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Abstract 

Using Density Functional Theory calculations, we investigate the influence of size-dependent 

cluster morphology on the synergistic catalytic properties of anatase TiO2 (101) surfaces 

decorated with subnanometer Pt clusters. Focusing on the formation of the key precursor in the 

CO2 photoreduction reaction (bent CO2
-
), we find that flatter (2D-like) Pt clusters that “wet” the 

TiO2 surface offer significantly less benefit than 3D-like Pt clusters. We attribute the differences 

to three factors. First, the 3D clusters provide a greater number of accessible Pt-TiO2 interfacial 

sites with geometries that can aid the CO2 bond bending and charge transfer processes. Second, 

binding competition among each Pt-CO2 bonding interaction mitigates maximum orbital 

overlaps, leading to insufficient CO2 binding. Third and also most interestingly, the 3D clusters 

tend to possess higher structural fluxionality than the flatter clusters, which is shown to correlate 

positively with CO2 binding strength. The preferred morphology adopted by the clusters depends 

on several factors, including cluster size and the presence of oxygen vacancies on the TiO2 

surface; this suggests a strategy for optimizing the synergistic effect between Pt clusters and 

TiO2 surfaces for CO2 photocatalysis. Clusters of ~ 6-8 atoms should provide the largest benefit, 

since they retain the desired 3D morphology, yet are small enough to exhibit high structural 

fluxionality. Electronic structure analysis provides additional insight into the electronic 

motivations for the enhanced binding of CO2 on TiO2-supported 3D Pt clusters, as well as 

suppressed binding on flattened, 2D-like clusters. 
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1. Introduction  

Oxide-supported subnanometer metal clusters have drawn considerable interest due to their 

enhanced catalytic activities,
1-6

 which is attributed to unique properties of such tiny clusters: 

dynamic structural fluxionality,
1
 larger fraction of under-coordinated surface atoms,

3, 4
 and the 

interactions between the deposited cluster and the support.
7
 The application of subnanometer 

metal clusters is likely to advance the development of promising catalysts and photocatalysts,
8
 

and the fundamental understanding of the cluster-support interaction has become crucial to such 

development.
9-12

  

Ever since Fujishima and Honda first demonstrated photocatalytic water splitting with TiO2 

electrodes in 1972,
13

 numerous researchers have extended the idea to environmental
14

 and clean 

energy
15, 16

 related applications. TiO2 continues to be the standard metal-oxide material for 

fundamental studies of photocatalysis,
17

 although other promising materials with potentially 

higher photo-efficiencies have been widely explored.
18-20

 Techniques for improving the activity 

of TiO2 have included the deposition of noble metal nanoparticles
21

 as cocatalysts to reduce the 

recombination of e-/h+ pairs as well as plasmonic particles to increase the concentration of 

photoexcited electrons.
22, 23

 Doping with elements such as N and Ag
24

 and creating surface 

defects
25

 have also been used to improve photo-efficiency by modifying the bandgap.  

Specifically for CO2 photoreduction on TiO2, understanding the reduction mechanism has 

been a focus of several recent computational studies.
26-30

 Among the reduction steps, the highest 

reduction potential of the first step, CO2 to CO2
-
, makes it a key step,

31
 and one vital factor for 

the success of this step is the geometry of the adsorbed CO2 species
27

—specifically, bent-form 

CO2. It is easier to transfer photoexcited electrons to bent-form CO2 thanks to the decrease of the 

CO2 LUMO energy as the O-C-O bond angle decreases.
27, 28

 Prior first-principles calculations 
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have investigated this first and key step on different surfaces of TiO2 using cluster models.
26, 32-34

 

More thorough studies have considered periodic TiO2 models with/without oxygen vacancies
28, 35

 

and interstitial Ti atoms at (sub)surfaces
36

; other oxide surfaces such as Zn2GeO4
37

 and 

ceria(110)
38, 39

 have also been studied.  

Recently, we examined the incorporation of subnanometer Ag and Pt clusters on TiO2 

surfaces, with a specific view towards their role in the mechanisms and energetics of CO2 

photoreduction.
9, 30

 First, we explored the structural and electronic properties of the surface-

supported clusters, focusing on the binding mechanism, issues related to catalysis (decoration 

and cluster sintering), and optical absorption behavior.
9
 We next examined the synergistic effect 

between Ag/Pt octamer clusters and the TiO2 surface in promoting the first and key step of CO2 

photoreduction, finding that Pt clusters in particular can provide new adsorption sites for bent-

form CO2
-
 anion species.

30
  

In this article, we extend our previous results to systematically explore the influence of size-

dependent Pt cluster morphology on CO2 adsorption behavior to shed light on the design of 

promising photocatalysts for CO2 photoreduction. Our efforts are motivated in large part by 

experimental reports demonstrating the role of the cluster size in determining the catalytic 

behavior in metal/oxide catalysts;
40, 41

 other studies
42-46

 have further hinted at a more complex 

relationship connected to the cluster geometry. For instance, Watanabe et al.
42

 showed that as the 

size of Ptn/rutile TiO2 varied with n=4, 7-10 and 15, there was a geometrical transition between 

planar and three-dimensional morphologies at n=8 that corresponded to a significant decrease in 

activation energy for CO oxidation. Similarly, Kaden et al. reported that for Pdn deposited on 

rutile TiO2 (n=1, 2, 4, 7, 10, 16, 20, and 25), certain intermediate cluster sizes had unusually low 

catalytic activity, and that the continual increase in the cluster size caused an abrupt increase in 
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the number of adsorbed cluster layers.
45

 These studies point to the possible importance not only 

of cluster size but also of morphology/geometry as determining factors in catalytic activity. 

We use density functional theory (DFT) to analyze the relationship between the cluster size 

(tetramer, hexamer, and octamer) and the preferred morphology (planar two-dimensional (2D) vs. 

three-dimensional (3D)), and more importantly to explore how the cluster morphology affects 

the key precursor formation for CO2 photoreduction. The choice of the surface was inspired by 

the fact that anatase TiO2 (101) is the most stable surface and is the main constituent in the 

widely used commercial Degussa P25 photocatalyst.
47

 The pristine anatase surface (i.e., defect-

free surface) is considered as well as the surface with an oxygen vacancy (i.e., reduced surface), 

since point defects in TiO2 have been connected to interesting catalytic effects.
10

 In addition to 

analyzing the electronic and structural properties of the bound CO2 on each of the supported 

cluster surfaces, we introduce the adsorption-induced displacement (per Pt atom) as a metric of 

the cluster’s structural fluxionality upon CO2 adsorption. As we will show, this quantity becomes 

an important additional descriptor of CO2 binding. Finally, an analysis of C-O bond-breaking 

tendency and vibrational frequencies associated with adsorption geometries is provided to 

facilitate comparisons with experiments and to help the development of promising subnanometer 

metal cluster/semiconductor catalysts for CO2 photoreduction. 

2. Computational Methods 

Anatase TiO2 (101) surfaces are comprised of 2-fold(2c)/3-fold(3c) coordinated O atoms and 5-

fold(5c-)/6-fold(6c-) coordinated Ti atoms. The 3c-O atoms can lie between 5-c Ti or 6-c Ti 

atoms. Following our previous work
30

 and others,
28, 36

 we model the reduced surface by  

removing an oxygen atom from a bridge site (2c-O). Stable geometries of the supported Pt 

clusters were obtained using the method described in our previous work.
9
  

Page 5 of 34 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



The DFT calculations were performed using the VASP (Vienna Ab Initio Simulation 

package) code.
48-50

 Exchange-correlation was represented by the Perdew–Burke–Ernzerhof (PBE) 

functional of the generalized gradient approximation (GGA),
51

 and the electron-ion interactions 

were modeled by the projector-augmented wave (PAW)
52

 method. A kinetic energy cutoff of 500 

eV was used for the wavefunctions, and energies were converged to 10
-5

 eV. Spin-polarized 

calculations were incorporated in all calculations with the force convergence criteria on each 

atom set to < 0.01 eV/ Å. Because standard DFT improperly describes the strongly correlated d- 

states in transition-metal oxides, there could be some effect on the charge transfer among the 

support, clusters, and CO2 due to electron localization at surface Ti atoms, particularly for the 

reduced surface. To investigate this possibility, we previously performed a test
30

 of CO2 

adsorption on reduced anatase TiO2 (101)-supported Pt octamers using the DFT+U method.
53

 

Different U values (U=3.5, 4.0, and 4.5) were found to have very little effect (<1% difference) 

on the Bader charges of the CO2 adsorption sites with respect to conventional DFT (this analysis 

is revisited in terms of the effect of U on the character of the electronic states in Fig. S1 of the 

Supplementary Information). Previous studies concerning the interactions of transition metal 

clusters
54, 55

/adsorbates
56

 with perfect or reduced TiO2 surfaces also showed similar charge 

distributions and cluster stability with and without the +U correction. Because we are primarily 

interested in qualitative trends, and in order to maintain compatibility with our previous analyses, 

9, 30
 the calculations presented here are performed within conventional PBE. 

We consider a 3x1 supercell of the anatase TiO2 (101) surface with six trilayers, in which the 

bottom three layers were frozen, and the top three layers and metal clusters were relaxed; the 

vacuum region between the slabs was set to 12 Å. A Monkhorst-Pack 
57

 mesh of 2x2x1 k-points 

was used to sample the Brillouin zone for determining the CO2 adsorption geometries and 
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energetics; the k-point mesh was increased to 6x6x1 for the density of states (DOS) calculations. 

The electronic analysis includes atom-projected densities of states (p-DOS) within the energy 

ranges of interest, and the zero energy position represents the Fermi level in the p-DOS figures. 

Density plots (DPs) with equal-density isosurfaces of 0.001e/ Å
3
 are also studied to investigate 

the binding mechanism. Bader charges
58

 are analyzed to understand the charge distribution of 

CO2 adsorption sites. The vibrational frequencies are obtained from the frozen-phonon approach 

with a displacement of 0.015 Å for each atom in the CO2 molecule. The adsorption energies of 

CO2 on the model surface were calculated as the difference between the total energy of the 

composite system (CO2 adsorbed on TiO2-supported Pt clusters) and the sum of total energies of 

the isolated CO2 molecule and TiO2-supported Pt surfaces. We point out that based on a prior 

comparison of CO2 adsorption on anatase TiO2(101) using PBE and PBE + dispersion 

interactions,
36

 the incorporation of dispersion interactions may increase the adsorption energy as 

well as adsorption sites on supported Pt clusters’ surfaces. Nevertheless, our discussion is 

focused on general trends, which are expected to be insensitive to such details. A more negative 

adsorption energy indicates more favorable adsorption. The adsorption sites are identified by a 

notation in which the first letter refers to elemental composition of the cluster (“P” for Pt), the 

second letter refers to the cluster size (“T/H/O” for tetramer/hexamer/octamer), and a number 

designates the specific site index. For the reduced surfaces, the site indices are prepended with 

“Vo” to indicate the presence of an oxygen vacancy. 

3. Results  

Before analyzing the relationships between cluster size, morphology, and fluxionality with 

respect to catalysis, it is necessary to begin with an overview of CO2 binding on the respective 

surfaces. Results for CO2 binding on the anatase TiO2 (101)-supported Pt octamer have already 
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been reported.
30

 Here, we follow an identical recipe for the tetramer and hexamer, focusing on 

the possible formation of the bent CO2
-
 precursor, which facilitates CO2 activation

28
 and leads to 

the formation of light hydrocarbons. Specifically, we assess four basic ingredients:
30

 (i) 

availability of binding sites, (ii) intermediate adsorption energy at those sites (too strong = traps; 

too weak = inactive), (iii) adsorption-induced geometry of bent CO2, and (iv) adsorption-induced 

charge transfer to the C atom of CO2. The latter two factors are instrumental in the formation of 

bent CO2
-
.  

In the subsequent sections, results from all three cluster sizes (tetramer, hexamer, and 

octamer) will be used to analyze the cluster morphology/size-dependent catalytic property. The 

focus here will be on adsorption sites in direct contact with Pt clusters (Pt related sites): at the 

interface edge of the Pt clusters and TiO2 surface (“interface edge site”: one O of CO2 is 

interacting with the surface 5c-Ti atom while C or the other O with Pt clusters); or else only on 

the Pt clusters (“Pt only site”: 1-Pt only or 2-Pt only sites in which CO2 interacts with only one 

Pt or with two Pt atoms of the clusters, respectively).
30

 A brief discussion of bridged carbonate 

configurations not associated with clusters (PT2, PTVo2, PH5, and PHVo7 accordingly in Figure 

1b, Figure 3b, Figure 2e, and Figure 4g) is presented in Supporting Information. 

The optimized configurations and structural parameters of CO2 on perfect surface-supported 

Pt tetramer and hexamer are given in Figure 1 and 2, while those on reduced surface are in 

Figure 3 and 4, respectively. The corresponding adsorption energy, O-C-O angle of CO2, and 

Bader charge difference of the adsorbed CO2 molecule for each configuration on the clusters 

decorated perfect and reduced surfaces are reported in Table 1 and Table 2, respectively. Note 

that upon comparing linear CO2 adsorption on a reduced TiO2 surface in our previous study
30

 to 

similar models incorporating NEB and MD simulations,
59

 we speculate that CO2 adsorption sites 
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with energies around or below 0.36eV could become unstable at room temperature once thermal 

fluctuations are considered. 

3.1 CO2 Adsorption on Perfect TiO2-Supported Pt Clusters  

Previously, we found that the Pt octamer/perfect TiO2 surface offers adsorption sites for bent 

form CO2, and that these CO2 bind rather strongly compared to those on the pure TiO2 surface.
30, 

36
 We find that the Pt hexamer/perfect surface follows the same trend, and is even better in these 

two aspects; however, the supported Pt tetramer does not exhibit any such advantages. Note that 

the deposited tetramer and hexamer retain a 3D geometry, as we previously found for the 

deposited octamer on the same surface.
9, 30

 On the supported Pt tetramer surface, our technique 

identified three CO2 adsorption sites (PT1-PT3 in Figure 1a-c); however, two of these (PT2 and 

PT3) are metastable (i.e., positive adsorption energies that may be kinetically stabilized) and 

feature adsorbed CO2 not in direct contact with Pt. In contrast, seven sites (PH1-PH7 in Figure 

2a-g) were found for hexamer case, only one of which (PH7) is metastable. Six of these sites (all 

except PH5) feature direct contact with Pt. We point out that three such sites were previously 

found for the octamer (all stable).
30

   

 

Figure 1. Stable CO2 adsorption configurations on the perfect anatase TiO2(101) surface in the 

presence of Pt tetramers (O in red, C in black, Ti in blue, and Pt in green. The numbers indicate 

the bond lengths in Å). 

For the perfect surface-supported tetramer, PT1 is a 1-Pt only site and the only stable 

configuration obtained. No interface edge sites are observed. The O-C-O angle for this adsorbate 
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differs from that observed in the Pt hexamer & octamer cases, and may be a characteristic 

specific to CO2 adsorbed on the supported Pt tetramer. The Bader charges indicate the formation 

of a CO2
-
 anion in the PT1 configuration. Interestingly, the metastable PT3 reveals the formation 

of a carbonate-like molecule upon CO2 adsorption, facilitated by reconstruction of the TiO2 

surface in which the distance of the bridge oxygen and the 6c-Ti atom is increased by ~0.6 Å. 

 

Figure 2. Stable CO2 adsorption configurations on the perfect anatase TiO2(101) surface in the 

presence of Pt hexamers (O in red, C in black, Ti in blue, and Pt in green. The numbers indicate 

the bond lengths in Å). 

For the perfect surface-supported hexamer, PH1, PH3, and PH7 (Figure 2a, c, and g) are 

interface edge sites. Notably, PH1 is the most stable site among all Pt tetramer, hexamer, and 

octamer configurations we found. In this configuration, structural distortion of the hexamer 

(reflected by comparing deposited hexamers in Figure 2a & e) causes one Pt atom to primarily 

interact with CO2. Although this type of CO2-Pt interaction was not previously found on the 
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perfect surface-supported Pt octamer, we did observe it on the reduced surface-supported Pt 

octamer; the difference may result from the ease of the Pt octamer to modify its geometry due to 

the presence of the oxygen vacancy. PH3 is an analogous structure that was previously observed 

in the perfect surface-supported octamer,
30

 and the structural and electronic properties are quite 

similar in both cases. The metastable PH7 site is similar to PH3, but binds more weakly. PH6 is 

weakly stable, and is similar to PT3 in featuring a carbonate-like molecule. PH2 and PH4 are 

stable 1-Pt only and 2-Pt only sites. Corresponding configurations were previously found on the 

perfect surface-supported octamer
30

 with similar structural parameters except for a longer 

binding distance between O in CO2 and the Pt atom in the configuration analogous to PH2. 

However, PH2 also has a much higher binding strength by 0.56eV and more negative charge 

accumulation in C compared to the analogous octamer configuration. 

Table 1. Calculated properties
a
 based on CO2 adsorption configurations on perfect anatase TiO2 

(101) in the presence of Pt tetramer and hexamer. 

Ads.                     

Config. 
   -Eads(eV) ∠OCO(deg.) 

∆e of CO2       ν(CO2)(cm-1) 

C             O         O ν1 ν2 ν3 

PT1** 0.22 151.2 0.337 -0.078 -0.023 1161 594 1989 

PT2 -0.01 133.5 -0.002 0.036 0.061 1259 801 1663 

PT3 -0.07 130.0 0.006 0.075 -0.013 1161 788 1695 

PH1* 1.01 137.1 0.508 0.061 -0.111 1165 707 1742 

PH2** 0.72 146.6 0.432 -0.025 -0.109 1114 650 1927 

PH3* 0.71 125.9 0.602 0.037 -0.064 1180 764 1483 

PH4** 0.64 136.6 0.497 -0.039 -0.051 1163 734 1694 

PH5 0.08 133.3 -0.012 0.055 0.047 1263 804 1654 

PH6 0.01 125.9 -0.023 0.020 -0.001 1262 833 1541 

PH7* -0.04 123.5 0.632 0.058 -0.063 1163 738 1434 

a
Values represent the adsorption energy, O-C-O angle of CO2, difference of Bader charge of CO2 

molecule upon adsorption, and vibrational frequencies of symmetric (ν1), bending (ν2), and 

asymmetric (ν3) stretching modes (∆e >0 means electron accumulation; PT and PH represent Pt 

tetramer and Pt hexamer, respectively; single and double asterisks indicate interface edge and Pt 

only sites, respectively).      
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In summary, Pt tetramers on perfect anatase provide significantly fewer binding sites for CO2 

compared with octamers
30

 or hexamers, while hexamers provide the most. This likely reflects the 

smaller contact area of the Pt tetramer. The Pt tetramer also exhibits the weakest binding with 

CO2. On the perfect surface, Pt hexamers share many common features with octamers in terms of 

the favored CO2 binding sites, which leads to similar binding geometries of the adsorbed CO2. 

On average, the hexamer exhibits the strongest binding among the three cluster sizes investigated. 

As we will demonstrate, the general attractiveness of the hexamer over the octamer in terms of 

binding sites and strength is related to the structural fluxionality of the former. 

3.2 CO2 Adsorption on Reduced TiO2-Supported Pt Clusters  

In contrast with the perfect surface, deposited tetramers and hexamers on reduced surfaces tend 

to exhibit planar geometries (2D), tending surprisingly to “wet” this surface. This behavior, 

especially apparent on the hexamer case, was not previously observed on Pt octamers/reduced 

TiO2 surfaces,
30

 and seems unique to clusters smaller than the hexamer. This also reveals that the 

cluster morphology/size is an important factor for CO2 adsorption. 

 

Figure 3. Stable CO2 adsorption configurations on the reduced anatase TiO2(101) surface in the 

presence of Pt tetramers (O in red, C in black, Ti in blue, and Pt in green. The numbers indicate 

the bond lengths in Å). 

Only one stable Pt related site (PTVo1 in Figure 3a) was found on the supported Pt tetramer 

surface, which closely matches what was found on the tetramer-decorated perfect surface. This 
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points to that the smaller contact area of the supported Pt tetramers, which limits CO2 binding. 

Notably, one difference between the perfect and reduced surfaces for the tetramer is that the Pt-

only tetramer site found on the perfect surface is not found on the reduced surface. This may be 

due to the 2D geometry of the adsorbed Pt tetramer on the reduced surface, which makes 

insufficient orbital overlaps with CO2 to form a bonding orbital.
9
 Note that PTVo3 (Figure 3c) is 

a bidentate carbonate species with a tilted adsorbed CO2. 

On the other hand, the hexamer behaves very differently on the perfect and reduced surfaces. 

In particular, although six Pt related configurations (PHVo1-PHVo6 in Figure 4a-f) were found 

on the reduced surface-supported Pt hexamer, most of these (PHVo3-PHVo6) are metastable—

some with significantly positive adsorption energies—and only two (PHVo1 and PHVo2) are 

stable. This contrasts sharply with the five stable Pt related sites found for the perfect surface-

supported hexamers. Notably, the difference between the two host surfaces in the case of the 

hexamer cannot be attributed exclusively to the cluster size (contact area limitation), suggesting 

the importance of other crucial factors. PHVo2, PHVo3, PHVo4, and PHVo6 (Figure 4 b, c, d, 

and f) are interface edge sites. Of these, only PHVo2 is stable, but the CO2 binding remains too 

weak for effective catalysis. All features binding with one Pt atom, which is different from the 

perfect surface-supported hexamer/octamer where interactions with two Pt atoms exist. This can 

be understood from the quasi-2D structure of the hexamer as it “wets” the reduced surface, 

which tends to inhibit simultaneous accessibility to two Pt atom interactions.  

Interestingly, the structural parameters and electronic properties of CO2 for the metastable 

interface edge sites on the reduced surface-supported hexamer (PHVo3, PHVo4, and PHVo6) are 

very similar to the stable interface edges in Pt octamer and perfect/hexamer cases, and are 

attractive for the formation of the bent CO2
-
 precursor both in terms of O-C-O angle and charge 
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transfer to C. The apparent discrepancy between the strongly modified properties of adsorbed 

CO2 (which differs between reduced and perfect surfaces) points to a significant role of the 

cluster geometry cluster (e.g., 2D for the reduced surface-supported hexamer vs. 3D for the 

perfect surface-supported hexamer) in determining the CO2 adsorption and catalytic properties.  

 

Figure 4. Stable CO2 adsorption configurations on the reduced anatase TiO2(101) surface in the 

presence of Pt hexamers (O in red, C in black, Ti in blue, and Pt in green. The numbers indicate 

the bond lengths in Å). 

The stable PHVo1 and metastable PHVo5 (Figure 4 a & e) represent Pt only sites. Note that 

the O-C-O angle in PHVo1 is very close to that in the perfect surface-supported tetramer PT1 

configuration (154.7° vs. 151.2°), and this angle similarity seems to relate to the geometry of the 

clusters. Specifically, the geometry of the tetramer on the perfect surface (pyramid-like) can be 

considered as part of the geometry of the hexamer on the reduced surface. The trend of net 

charge transfer in CO2 molecules adsorbed on PT1 and PHVo1 is also quite similar. We point 
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out that PHVo5 represents the only metastable Pt-only site among all the systems we have 

studied; this may be related to the unusually small O-C-O angle (126.9°).  

Table 2. Calculated properties
a
 based on CO2 adsorption configurations on reduced anatase TiO2 

(101) in the presence of Pt tetramer and hexamer. 

Ads.                     

Config. 
-Eads(eV) ∠OCO(deg.) 

∆e of CO2   ν(CO2)(cm-1) 

C O O ν1 ν2 ν3 

PTVo1* 0.22 136.2 0.437 0.038 -0.028 1182 699 1788 

PTVo2 -0.06 131.1 0.114 -0.003 0.033 1191 762 1532 

PTVo3 -0.97 137.4 0.117 0.048 0.015 1163 699 1858 

PHVo1** 0.16 154.7 0.341 -0.053 -0.047 1181 574 1996 

PHVo2* 0.02 131.8 0.530 0.000 0.011 1121 720 1706 

PHVo3* -0.03 140.4 0.392 -0.004 -0.004 1150 648 1858 

PHVo4* -0.13 138.9 0.419 -0.041 0.044 1194 686 1774 

PHVo5** -0.33 126.9 0.596 -0.034 -0.053 1124 740 1593 

PHVo6* -0.41 130.2 0.510 -0.006 0.036 1095 714 1710 

PHVo7 -0.83 133.5 -0.017 0.050 0.040 1262 792 1680 

a
Values represent the adsorption energy, O-C-O angle of CO2, difference of Bader charge of CO2 

molecule upon adsorption, and vibrational frequencies of symmetric (ν1), bending (ν2), and 

asymmetric (ν3) stretching modes (∆e >0 means electron accumulation; PT and PH represent Pt 

tetramer and Pt hexamer, respectively; Vo represents an oxygen vacancy; single and double 

asterisks indicate interface edge and Pt only sites, respectively).      

 4. Discussion 

We begin our discussions by understanding the different geometry reconstructions the same 

cluster exhibits on the two different host surfaces (perfectly stoichiometric & reduced). The 

morphology-dependent factors on CO2 adsorption are then investigated with additional electronic 

insights into the bound CO2, following which experimental observables are connected to 

electronic & geometry information, adsorption sites, and C-O bonding breaking tendency of the 

bound CO2. 
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4.1 Geometry Change of Adsorbed Clusters (2D->3D) 

Observing the adsorbed tetramer and hexamer on the reduced surface, both clusters tend to 

evolve toward flat (2D) geometries as compared to the 3D geometries of both clusters on the 

perfect surface. We find that the driving force for the conversion to quasi-2D geometries is due 

to the tendency of Pt tetramer and hexamer to form bonding orbitals with surface Ti atoms 

(especially 4c-Ti and 5c-Ti exposed by the presence of the oxygen vacancy). This is consistent 

with our previously developed binding mechanism of Ptn (n=2, 4, and 8) on perfect anatase TiO2 

(101) surface,
9
 which suggests that Pt clusters have a strong tendency to bind with surface Ti 

atoms; the underlying factor is the sufficient orbital overlaps of Pt clusters and surface Ti atoms 

to form bonding orbitals. 

              
Figure 5. p-DOSs (Ti, O, and Pt) and density plots of reduced anatase TiO2(101) surface-

supported Pt clusters: (a) tetramer and (b) hexamer. The insets show the density plots at 

corresponding positions: (a) -0.77, -1.60, and -2.05eV and (b) -0.12, -0.58, and -1.77eV (Shown 

in the figures correspond to spin up).  
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To see this, we examine the p-DOSs of O, Ti, and Pt atoms of the supported tetramer and 

hexamer (Figure 5). Resonant peaks can be seen consisting of Ti, O, and Pt atoms, which 

suggests the disposition of Pt clusters to bind with Ti and O atoms. Further investigations of 

density plots (DPs) show bonding orbitals formed by the cluster and 4c-Ti; for example, DP at -

1.60eV in Figure 5a shows Pt2 & Pt3 of the tetramer binding with 4c-Ti, and DP at -1.77eV in 

Figure 5b shows Pt5 of the hexamer binding with 4c-Ti. The binding with 5c-Ti can also be seen; 

for example, DP at -2.05eV in Figure 5a shows Pt1 of the tetramer binding with 5c-Ti, and DP at 

-0.58eV in Figure 5 b shows Pt2 of the hexamer binding with 5c-Ti. Our result is also consistent 

with other DFT calculations. Gong et al.
10

 obtained the result that Ptn(n=1-3) prefer to bind with 

the surface Ti & O atoms of anatase TiO2(101),  and 4c-Ti & 5c-Ti atoms are favored in the 

presence of oxygen vacancy. A study of Ptn(n=4-8) supported on rutile TiO2(110) surface
60

 also 

pointed out the importance of the Pt-Ti bond on the cluster-support binding strength, and showed 

that two-layer structures are preferred for Pt5-Pt8 except Pt6, which favors planar geometry.  

4.2 Geometry-Dependent Binding Mechanism 

In our previous investigations of the binding mechanism regarding CO2 adsorption on 

perfect/reduced anatase TiO2 (101)-supported Ag & Pt octamers,
30

 we found that for CO2 

adsorption in contact with Pt octamers, binding is facilitated by the hybridization of the 

molecular orbitals of CO2 with d orbitals of the Pt atoms. Here, beyond our prior understanding, 

as Pt clusters can interchange between 3D, 2D planar, and intermediate (3D/2D) geometries 

depending on the cluster size and substrate, we find that fluxionality plays an additional 

important role in the CO2 adsorption. The binding competition between Pt atoms with the 

adsorbate is also found to be relevant.   
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First, we revisit the electronic analysis of the Pt binding sites, focusing on comparisons 

among the three types of Pt-related sites: interface edge, 1-Pt only, and 2-Pt only sites. In our 

previous study, we showed DOS and DPs of the interface edge and Pt only sites involving two Pt 

atoms;
30

 in this study, we add results for the 1-Pt only site (based on the PH2 site from Figure 2b) 

in Figure 6. Prior work of the adsorbate-transition metal interactions
61, 62

 suggests that the 

hybridization of adsorbate valance states with the valance states of the metal surface atoms leads 

to the formation of bonding and antibonding states. For instance, in H-metal (Ni, Cu, Pt, and Au) 

surface systems, the dominant H 1s-metal d bonding states lie within -10 and -5 eV.
61

  

      
Figure 6. p-DOSs and associated density plots (DPs) of specific states formed upon CO2 

adsorption directly on the Pt hexamer involving one Pt atom (PH2): (a) p-DOSs of the adsorbed 

CO2 and Pt; (b) p-DOSs of s and p states of  the adsorbed CO2. DP1-DP5 are the same states in 

both figures accordingly at -8.80, -7.50, -6.66, -6.55, and -3.30 eV (Shown in the figures 

correspond to spin up). 

-25 -20 -15 -10 -5 0 5
0

5

10

15

20

25

30

35

40

45

 

 

CO
2
 p-DOS 

Pt p-DOS 

-25 -20 -15 -10 -5 0 5
0

5

10

15

20

25

30

35

40

 

 

CO
2
 s state 

CO
2
 p state

DP1 DP5 DP2 

DP3 DP4 

E-Ef(eV) 

D
en

si
ty

 o
f 

st
at

es
 (

st
at

es
/e

V
) 

(a) 

(b) 

DP1 

DP2 

DP3 

DP5 

DP4 

DP1 

DP2 

DP3 

DP5 

DP4 

Page 18 of 34Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



In the CO2-TiO2 supported Pt hexamer interaction, the resonance peaks of Pt and CO2 in 

Figure 6 (a) suggest similar bonding states, again lying mainly between -10 and -5 eV; this is 

also the same range we found in CO2-TiO2 supported Pt octamers.
30

 In general, Figure 6b shows 

that for CO2, its s states dominate in lower energy levels and p states in higher energy levels. 

Furthermore, DP1 (2σg), DP2, and DP3 & DP4 (1πu) in Figure 6a&b explicitly show CO2 (s&p)-

supported Pt hexamer bonding states consisting of bonding orbitals of CO2 and d states of the Pt 

atom. The results are fully consistent with what we previously found for the CO2-supported Pt 

octamer interaction of the interface edge and 2-Ptonly sites, leading us to conclude generally that 

for CO2-TiO2 supported Pt subnanometer clusters, CO2 (s&p) - metal d interactions dominate the 

bonding states. Note that the DPs in Figure 6 show that in effect only the host Pt atom is 

involved in the adsorption at the Pt-only site, indicating a local interaction. 

Comparing the three types of sites, we also find that the interface edge sites seem to have the 

strongest CO2 binding strength (on average), probably due to extra bonding stabilization from 

CO2 with surface O atoms.  However, there is no consistent pattern in the CO2 adsorption 

energies at Pt only sites involving one and two Pt atoms, suggesting that the CO2 binding 

strength is not necessarily related to the number of Pt atoms involved.  

4.2.1 Structural Fluxionality 

 

Having assessed the electronic origins of the binding mechanism, we next investigate factors for 

CO2 adsorption that are connected to cluster morphology. Geometric reconstructions are 

apparent for supported Pt clusters upon CO2 adsorption, especially for Pt clusters with 3D 

geometry. For example, the Pt hexamer in PH1 (Figure 2a) undergoes considerable geometry 

modification upon CO2 adsorption (e.g., compare with PH5 in Figure 2e, which is almost the 

same Pt hexamer geometry as the most favored deposited hexamer when no CO2 molecule is 
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present). This geometry reconstruction is associated with a key characteristic of the 

subnanometer metal cluster, structural fluxionality:
1
 during the interaction of CO2 with the 

cluster, the cluster tends to vary its geometry to maximize orbital overlaps of the cluster and CO2, 

which sustains binding through the formation of the strong bonding orbitals. 

To quantify this tendency, we define a quantity called displacement (per Pt atom) to 

represent the extent of the cluster’s structural fluxionality as the equation below (a cluster-center 

based definition was also tested, shown in Supporting Information): 

        Displacement (structural fluxionality) =
∑ √(Xnf−Xni)2+(Ynf−Yni)2+(Znf−Zni)2

n

N
   

, where X, Y, and Z represent the coordinates of the n
th

 atom in the cluster; i and f represent the 

initial and final states; and n= 1-N, where N equals the cluster size. Considering all CO2 

adsorption configurations obtained in this (supported Pt tetramer and hexamer) and our previous 

(supported octamer
30

) studies, we evaluate the displacement of 3D, intermediate 3D/2D, and 

planar 2D Pt clusters (shown in Figure 7a for interface edge sites and in Supporting Information 

for Pt-only sites). The Pt-only sites show comparable fluxionality capability for all three Pt 

cluster geometries (3D, 3D/2D, and 2D) upon CO2 adsorption, which is apparent because the 

CO2 adsorbate is unconstrained and can easily modify its own molecular geometry upon 

adsorption instead of that of the deposited clusters. However, at interface edge sites, 3D, 3D/2D, 

and 2D show different structural fluxionality capability. 3D geometries [PO1(BP1)
30

, 

POVo1(BPVo1)
30

, POVo4(BPVo4)
30

, POVo6(BPVo6)
30

, PH1, PH3, and PH7] tend to have high 

displacement values on average, indicating large geometry changes during the CO2 adsorption. 

The 3D/2D geometry (PHVo2, PHVo3, PHVo4, and PHVo6) show smaller displacements; but, 

as seen from the optimized geometries (Figure 4), the displacements mostly come from 
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horizontal shifts. The 2D geometry exhibits very limited reconstruction. This is because the 2D 

structure binds tightly with surface atoms, restricting its self-modification, while top layer atoms 

of the 3D structure are less restricted, giving greater freedom for 3D clusters to reconstruct.  

                     

Figure 7. (a) Displacement (Structural fluxionality tendency) of all stable and metastable CO2 

adsorption sites located at the interface edge on the anatase TiO2(101)-supported tetramer, 

hexamer, and octamer; (b) Displacement versus adsorption energy of the stable interface edge 

sites [Octamer data
30

: PO1(BP1), POVo1(BPVo1), POVo4(BPVo4), and  POVo6(BPVo6); PO, 

PH, and PT represent Pt octamer, hexamer, and tetramer; Vo represents an oxygen vacancy].  

Displacement (structural fluxionality) is also related to the CO2 binding strength, which is 

plotted Figure 7b of stable interface edge sites. As can be seen, there is a positive correlation of 

displacement and the CO2 adsorption energy (note: the displacement of PHVo2 mainly comes 

from horizontal shifts), which means that the more the cluster can modify its geometry, the better 

orbital overlap is achieved, resulting in stronger CO2 binding strength. The importance of 
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structural fluxionality and its connection to particle geometry explains why the Pt hexamer & 

hexamer on the reduced surface exhibited far fewer stable binding sites than on the perfect 

surface. On the reduced surface, the vacancy-induced 3D  2D geometry change leads to lower 

structural fluxionality, which effectively offsets the benefits associated with interfacial edge sites.    

4.2.2 Binding Competition  

Though the hybridization of bonding states of CO2 with d states of the Pt atoms sustains the 

binding as detailed above, this same interaction can also cause instabilities in the CO2 adsorption 

when two Pt atoms act in competition. For instance, considering the major bonding states of the 

CO2-Pt clusters/TiO2 (-10 eV to -5 eV), the DP at -6.00 eV of PHVo5 (Figure 8a) indicates the 

presence of two competing forces on the CO2 molecule due to bonding interactions of Pt1 and 

Pt6 individually, which actually destabilizes binding and leads to a metastable configuration. 

This is made clearer by comparing the Pt-C-Pt angle to the corresponding stable geometries. The 

Pt-C-Pt angles in PH4 (Figure 2d) and for two configurations found on supported Pt octamers
30

 

are 71.3°, and 64.9° & 64.3°, which are all considerably smaller than the 94.8° of the metastable 

PHVo5. It is understood that when two Pt atoms act in concert, the net force acting on CO2 with 

smaller Pt-C-Pt angles can stabilize the adsorbate; on the other hand, with larger angles, the Pt-

CO2 stabilizing forces become smaller, and the forces start to cancel each other due to both Pt 

atoms competing with each other to bind with the adsorbate. Additional evidence of binding 

competition destabilizing adsorption strength can be found in PHVo6 (Figure 4f). Looking at the 

DP at -6.48 eV (Figure 8b), it is seen that in addition to CO2’s binding with Pt6, binding with 

surface O atoms is also present (which is the reason for the tilted CO2 geometry); it is suggested 

that the latter interaction may disturb orbital overlaps of the CO2 with lobes of the d states of the 

Pt atom and draw electron density out of the Pt-C bond.  
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In light of the above analysis, we can further speculate about why 2D planar clusters do not 

tend to provide additional binding sites on the top surface, as one might expect; this behavior is 

most obvious for the 2D Pt tetramer (refer to Figure 3). We propose that the reason is due to two 

factors: limited structural fluxionality and binding competition. A likely scenario is that CO2 

diffuses to the 2D surface, lying horizontally. The binding of C with a Pt atom initiates the 

adsorption process pulling the CO2 molecule, followed by a neighboring Pt atom trying to bind 

with the adsorbate. Then, each Pt atom attempts to maximize overlap with the CO2 orbitals, but 

the binding of Pt with surface Ti atoms restricts the geometric modifications necessary for the Pt 

tetramer to satisfy both overlaps. The Pt-C-Pt angle remains large, and the two pulling forces 

begin to compete against one another, resulting in weakened CO2 binding and ultimately 

desorption.  

                             
          Figure 8. (a) The DP at -6.00 eV of PHVo5; (b) the DP at -6.48 eV of PHVo6. 

4.3 CO2 Bond Breaking tendency 

To promote the formation of light hydrocarbons via CO2 photoreduction, the breaking of the C-O 

bond of the CO2 molecule is a crucial factor. Characterization of the CO2 bond-breaking 

tendency is possible using current characterization capabilities.
63-66

 These studies have shed 

significant light on the nature of CO2 photoreduction on subnanometer metal cluster-based 

photocatalysts. Freund summarized the characterization tools such as LEED and NEXAFS that 

can be used to gain information of CO2 geometry.
63

 For instance, NEXAFS has been used to 

show the geometries of CO2 species on Ni(110).
64

 IRRAS along with computational results also 

(a) (b) 
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revealed the CO2 structure on rutile TiO2(110)
65

 and ZnO(10ī0).
66

 In our previous study 

involving CO2 on supported Pt octamers,
30

 we suggested that the charge transfer to C and the O-

C-O angle of CO2 were related to the formation of the bent CO2
-
 anion, and by extension to 

photocatalytic bond activation. Here, we directly show that these two factors correlate with the 

C-O bond-breaking tendency across all tetramer, hexamer, and octamer configurations, further 

confirming their importance in CO2 photoreduction. 

The C-O bond breaking is attributed to the electronic population of the antibonding orbitals 

of the CO2 molecule. For instance, evidence for antibonding states below the Fermi level for 

stable hexamer sites is shown in DP5 (Figure 6a), which suggests hybridization of nonbonding 

CO2 orbitals (HOMO, 1πg) with Pt d states. A similar conclusion is also supported by another 

study regarding the chemistry of the CO2 molecule, in which bent-form CO2 resulted in the 

lowering of the 2πu energy, even lower than 1πg.
63

 In Figure 9, we examine the tendency for 

bond breaking by considering all the CO2 adsorption sites in contact with the Pt clusters: 

tetramer (PT1 in Figure 1a, and PTVo1 in Figure 3a), hexamer (PH1-PH4 & PH7 in Figure 2a-d 

& g, and PHVo1-PHVo6 in Figure 4a-f), and octamer (PO1-PO3 representing BP1-BP3 in 

Figure 1d-f, and POVo1-POVo4 & POVo6 representing BPVo1-BPVo4 & BPVo6 in Figure 2d-

g&i of our previous work
30

). As shown in Figure 9a, a clear correlation between the negative 

charge accumulation at C of CO2 and the C-O bond length is found (except POVo6, which 

represents a metastable configuration). The greater the electron accumulation at C is, the longer 

the C-O length, which can be attributed to the filling of antibonding states of CO2. A DFT 

calculation using the Gaussian09 program package
67

 with the B3LYP functional
28

 comparing 

CO2 and the CO2
-
 anion was performed to reveal the role of C in the hybridization of antibonding 

states. Natural bond orbital (NBO) charge analysis
68

 shows the C of CO2 possessing +1.02e with 

Page 24 of 34Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



an average C-O bond length of 1.16Å, while the C of CO2
-
 anion possesses +0.50e with an 

average C-O bond length of 1.23Å. This indicates that as C gains electrons, the length of the C-O 

bond also increases, in agreement with Figure 9a.  

 

Figure 9. Correlations between the average C-O bond length (bond breaking tendency) and (a) 

the negative charge accumulation at C, and (b) O-C-O angle of the adsorbed CO2 species in 

contact with the supported Pt tetramer, hexamer, and octamer[Octamer data
30

: PO1-PO3(BP1-

BP3), POVo1-POVo4(BPVo1-BPVo4), and POVo6(BPVo6); PO, PH, and PT represent Pt 

octamer, hexamer, and tetramer; Vo represents an oxygen vacancy].    

Another correlation of the C-O bond length is found with the angle of O-C-O of CO2, shown 

in Figure 9b (the exception to the trend is POVo6, which represents a metastable configuration). 

The smaller the angle is, the longer the C-O bond. As more electrons accumulate at C of CO2, 

these electrons tend to repel the electrons in the C-O bonds, resulting in a smaller O-C-O angle. 

This is similar to the repulsive character of lone pairs that makes H2O a bent structure. Note that 

among 12 interface edge and 9 Pt-only sites, four out of the five longest C-O bonds are interface 

edge sites, while four out of the five shortest C-O bonds are Pt-only sites. This suggests that the 

interface sites of the anatase TiO2 (101) - supported Pt clusters have higher bond-breaking 

tendency than the Pt-only sites. This correlates with the general tendency of interface edges sites 

to exhibit stronger bonding (e.g., see Tables 1 and 2). 
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4.4 Vibrational Frequency 

In order to inform experimental spectroscopic studies and provide guidance for photocatalyst 

design, we have also computed key vibrational frequencies associated with CO2 adsorption. The 

vibrational frequencies of symmetric (ν1) and asymmetric (ν3) stretching for adsorbed CO2 on 

several metal oxide surfaces have shown relatively good agreement between experimental
69, 70

 

and computational
28, 30, 33, 36

 results; the reported experimental values for the CO2
-
 anion were in 

the ranges of 1219-1247 and 1640-1670 cm
-1

 on P25
70

/anatase TiO2.
69, 71

 We previously revealed 

that on supported Pt octamer surfaces there are correlations of the ν2 mode with charge 

accumulation at C of bent-form CO2, and of the ν3 mode with the O-C-O angle of CO2.
30

 As 

shown in Figure 10a & b, we confirm that these two correlations still hold true when 

incorporating adsorbed CO2 on supported tetramers (PT1 in Figure 1a and PTVo1 in Figure 3a) 

and hexamers (PH1-PH4 in Figure 2a-d and PHVo1-PHVo2 in Figure 4a&b) alongside the 

octamer case (PO1-PO3 representing BP1-BP3 in Figure 1d-f, and POVo1-POVo4 representing 

BPVo1-BPVo4 in Figure 2d-g of our previous work
30

). The sites with the most charge 

accumulation at C with values around 0.600e have ν2 modes in the range of 760-772 cm
-1

, while 

smaller charge accumulations around 0.35e lie in the 574-602 cm
-1

 range. Likewise, smaller O-

C-O angles around 126° lie in the 1483-1529 cm
-1

 range and larger O-C-O angles around 151° in 

the 1918-1996 cm
-1

 range. We suggest these two trends are general for all supported 

subnanometer Pt clusters, and that ν2 & ν3 modes can be reliable indicators for electronic and 

geometric properties of adsorbed CO2.  
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Figure 10. Correlations between (a) the bending frequency (ν2) and the negative charge 

accumulation at C of CO2, and between (b) the asymmetric stretching frequency (ν3) and the O-

C-O angle of CO2 for Pt-related binding sites on all tested cluster sizes (tetramer, hexamer, 

octamer). (c) The symmetric stretching frequency (ν1) for all stable adsorption sites on all cluster 

sizes, with Pt-related sites highlighted. Correlations between average C-O bond length 

(indicating bond-breaking tendency) and (d) ν2 and (e) ν3 vibrational frequencies. [Octamer 

data
30

: PO1-PO4(BP1-BP4) and POVo1-POVo5(BPVo1-BPVo5); PO, PH, and PT represent Pt 

octamer, hexamer, and tetramer; Vo represents an oxygen vacancy; R2 values for (a), (b), (d), (e) 

are 0.928, 0.946, 0.918, and 0.9625, respectively]. 
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Here, it is suggested that more detailed information about the nature of the Pt-related 

adsorption sites (interface edge, 1-Pt only, and 2-Pt only sites) may be found by carefully 

analyzing the frequencies of the ν2 and ν3 modes. Previously, we showed that ν2 in the range 

~750-800 cm
-1 

indicated interface edge adsorption, whereas frequencies below that range 

indicated Pt octamer-related adsorption; interface edge sites were also revealed by smaller ν3 

values (~1500-1540 cm
-1

).
30

 In this study, a similar pattern is observed: ν2 in the lower range 

(~570-625cm
-1

) represents 1-Pt only adsorption site; in the higher range (~760-775 cm
-1

), ν2 

signifies interface edge sites, as shown in Figure 10a. However, in between these two ranges, we 

find that there is a mixed state of interface edge and 2-Pt only sites. An analogous but opposite 

trend is found for the ν3 mode, as shown in Figure 10b. In this case, ν3 in the higher range 

(~1910-2000 cm
-1

) represents 1-Pt only adsorption site; in the lower range (1480-1540 cm
-1

), ν3 

tends to indicate interface edge sites. Likewise, a mixed state of interface edge and 2-Pt only 

sites also lies in between the ranges. In summary, lower ν2 and higher ν3 reveal 1-Pt only sites, 

while higher ν2 and lower ν3 reveal interface edge sites, with 2-Pt only sites lying in between the 

two ranges. 

There is some ambiguity following the same analysis of ν2 mode (below ~800 cm
-1

) for Pt 

related CO2 adsorption sites on supported octamers.
30

 For instance, as shown in the Supporting 

Information, though all ν2 modes of the direct TiO2 surface sites (i.e., not associated with direct 

Pt contact) are above ~800 cm
-1

, the threshold for differentiating them from the Pt-associated 

sites is narrow. Promisingly, the ν1 mode seems to be a more reliable indicator. Shown in Figure 

10c are the ν1 frequencies for all stable CO2 adsorption sites on the supported Pt tetramer, 

hexamer and octamer, organized according to Pt-related sites (the same sites considered in 

Figure 10a&b) and direct TiO2 surface sites (PT2 in Figure 1b, PH5 & PH6 in Figure 2e & f, and 
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PO4 representing BP4 in Figure 1g and POVo5 representing BPVo5 in Figure 2h of our previous 

work
30

). As can be clearly seen, ν1 frequencies larger than 1250 cm
-1

 represent direct TiO2 

surface sites, while the collection of Pt-associated sites lies below 1200 cm
-1

; the lower 

frequency of the latter may be due to CO2 stretching inhibited by bonding interactions with Pt 

clusters, as revealed by DPs in Figure 6.  

We have shown the correlations of the C-O bond breaking tendency with negative charge 

accumulation at C and with O-C-O angle of CO2 (Figure 9), and that the latter two properties 

correspond well to specific vibrational frequencies (ν2 and ν3). These data may be combined to 

develop an experimentally obtainable signal to predict promising CO2 adsorption 

sites/configurations with high C-O bond-breaking tendency. Plotted in Figure 10 d & e are the 

average C-O bond length versus ν2 and ν3 for stable CO2 adsorption sites on supported tetramers, 

hexamers, and octamers (the same sites considered in Figure 10a&b). As expected, a strong 

correlation of the ν2 and ν3 frequencies with C-O bond length can be easily seen, with higher ν2 

and lower ν3 suggesting adsorbed CO2 with longer C-O bonds. These correlations offer valuable 

information that could be used for experimental understanding of adsorption sites, electronic 

properties, and catalysis of adsorbed CO2 species.  

5. Conclusions 

In summary, the morphology/size (2D or 3D) of Pt tetramers, hexamers, and octamers supported 

on anatase TiO2 (101) can significantly affect CO2 adsorption based on DFT calculations. 

Compared to flatter 2D Pt clusters, 3D Pt clusters provide more binding sites for bent form CO2 

with electronic charge accumulation at C, which aids in the formation of the key dissociation 

precursor in CO2 photoreduction. This geometry-dependent CO2 adsorption may be explained by 

considering two key factors: structural fluxionality and binding competition between Pt atoms.  
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By quantifying structural fluxionality based on the adsorbate-induced displacement, we find 

that at interface edge sites, 3D clusters tend to have higher structural fluxionality than 2D-like 

clusters. This is because the top layer atoms of the 3D cluster are less constrained compared to 

the 2D cluster. High fluxionality capability is also related to stronger CO2 binding, since 

geometric reconstruction enables maximum orbital overlap between the Pt clusters and CO2. 

Binding competition can occur when more than one Pt atom attempt to bind with CO2. If 

structural fluxionality is inhibited, as is the case for binding on 2D-like surfaces, then 

competition between the Pt atoms may mitigate maximum orbital overlap among each individual 

Pt-CO2 bonding interaction, leading to instability.  

Interestingly, we also find that there is a dependence of the cluster geometry and morphology 

on the nature of the host surface. In particular, when Pt tetramers and hexamers deposit on 

perfect anatase TiO2 (101), they exhibit a 3D structure, whereas on the reduced surface, a 2D-like 

structure is favored. This is due to Pt cluster’s strong disposition to bind with more surface Ti 

atoms, which are exposed by the presence of surface oxygen vacancies. The differences between 

the morphologies of the clusters on perfect and reduced surfaces lead to qualitatively different 

behaviors in CO2 binding. 

Electronic structure analysis indicates that the main bonding states for CO2 on TiO2-

supported subnanometer Pt clusters come from CO2 s&p - metal d state interactions. However, 

we also find that CO2 binding strength has little to do with the number of Pt atoms involved. 

Interface edge sites have stronger CO2 binding than Pt-only sites, and such enhancement may be 

due to extra bonding interaction with the surface oxygen atom. Furthermore, to make CO2 

activation feasibly lead to the desired products of CO2 photoreduction, C-O bond breaking is 

critical, which results from the filling of antibonding orbitals of the CO2 molecule.
30

 We 
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demonstrate that this bond-breaking tendency is related to charge accumulation at C and the O-

C-O angle of the adsorbed CO2 species, which in turn are dependent on the interplay between the 

cluster geometry and available binding sites.  These factors are detectable in key signatures in the 

ν1, ν2, and ν3 vibrational frequencies (previously reported for octamers
30

 and confirmed here to 

be a more general rule), from which specific binding sites and geometries may be identified 

experimentally. Our results may be used towards practical design of promising CO2 reduction 

photocatalysts in subnanometer metal/semiconductor frameworks.   
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