed with 300 mg of purified quartz. In all catalytic 
measurements, 25 mL/min H2 (99.99%) was introduced to a sealed bottle containing about 10 ml anisole (99.9%); 
The liquid anisole in the bottle was maintained at room temperature by keeping the bottle in a water bath without 
additional heating or cooling; the anisole vapor was delivered to the catalyst bed with the flowing H2. 

 

It is found that the Mo1 sites play a significant role. By including Mo1 single-atom sites, 

the selectivity for benzene at 150oC is increased from 38% on Pd1/Co3O4 in Figure 6a to 83% on 

Mo1+Pd1/Co3O4 (Figure 6b). Notably, the selectivity decreases from 83% to 56% at 150oC 
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along increase of the loading of Mo from 5% to 10% (Figure 6b versus 6c). When Mo loading 

is further increased from 10% to 20%, the selectivity for benzene on 

0.25wt%Pd/(Co0.80Mo0.20)3O4 decreases from 56% to 42% at 150oC (Figure 6c versus 6d).  The 

selectivity for benzene on 0.25wt%Pd/(Co0.80Mo0.20)3O4, 42% in Figure 6d is very similar to that 

on 0.25wt%Pd/Co3O4, 38% in Figure 6a. Figure 6e presents a volcano-like evolution of 

selectivity for producing benzene through anisole HDO with a maximum for a Mo concentration 

of ~5%. This evolution suggests that Mo1 single-atom sites instead of MoO3 nanoparticle played 

a significant role in promoting the catalytic selectivity for benzene in anisole HDO. XRD shows 

that MoO3 nanoparticles were formed in the 0.25wt%Pd/(Co0.80Mo0.20)3O4, evidenced by the 

observation of the shoulder at 29.8o in Figure 1a6. Thus, obviously the MoO3 nanoparticles are 

not active for producing benzene through anisole HDO.  

 

2.6 Restructuring of 0.25wt%Pd/(Co0.95Mo0.05)3O4 at relatively high temperature and 

decayed catalytic performance in HDO 

Catalytic performance of 35 mg of 0.25wt%Pd/(Co0.95Mo0.05)3O4 was evaluated in the 

temperature range of 150-300oC (Figure S18). The conversion of anisole on 35 mg catalyst at 

150oC is 75% which is consistent with the conversion of anisole (98%) obtained on 50 mg of this 

catalyst at 150oC (Figure 4c). Unfortunately, selectivity for producing benzene largely decreased 

along the elevation of catalysis temperature from 150oC to 300oC. Notably, the selectivity for 

producing benzene is near zero at 250-300oC although the conversions of anisole at these 

temperatures are high. Based on AP-XPS studies, Pd atoms of 0.25wt%Pd/(Co0.95Mo0.05)3O4 

were partially reduced at 250oC and completely reduced to metallic Pd at 300oC (Figure S17b) 

while Mo remained at an oxidizing state (Figure S17a). The correlation between the measured 
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low catalytic selectivity for benzene through anisole HDO at 200-300oC (Figure S18) and the 

reduction of cationic Pd to metallic Pd in this temperature range (Figure S17b) shows that Pd 

metal nanoparticles are not active for production of benzene through anisole HDO at a 

temperature of ≤300oC.  

Our 0.25wt%Pd/(Co0.95Mo0.05)3O4 active for HDO at 100-150oC consists of Co3O4 with 

anchored Pd1 and Mo1 single atom sites. It is distinctly different from the Pd-Mo bimetallic 

nanoparticle catalyst supported on the inert support, SiO2 reported in literature.13 On the reported 

Pd-Mo NPs/SiO2 catalyst,13 Mo and Pd formed Pd-Mo bimetallic nanoparticles at 150oC-300oC. 

The nature of the bimetallic catalysis on Pd-Mo bimetallic nanoparticles supported on SiO2 is 

distinctly different from the team effect of two sets of single-atom sites, Mo1 and Pd1 on Co3O4 

of 0.25wt%Pd/(Co0.95Mo0.05)3O4. Another difference is that the catalysis temperature for 

producing benzene through anisole HDO. On Pd-Mo NPs/SiO2 it is active in 150oC-300oC but 

here 0.25wt%Pd/(Co0.95Mo0.05)3O4 is highly active for producing benzene in 100-150oC. 

 

2.7 Molecular mechanism of catalysis on teamed single-atom sites at low 

temperature 

To understand the roles of Pd1 and Mo1 single sites in low-temperature catalysis, the 

reaction pathways for anisole HDO over each type of site of the catalyst were investigated with 

DFT, together with the surface molecular diffusion process on the surface of the support between 

these sites.  

 

2.7.1 Structure of the Co3O4(111) surface and the anchored Mo1 and Pd1 sites 
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We optimized the geometries of Pd1 and Mo1 sites. Due to the low surface atomic 

fractions of both Mo1 and Pd1 in this catalyst, we modeled the two sites separately anchored on 

Co3O4. The (111) surface of Co3O4 was chosen to represent the support since the (111) is the 

most prevalently exposed termination of spent catalysts as determined by HR-TEM (Figure 1c-

1e).  

 

Figure 7. Optimized structures of the hydroxylated Co3O4(111) surface and the anchored Mo1 and Pd1 
surface sites. (a) Side view of the structure of the hydroxylated Co3O4(111) surface in equilibrium with the gas 
environment during steady state reaction. The surface is Co-enriched and hydroxylated, terminated with 7.11 
Co/nm2 and 7.11 OH/nm2. Oxidized Co3O4(111) films are terminated by O (red) and Co (green). Co (gold) atoms 
are added to simulate surface reduction without phase-change to CoO in the near-surface layers. (b) Top view of the 
hydroxylated Co3O4(111) surface. (c) Top view of the optimized Mo1 site constructed by substituting one of the 
gold-coloured Co cations on the hydroxylated surface with Mo and removing one unit of H2O. (d) Side view of the 
optimized Pd1 site constructed by adsorbing one unit of PdH2 and substituting a nearby OH group by OCH3 on 
hydroxylated Co3O4.  
 

Under catalytic conditions, the Co3O4(111) surface was found from computational 

exploration of surface terminations to be heavily hydroxylated (7.11 OH/nm2, Figure 7).54 As 

such, we explored several configurations of a grafted Pd1 site and the geometry of a substituted 
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Mo1 site based on stoichiometry (see Section S8.2). In these conditions, the Pd1 active site is 

calculated to be formally in a (+2) oxidation state (see Section S8.3 for formal charge 

assignment), coordinated to two hydrides and two surface O atoms in a square planar 

arrangement (Figure 7d). For the Mo1 site, although the mono-oxo-molybdenum site is the most 

stable configuration, we selected a 3-fold coordinated substituted Mo site as the starting point 

because it is only mildly metastable by 0.26 eV under low anisole conversion, and the highly 

coordinated Mo sites are rather inert as shown in studies on the activation of CH4 over 

MoO3/SiO2.55 This Mo1 site in Figure 7c was generated by replacing one surface Co with Mo 

and removing one lattice OH plus one H from another adjacent OH (see Section S8.2).  

 

2.7.2 Reaction mechanism of anisole HDO over Pd1/Co3O4 
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Figure 8. Gibbs free energy pathway for anisole HDO over the Pd1 site shows that the methanol formation 
controls the energetic span. All structures in the reaction pathway are listed in Figure S25 and more structural 
details of the intermediates are shown in Figure S26.  Anisole HDO over only the Pd1 site takes advantage of a 
single O vacancy near the Pd1. The energetic span of the reaction mechanism is 1.28 eV, between the PdH2 
intermediate (Pd-6) and the transition state for the desorption of methanol (TS6).  
 

Next, to compare the anisole HDO activity on different catalysts, we first examined the 

reaction mechanism over the Pd1 site alone (Figure 8). We found the anisole HDO to occur at 

the interface between the Pd1H2 site and the hydroxylated Co3O4(111) support (Figure 8). 

Similar to some reported reaction mechanisms on metal oxide-containing catalysts, the 

mechanism over Pd1 requires the participation of an O vacancy near to the Pd1.56-58 We started 

the cycle not at the most stable and abundant Pd1H2 structure, but with a Pd1 site (Pd1H1, Pd-1 in 

Figure 8) containing a single hydride (H) ligand and an O vacancy (Ov) in the vicinity of the Pd1 

active site. The Pd1H1 and a nearby O vacancy are generated from the recombination of a H atom 

of Pd1H2 and a hydroxyl or alkoxyl species on the support (Pd-1 on Figure 8). Formally, the 

formed Pd1H1 complex is closest to a combined oxidation state of (-1) (see Section S8.3). A 

more stable Pd1H2 site where the Pd cation is in a +2 formal oxidation state is formed later in the 

catalytic cycle.  

In the first step, the oxygen atom of an anisole molecule is adsorbed on the O vacancy 

near Pd1H1 (structure Pd-2 in Figure 8). The activation of Gibbs free energy of this step from 

Pd-1 to Pd-2 through TS-1 (0.64 eV) is estimated from the kinetic theory of gases (see Section 

S9.1; a similar analysis has been presented in reference 59). By crossing a 0.40 eV barrier from 

Pd-2 to Pd-3 through TS2 in Figure 8, the adsorbed anisole dissociates by breaking its C-O bond 

between C6H5 and OCH3 (Cring-O), to form a phenyl (C6H5) ligand on Pd1H1 and a methoxy 

(OCH3) group on the Co atoms surrounding the O vacancy near Pd1 (Pd-3 in Figure 8). The key 

Cring-O cleavage hence occurs at Pd1-oxide interface; in other words, the support assists the Pd1 
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cation to facilitate the Cring-O cleavage at the transition state (TS2 in Figure 8). The Pd1 center is 

oxidized from Pd1H1 (-1) to Pd (+2) in this largely exothermic step (ΔG=-1.06 eV). In 

comparison, the unwanted hydrogenation of the aromatic ring of anisole by the Pd1H1 species is 

an endothermic process with a reaction energy of 0.57 eV, which is less energetically favorable 

(Figure S28 and Section S8.4). 

On the other hand, the intramolecular hydrogenation of the formed C6H5 group by the H 

ligand of Pd1H1 to form a benzene molecule in the step from Pd-3 to Pd-4 through TS3 is 

expectedly easy, requiring only 0.22 eV (Figure 8), reducing the Pd (+2) center to Pd (0). After 

the desorption of benzene in the step from Pd-4 to Pd-5 through TS4, a bare Pd1 is formed in Pd-

5. Then, H2 replenishes the bare Pd1 site to form PdH2 in Pd-6, reoxidizing the bare Pd (0) center 

Pd (+2) in Pd-6. The formation of PdH2 proceeds by crossing a small barrier of 0.37 eV from Pd-

5 to TS5. Since no potential energy barrier was found for the dissociation of H2, the free energy 

barrier for this step is purely comprised of entropy losses corresponding to a collision theory 

adsorption rate. Clearly, as anticipated, H2 dissociation is easy on the Pd1 site of Pd-5 and does 

not appear to be a rate determining step at all. The formed Pd1H2 in Pd-6 is the most stable 

square-planar Pd1 active site mentioned above. Finally, one H ligand reacts with the adjacent 

OCH3 on the Co atom in the step from Pd-6 to Pd-1 through TS6 to form methanol and restore 

the original (-1) Pd1H1 site of Pd-1, closing the catalytic cycle on the Pd1/Co3O4 surface. No 

potential energy barrier was found for the readsorption of methanol; thus, the additional entropy 

contribution to the desorption barrier was estimated using collision theory. Notably, the 

formation and desorption of methanol from Pd1H2 and a nearby OCH3 group in Pd-6 through 

TS6 requires a rather large Gibbs free energy barrier of 1.28 eV (Figure 8). This is the catalytic 

cycle of anisole HDO on Pd1/Co3O4, a catalyst with only one set of single-atom sites, Pd1. 
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In the mechanism described above, anisole does not initially adsorb on the Pd1H1 site, but 

the phenyl fragment formed from Cring-O dissociation binds to Pd1 through the radical C (Pd-2 to 

Pd-3 in Figure 8). This is consistent with the weak chemisorption of anisole on the Pd1 site even 

on the bare Pd1 site without a H ligand in Pd-5. Additional calculations found that anisole could 

chemisorb on Pd1 without a H ligand (Pd-5) through its phenyl ring; however, this chemisorption 

is endergonic by 0.15 eV under reaction conditions (Figure S29). The chemisorption of anisole 

on Pd1 of Pd-5 is not energetically preferred since the chemisorption of H2 on Pd1 of Pd-5 is 

slightly exothermic (ΔG=-0.05 eV).  
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Figure 9. Gibbs free energy pathway for anisole HDO over the Mo1+Pd1 site. (a) Anisole HDO over the Mo1 
site assisted by H spillover formed on Pd1 site. All structures in the reaction pathway are listed in Figure S27. The 
energetic span of the reaction mechanism is 1.34 eV under low conversion (1%), between the state Mo-6b and the 
transition state (TS1) for the dissociation of the anisole molecule. After the dissociation of anisole, a methanol 
molecule is formed first by reacting OCH3 with a surface H. The methanol molecule can desorb (pathway in red) or 
donate its H to the phenyl group and form benzene. This sub-pathway is shown in red, designated as methanol-first 
sub-pathway. Alternatively, upon dissociation of anisole, a benzene molecule can form first to desorb and then a 
methanol molecule forms to desorb. This sub-pathway is shown in green, designated as benzene-first sub-pathway. 
(b) Gibbs free energy barrier for the dissociation of molecular H2 on the Pd1 site and the structure of the relevant 
intermediates. 
 

2.7.3 Reaction mechanism of anisole HDO over Mo1+Pd1/Co3O4 

2.7.3.1 Dissociation of Cring-O of anisole on Mo1 site 

We explored next the anisole HDO over the teamed single-atom Pd1+Mo1/Co3O4 catalyst, 

where reactivity on the Mo1 site is assisted by the Pd1 site for H2 dissociation and the support for 

H spillover (Figure 9). Since this undercoordinated Mo1 site in Mo-1 in Figure 9 appears to 

have very little steric hindrance, we found that the Cring-O bond is cleaved through oxidative 

addition. In the transition state (TS1), the Cring-O bond is stretched to 1.76 Å and forms a triangle 

with the Mo1 center. This step produces in Mo-2 a C6H5 fragment whose carbon atom binds to 

the Mo1 center and an OCH3 fragment whose O atom bridges over the Mo1 center (purple) and 

its neighboring Co (green). In combination, this step raises the formal oxidation state of Mo1 in 

Mo-1 from +3 to +4 (see Section S8.3). The Gibbs free energy barrier to break the Cring-O bond 

in this oxidative addition step is 1.30 eV (TS1), accounting for the loss of gas-phase entropy 

upon adsorption. Here again the Co atoms on the support play a role, although not in the C-O 

bond cleavage (TS1) but rather in the stabilization of the product (Mo-2). To continue the 

reaction, the C6H5 and OCH3 fragments must be hydrogenated.  

 

2.7.3.2 Dissociation of H2 on the Pd1 site and spillover on the Co3O4 support 
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The dissociation of H2 over Pd1, from Pd-5 to Pd-6, only requires crossing a Gibbs free 

energy barrier of 0.37 eV, through TS5 (Figure 8 or 9b). Other sites present on the catalyst such 

as Co and Mo1 were also considered for the dissociation of H2, but they were found to be much 

less active than the Pd1 site (Figures S30 and S31 and Section S8.5). Accounting for the 

translational and rotational degrees of freedom, the dissociation of H2 on the hydroxylated 

Co3O4(111) substrate is estimated to have an activation barrier of 1.62 eV Gibbs free energy 

(Figure S30). The activation barrier over the Mo1 site is even as high as 2.39 eV (Figures S31). 

The high activation barriers for dissociating molecular H2 on Mo1 and Co forces H2 dissociation 

to occur on the Pd1 site of Mo1+Pd1/Co3O4 (Figure 9b), while the hydroxylated Co3O4(111) 

substrate acts as a H adsorbate reservoir, where surface H is in quasi-equilibrated with H2 gas. 

This explains why Mo1/Co3O4 is hardly active for anisole HDO in Figure 4a since the activation 

barrier for H2 dissociation on Mo1 and Co is high. 

Spillover of H across the Co3O4 support surface occurs through a Grotthuss type motion 

involving metastable water intermediates and the Co3O4 surface itself as an electron reservoir.60 

The H spillover event on Co3O4(111)  presents an electronic energy barrier of 0.63 eV (Figure 

S32) which is markedly lower than the 1.30 eV barrier for cleaving the Cring-O bond at Mo1 in 

the step from Mo-1 to Mo-2 (Figure 9a). In our pathway in Figure 9a, the whole process of H2 

adsorption and spillover is lumped in a single effective step from Mo-2 to Mo-3 through TS2, 

where a proton and electron are brought close to the Mo1 site (forming Mo-3), with a net Gibbs 

free energy barrier of 0.72 eV from Mo-2 to TS2 and a Gibbs free energy of reaction of +0.37 eV 

from Mo-2 to Mo-3. A detailed description of the H spillover mechanism on the catalyst surface 

is presented in Figure S32 and Section S8.5.  
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2.7.3.3 Two possible sub-pathways for producing benzene and methanol on Mo1 sites 

After the cleavage of Cring-O of anisole, the OCH3 species of Mo-4 can first desorb as a 

methanol molecule through the methanol-first sub-pathway of Mo-4→Mo-5a→Mo-6a to Mo-1. 

Alternatively, the C6H5 ligand of Mo-4 can desorb first as a benzene molecule through the 

benzene-first sub-pathway of Mo-4→Mo-5b→Mo-6b→Mo-1. We first explored the steps in the 

methanol-first sub-pathway in red in Figure 9a. From the collision theory rate of 

adsorption/desorption, methanol can be desorbed by crossing a 0.68 eV Gibbs free energy barrier 

(Mo-4 to TS4a in Figure 9a), then one more H may be transferred to bind to the O atom 

bridging between Mo and Co of Mo-5a, forming Mo-6a. This H atom will react with C6H5 to 

form benzene in the step of Mo-6a to Mo-1. In the step of Mo-5a to Mo-6a, the Mo center is 

reduced from +4 in Mo-5a to +3 in Mo-6. In the step from Mo-6a to Mo-1, the bridging OH 

group reacts with the C6H5 ligand to form a free benzene molecule by crossing a 0.87 eV Gibbs 

free energy barrier, restoring the Mo1 active site (Mo-1, most-right side of Figure 9a). This step 

(Mo-6a to Mo-1) couples a proton transferred from the OH group and an electron from the 

substrate. In this sub-pathway (red in Figure 9a), CH3OH first desorbs and then benzene is 

formed and desorbs from the catalyst surface.  

We next explored the benzene-first sub-pathway (in green) starting from Mo-4 in Figure 

9a. The OCH3 formed through TS3 can rotate and react with the C6H5 ligand to form a benzene 

molecule and an OCH3 group bridging over Mo1 and Co atoms (TS4b). In other words, the 

methoxy group acts as a relay for transferring the proton from the oxide surface to the phenyl 

fragment. This step requires a 0.54 eV barrier relative to Mo-4, which is slightly smaller than the 

desorption barrier of methanol (0.68 eV from Mo-4 to TS4a in Figure 9a) in the alternative 

methanol-first sub-pathway. In this step from Mo-4 to Mo-5b, the Mo1 center is formally reduced 
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from +4 to +3. The near-linear configuration of the Cring, H, and O atoms in this transition state 

(TS4b) resembles that for σ bond metathesis.61 Due to the relatively high thermodynamic 

stability of the bridging OCH3 group in Mo-5b, the formation and desorption of a benzene 

molecule in the step from Mo-4 to Mo-5b is much more exergonic (ΔG=-0.82 eV) than the 

desorption of a methanol molecule in the step from Mo-4 to Mo-5a (ΔG=-0.11 eV). To close the 

catalytic cycle, one more H is brought to Mo1 of Mo-6b by spillover, by which the bridging 

OCH3 group (Mo-6b) is re-hydrogenated through crossing a 0.81 eV barrier (TS6b) to form 

methanol which then desorbs, restoring the Mo-1 site. Interestingly, the net free energy barrier to 

hydrogenate OCH3 on the Mo1 site of Mo-6b (0.81 eV, from Mo-6b to TS-6b in Figure 9a) is 

much smaller than the barrier of hydrogenating OCH3 in the step from Pd-6 to Pd-1 through TS6 

on Pd1 of Pd1/Co3O4 (1.28 eV from Pd-6 to TS6 in Figure 8).  

Overall, compared to the methanol-first sub-pathway (red in Figure 9a), this alternative 

sub-pathway (green) of first desorbing benzene and then CH3OH, is kinetically preferred as the 

methoxy group acting as a relay lowers the barrier for the formation of benzene. In addition to 

this pathway over the Mo1 site formed by substituting a Co atom, the reactivity of a grafted Mo1 

site (IS-1 in Figure S33) was also explored (Figure S33 and Section S8.6 in SI). Compared to 

the substituted Mo1 site, the grafted Mo1 site is much more prone to poisoning by OCH3, which 

strongly binds atop the Mo1 site (Figure S33). Although the free energy barrier to cleave the 

Cring-O bond of anisole (IS-1 to TS1 in Figure S33) is 1.24 eV, the free energy change of 

methanol recombination (IS-4b to IS-6 in Figure S33) is 0.65 eV, resulting in a free energy span 

of 1.90 eV in Figure S33, higher than that of the substituted Mo1 site (Figure 9a), making the 

grafted Mo1 site less reactive. Considering that the actual catalyst could present a distribution of 
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Mo1 active sites, we expect the fraction of substituted Mo1 sites to be responsible for the 

observed reactivity. 

 

2.8 Theoretical assessments of anisole HDO kinetics over Pd1/Co3O4 and Pd1/Mo1/Co3O4 

2.8.1 Energetic span assessment of the reaction kinetics   

 

Figure 10. Enthalpy pathways for the HDO of anisole (a) over Pd1 and (b) over Mo1 assisted by H spillover. 
 

With the Gibbs free energy of all reactants, products, IS, and TS in the reaction defined, 

we model the kinetics of anisole HDO and compare them to the experimental measurements, 

beginning with an energetic span analysis of the reaction pathways. Since the energetic span 

model is derived from the analytical solution for the TOF of single-site catalytic reactions at a 
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specific steady state conversion, it is appropriate for analysing the single-site HDO mechanisms 

developed in this work (Figure 8 and 9).62-64  

For the reaction over Pd1 only at 1% anisole conversion, we find two possible TOF-

determining intermediates (TDIs), the bare Pd (Pd-5) and PdH2 (Pd-6), but one TOF-determining 

transition state (TDTS), corresponding to the desorption of methanol. All relevant Gibbs free 

energy spans (ΔGspan) are listed in Table S11. Here, Pd-6 and the TS of methanol desorption are 

the most dominant TDI and TDTS. Between this pair of states, we find a free energy span ΔGspan 

of 1.28 eV (Figure 8) and an enthalpy span (ΔHspan) of 1.57 eV (Figure 10a). For the HDO 

reaction over Mo1 assisted by H spillover, we find that Mo-1, Mo-5b and Mo-6b are possible 

candidates for the TDI, while TS1 is the sole candidate for the TOF-determining transition state 

(TDTS) (Figure 9a). Mo-6b and TS1 are the most dominant TDI and TDTS, where ΔGspan span 

is 1.34 eV and ΔHspan is 1.49 eV (Figure 10).  

With the relevant ΔGspan and ΔHspan in hand, we can calculate the reaction rates and 

apparent activation energies. From the general form of the analytical rate in ref 62, we see that the 

rate of reaction should be: 

𝑟 =
𝑘A𝑇
ℎ

𝜃L,N

exp
∆𝐺TUVD,WXYZ/'XY\

𝑅𝑇Z,\

					(1) 

 Where 𝜃L,N denotes the total surface coverage of active site k, and i and j denote the i-th 

IS and j-th TS occurring over site k. The apparent activation energy of a rate law in the above 

form is: 

𝐸V,VUU = 𝑅𝑇 + 𝑝Z,\∆𝐻TUVD,WXYZ/'XY\					(2)
Z,\

 

 Where 𝑝Z,\ is the Boltzmann-like weight of the free energy span between IS-i and TS-j: 
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𝑝Z,\ =
exp

∆𝐺TUVD,WXYZ/'XY\
𝑅𝑇

exp
∆𝐺TUVD,WXYZ/'XY\

𝑅𝑇Z,\

					(3) 

 We note that equation (2) is a free-energy-span-specific variation of that of Mao and 

Campbell, which relates the degree of rate control to apparent activation energy in a microkinetic 

simulation.65 Using the equations (1-3) and the spans in Table S11, we find the turnover 

frequency over only the Pd1 sites to be 2.29⋅10-1 min-1 and the apparent activation energy to be 

1.49 eV at 150 °C. For the HDO reaction mechanism over Mo1 assisted by H spillover (Figure 

9), we find its TOF to be 3.44⋅10-2 min-1 and the apparent activation energy to be 1.24 eV at 150 

°C. Given that the Mo1 sites outnumber Pd1 by more than 10-fold (Table S6), these calculations 

show that the Mo1+Pd1/Co3O4 is kinetically favourable over Pd1/Co3O4, confirming the team 

effect of Mo1 and Pd1 on Co3O4 in anisole HDO. On the other hand, as the Gibbs free energy 

barriers of H2 dissociation over the Co3O4(111) substrate and the Mo1 site are 1.62 eV and 2.39 

eV (Figure S30 and S31), the Mo1/Co3O4 catalyst is obviously less active than the Pd1/Co3O4 

catalyst. 

As it is important to assess the impact of the accuracy of the electronic structure 

description on the calculated rates, we tested the sensitivity of the predicted reactivity to the 

effective Hubbard U (Ueff) values for Co and Mo. As shown in Table S12, we found that the 

transition state and intermediates have opposing sensitivity to the value of Ueff, resulting in a 

small net difference on the energy spans of the catalytic cycle. Although the free energy span of 

the reaction over Mo1 increases slightly when a smaller value of Ueff is used for either or both Co 

and Mo (2.0 eV and 3.0 eV respectively), the overall activity of the catalyst still benefits from 

the presence of H spilled over from Pd1.  
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2.8.2 Microkinetic modeling of the reaction kinetics and analysis 

 
Figure 11. Microkinetic simulations showing that the teamed Mo1+Pd1 catalyst is more active than Pd1 for 
anisole HDO at 50-150oC. (a) Calculated reactions rate as a function of catalysis temperature show that the teamed 
Mo1+Pd1/Co3O4 catalyst is more active than the Pd1/Co3O4 single-site catalyst in the temperature range of 50-150°C. 
(b) Calculated apparent activation energy as a function of catalysis temperature show that the activation barrier for 
HDO over Mo1 assisted by H spillover (Mo1+Pd1/Co3O4) is smaller than that over only Pd1 (Pd1/Co3O4) in this 
temperature range as well. (c) Degree of rate control (DRC) of key intermediates and transition states in anisole 
HDO over Pd1/Co3O4. (d) DRC of key intermediates in anisole HDO over Mo1+Pd1/Co3O4. DRC analyses show that 
the decrease of the apparent activation energy with temperature is due to the depletion of surface intermediates.  
 

To solidify the link between the DFT-calculated energy profiles and the catalysis 

experiments, we developed microkinetic models for the proposed reaction mechanisms over 

Mo1+Pd1/Co3O4 and Pd1/Co3O4, to quantify the rates of anisole HDO (Sections S9.3).62, 66, 67 

These simulations show that the Mo1 site of the Pd1+Mo1/Co3O4 catalyst is the main contributor 

to the overall catalytic activity along with the assistance of the Pd1 site to activate H2 molecules. 

The rate of anisole HDO over Mo1+Pd1/Co3O4 was found to be consistently higher than that over 
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Pd1/Co3O4 in the temperature range 50-150 °C (Figure 11a). As temperature rises, the apparent 

activation energies of the HDO reaction over both Mo1 assisted by H spillover and Pd1 decrease 

as the coverage of reactive intermediates decrease (Figure 11b). These findings are consistent 

with our free energy span analysis presented above in subsection 2.8.1.  

For further analysis, we computed the degree of rate control (DRC) of key intermediates 

and transition states in the reaction mechanisms. As shown in Figure 11c, in the anisole HDO 

over only Pd1, the desorption of methanol is the sole rate-controlling TS (Pd-TS6, blue), while 

the bare Pd1 species (Pd-5, orange) and the PdH2 species (Pd-6, green) are the rate-controlling 

intermediates. The coverage of hydrides on Pd1 gradually decreases with temperature, resulting 

in an increasing DRC of PdH2 and a lowering apparent activation energy (Figure 11b). These 

results agree with those from our energetic span analysis, where we found the TS of the 

desorption of methanol to be the sole TDTS and the bare Pd1 site and PdH2 to be the TDIs 

(Figures 8 and 10).  

On the other hand, for the teamed Pd1+Mo1 catalyst, the dissociation of anisole over Mo1 

is the main rate-controlling TS through the temperature range 50-150 °C (Mo-TS1, pink, Figure 

11d). On the other hand, the bridging methoxy with a nearby OH [Mo-(OH)-OCH3 (Mo-6b), 

brown] is the main rate-controlling intermediate. The importance of this intermediate is reflected 

in the high apparent activation energy at 50 °C. As temperature increases, the importance of Mo-

6b decreases, which results in a decrease of the apparent activation energy with temperature 

(Figure 11b). Similar to the case of anisole HDO over only Pd1, these results also agree with 

those from our energetic span analysis, where we found the dissociation of anisole to be the sole 

TDTS and the Mo1 with a bridging methoxy (Mo-6b) to be the main TDI.  
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2.8.3 Comparison to experimental findings 

The apparent activation energy Ea(app) over Mo1+Pd1/Co3O4 predicted from 

computational studies is lower than that over Pd1/Co3O4 as shown in Figure 11b, which 

qualitative agrees with the experimental measurements (Figure 5c versus 5b). Further, the 

configurations of the Mo1 and Pd1 sites on Mo1+Pd1/Co3O4 (Mo-6b with a bridging OCH3 in 

Figure 9a and Pd-6 with two adsorbed H- in Figure 9b) found during steady state reaction also 

agree with the coordination environment of Mo1 and Pd1 sites experimentally measured by the 

in-situ EXAFS studies (entries 1-4 in Table 1). Our in-situ EXAFS studies of Pd1+Mo1/Co3O4 

catalyst show that the Mo atoms are coordinated to 3.20±0.71 oxygen atoms, while the Pd atoms 

are coordinated to 2.09±0.28 oxygen atoms (Table 1). Finally, the link between the active site 

coverage and catalyst reactivity is also revealed. In the catalytic tests, we found that when both 

Mo1 and Pd1 sites are present on the Co3O4 support, the catalyst reactivity is not sensitive to the 

amount of Pd1 sites (Figure 4c-f). This is well rationalized by computational studies since H2 

dissociation (Pd-TS5) is not a rate-determining step. As long as Pd1 sites are present on the same 

catalyst particle to generate surface H, the Mo1 sites will have H to perform the reaction. 

The quantitative differences between the calculated apparent activation energies over the 

Pd1 and Pd1+Mo1 catalysts and the experimentally measured ones could be due to the gas 

composition used in the microkinetic model. Although the HDO reaction over the Pd1 site alone 

does not depend on the partial pressure of methanol, a lower H2 partial pressure would make the 

intermediate Pd-5 become the rate-controlling one, resulting in a lower activation energy. Thus, a 

lower H2 partial pressure can make the barrier predicted from computational studies better agree 

with the measured apparent active energy on Pd1/Co3O4. For instance, using an H2 partial 

pressure of ~10 kPa instead of ~100 kPa would destabilize the intermediate Pd-6 by ~0.08 eV, 
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making Pd-5 the most abundant intermediate and bringing the apparent activation energy on 

Pd1/Co3O4 closer to the experimentally measured one.  

On the other hand, the reaction over the Mo1 site, when assisted by H spillover, is less 

prone to poisoning by the methanol product than the reaction over Pd1 alone, as seen in the free 

energy profiles shown in Figures 8 and 9a. This difference implies that a more inlet-like gas 

composition (even lower than 1% anisole conversion) would result in a lower apparent activation 

energy and better agreement with experiment. For instance, lowering anisole conversion, and 

thereby the partial pressure of the product methanol, by an order of magnitude will destabilize 

intermediates Mo-5b and Mo-6b by ~0.08 eV, making Mo-1 the most abundant intermediate and 

drastically lowering the apparent activation energy. Similarly, considering the reaction over the 

grafted Mo1 site (Figure S33), a type of site different from the substituted Mo1 site (Mo-1 in 

Figure 9a), we are aware that a more inlet-like gas composition could improve its reactivity by 

shrinking the energetic span; however, the grafted Mo1 site will still be less reactive than the 

substituted Mo1 site. This shift will also decrease the predicted Mo-O coordination number 

during steady state reaction, bringing it closer to that found the EXAFS measurements.  

 

3. Conclusion 

 In summary, we have demonstrated that low-temperature catalysis can be realized by 

teaming two different single-atom sites which can temporally simultaneously but spatially 

separately activate two reactants A and B of a reaction [A+B→target product(s)] where an 

ordinary metal or oxide nanoparticle catalyst cannot. The catalyst consisting of teamed single-

atom sites, Mo1+Pd1/Co3O4 was synthesized through two consecutive preparation steps. The 

Mo1+Pd1/Co3O4 catalyst is highly active and selective in producing benzene through anisole 
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HDO at 150oC while supported metal Pd or MoO3 nanoparticle catalysts are inactive at this 

temperature. The teamed Mo1+Pd1/Co3O4 catalyst is also more active and more selective than the 

Pd1/Co3O4 and Mo1/Co3O4 catalysts since Mo1/Co3O4 is not active and only Pd1/Co3O4 shows 

some activity but low selectivity for producing benzene through anisole HDO. 

Computational studies uncovered the Gibbs free energy pathways of anisole HDO on the 

dual site catalyst, Mo1+Pd1/Co3O4, and single site catalysts, Pd1/Co3O4 and Mo1/Co3O4. For the 

teamed single-atom site catalyst, Pd1 activates H2 with a free energy barrier of only 0.37 eV 

while Mo1 cleaves the Cring-O bond of anisole. The hydrogenation of phenyl to form benzene on 

the Mo1 center is assisted by the methoxy fragment which acts as relay for the H transfer. The 

Co3O4 support is inactive for anisole HDO by itself but participates in the catalysis of the teamed 

Pd1 and Mo1 sites by facilitating H spillover. In turn, the hydrogenation of OCH3 to form CH3OH 

could be performed on a Mo1 site with only a net free energy barrier of 0.81 eV instead of 1.28 

eV over Pd1. Energetic span analysis and microkinetic models built from the proposed reaction 

mechanisms found that the Mo1+Pd1/Co3O4 catalyst has both a higher activity and lower 

apparent activation energy than the Pd1/Co3O4 catalyst.  

The combined experiments and theoretical modelling therefore show that for a catalytic 

reaction involving multiple bond activations, several single cation sites can be efficient teamed 

together, with coupling via intermediate spill-over on the support, to catalyze the reaction at low 

temperature where traditional nanoparticle catalysts are not active. This study opens avenues for 

the customized design of highly efficient catalysts. 
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