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A B S T R A C T

Hydrogenating CO2 into clean fuels and hydrocarbons such as methane, formic acid, and C2
+ products is a viable 

strategy for mitigating anthropogenic carbon dioxide. Based on density functional theory calculations, we 
elucidate the mechanism of CO2 hydrogenation by Pd nanoparticles supported on MgO or CaO. To provide 
fundamental insight into the rational design of active and selective CO2 hydrogenation catalysts, we combined 
Pd, a hydrogen activator, and MgO or CaO, a CO2 binder. We found that Pd preferentially binds and dissociates 
H2, and the Pd-oxide interface activates CO2, completing a bifunctional CO2 hydrogenation reaction. The Pd-CaO 
interface strongly binds CO2 compared to the Pd-MgO interface. Therefore, the weakened C-O bond enables 
hydrogenation of the oxygen of CO2, activating the carboxyl pathway of CO2 hydrogenation and producing CO 
and methanol. In contrast, the formate pathway through direct hydrogenation of the carbon of CO2 operates in 
the Pd-MgO catalyst due to the relatively weak interaction with CO2. Producing formic acid and methanol is 
thermodynamically more accessible in Pd/MgO. Our results show that the catalyst-CO2 interaction steers the 
overall reaction pathway of thermocatalytic CO2 hydrogenation by metal/oxide class heterogeneous catalysts.

1. Introduction

Carbon dioxide (CO2) is a significant greenhouse gas causing climate 
change. [1–5] One breakthrough in reducing anthropogenic CO2 emis
sions is converting it into valuable products through hydrogenation, 
such as methanol, formic acid, and methane. [6] Electrochemical con
version is mainstream in CO2 hydrogenation because the activity and 
selectivity can be controlled by exerting external potential. However, 
the low absolute conversion efficiency of electrochemical CO2 conver
sion retards its applications in industry. [7] On the other hand, several 
benefits of thermocatalytic CO2 conversation, such as high conversion 
rate and versatility of the reaction products, provide the opportunity for 
large-scale applications in industry. [8]The reverse water–gas shift re
action (CO2 + H2 → CO + H2O) is the most representative thermoca
talytic CO2 conversion, which generates valuable synthetic gas [9–11].

A substantial electron donor is required to bind and activate gas 
phase CO2, thus initiating CO2 hydrogenation. [12–16] A carbonate-like 
bent CO2 with excess electrons is a signature feature of CO2 activation. 

Metal catalysts such as Rh, Ru, and Cu-based catalysts electronically 
interact with CO2 and thus are excellent CO2 activators. [17–21]In 
addition, the reducible oxides, such as In2O3 and CeO2, strongly bind 
and activate CO2 on the oxide surface or at the interfacial site between 
supported metal NPs. [22–24] Because various types of CO2 activators 
with different local atomic ensembles can be utilized to design CO2 
hydrogenation catalysts, subsequent hydrogenation of an activated CO2 
may take several different pathways, [25]which interrupts clarifying the 
reaction mechanism.

On the other hand, non-reducible oxides, such as MgO, CaO, ZnO, 
and ZrO2, have an intense Lewis basicity site, where they interact more 
strongly with CO2 than H2. [26–28] MgO or CaO with relatively high 
PZC (point of zero charge) values and enhanced surface basicity may 
further facilitate CO2 adsorption and activation. [29,30] Such structural 
basicity in oxide support is generally utilized for effective adsorption of 
reactants. [31–33] For example, Mg-doped oxide supports exhibit su
perior CO2 conversion performances with high product selectivity. [34]
Furthermore, nano-sizing MgO and CaO affects the adsorption strength 
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of CO2, thus modulating the catalytic activity [35–38].
Chemical binding of gas phase H2 and dissociation is thermody

namically feasible and facile on precious metal surfaces. [39–41] If 
precious metal nanoparticles (NPs) are supported on reducible oxides 
forming metal-oxide interfaces, the dissociated hydrogen diffuses to
ward the oxide surfaces, saturating the surface with hydroxyls. [42–44]
The Pt- or Pd-based catalysts provide the H2 activation sites, and the 
metal-oxide interfaces act as a gateway of H-spillover toward the 
reducible oxide supports. [42,43,45–47] The Pd-based catalysts exhibit 
high selectivity for carbon monoxide (CO) and methanol (CH3OH), 
depending on the type of oxide support [31].

From a rational catalyst design perspective, identifying the location 
and the chemical state of the reaction site is essential. [48–53] However, 
it becomes challenging if two or more comprising elements of the 

catalyst system have different catalytic roles. A typical case is the 
thermocatalytic CO2 hydrogenation by bifunctional catalysts with both 
CO2 and H2 activators. Moreover, the catalytic role of the inter-materials 
interface varies depending on the dimension and the size of each ma
terial and the structural evolution of the atomic ensembles at the in
terfaces under the reaction conditions. [54–57] In this aspect, 
illustrating the overall mechanism of thermocatalytic CO2 hydrogena
tion based on a well-modeled heterogeneous catalyst aids in identifying 
the active site and clarifying activity-determining factors.

Here, we use a model catalyst composed of Pd NPs and supporting 
oxides to study the mechanism of CO2 hydrogenation by density func
tional theory (DFT) calculations. A Pd NP, which binds H2 and dissoci
ates into H atoms, was supported on MgO or CaO, which binds and 
activates CO2. Using carbonate-forming MgO and CaO as a supporting 

Fig. 1. DFT-optimized structural models of (a) Pd22 NP, (b) MgO (100), and (c) CaO (100), respectively. The projected density of states plots of (d) Pd/MgO and (e) 
Pd/CaO. Most preferred adsorption sites and energy (Ebind) of H2 and CO2 on (f) Pd/MgO and (g) Pd/CaO.
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material, we focus on the mechanism of CO2 hydrogenation at the Pd- 
oxide interfaces. Our DFT-estimated reaction diagrams identified the 
Pd-oxide interfaces as reactive species. We found that the CO2 binding 
strength at the Pd-oxide interface steers the reaction pathway of CO2 
hydrogenation.

2. Density functional theory calculations

We used a Pd22 NP supported on a 5 × 5 × 3 periodic supercell slab of 
MgO(100) or CaO(100). A 15Å vacuum layer was applied on both sys
tems to avoid the interaction between periodic cells. The bottom layer of 
MgO and CaO was fixed during geometry optimization. A 
cuboctahedral-like 3-layered Pd NP was supported on MgO and CaO and 
appropriately optimized (Fig. 1a-c).

We performed spin-polarized DFT calculations using a plane-wave 
basis with the Vienna Ab-initio Simulation Package [58] and the PBE 
(Perdew-Burke-Ernzerhof) [59] exchange–correlation functional. The 
DFT-D3 van der Waals correction method [60] with the Becke-Johnson 
damping model was applied to improve the reliability of the results. The 
interaction between the ionic core and the valence electrons was 
described by the projector-augmented wave method [61,62]. Valance 
electron wave functions were expanded on a plane-wave basis up to an 
energy cutoff of 400 eV. The Brillouin zone was sampled at the Γ-point 
for all calculations. The convergence criteria for the electronic structure 
and the atomic geometry were 10-4 eV and 0.05 eV/Å to optimize all 
geometries. To secure the accuracy of the electronic structure, we set the 
convergence criteria to 10-6 eV for all electronic structure and frequency 
calculations. We used a Gaussian smearing function with a finite tem
perature width of 0.05 eV to improve the convergence of states near the 
Fermi level. The location and the energy of transition states (TSs) were 
estimated using the climbing-image nudged elastic band method. 
[63,64] A subsequent normal mode of frequency analysis was performed 
to confirm the morphological reliability of all TS. The projected Crystal 
Orbital Hamilton Population (pCOHP) analysis was performed with the 
LOBSTER code [65,66].

The relative coverage of hydrogen on Pd22 NP was estimated by 
calculating the Δ G of adsorption. The Δ G of H2 and CO2 adsorption was 
calculated as follows: 

ΔG = E(Catalyst + H2, CO2) − E(Catalyst) − [E(H2, CO2)

+ Δμ(H2, CO2)] (1) 

where E(Catalyst + H2) and E(Catalyst) present the DFT-estimated total 
energy of a catalyst with adsorbed CO2 or H2 or a bare catalyst surface, 
respectively. The chemical potential of H2 and CO2, Δμ(H2 and CO2), the 
chemical potential difference, is given by 

μgas(T, p) = ΔH
(
0K, p0→T, p0) − TΔS

(
0K, p0→T, p0)+ kTln

(
p/p0)

Δμgas = μgas(T, p) − E(gas) (2) 

where p0 is set to 1.013 bar and μgas
(
0K, p0) = E(gas). Tabulated 

temperature-dependent enthalpy and entropy values of H2 were adopted 
from the NIST chemistry webbook [67].

In other words, the entropy of adsorbed CO2 is considered the 
adsorption entropy, as suggested by Campbell’s experimental findings 
[68]. The following linear relationship between the entropy of a gas- 
phase molecule and an adsorbed molecule was applied: 

ΔSbind = S0
adsorbed − S0

gas = (0.7 S0
gas − 3.3 R ) − S0

gas (3) 

where S0
gas represents the standard entropy of gas phase molecules. In 

this case, the effect of the − T ΔS on the Gibbs free energy of adsorption is 
limited to 30 % of the conventional estimation. Based on the contribu
tions of the adsorption entropy of CO2, we confirm the limitation of 
adsorption on catalysts.

3. Results and Discussion

3.1. Adsorption of CO2 and H2 on Pd/MgO and Pd/CaO

Fig. 1 presents the morphology of the DFT-constructed Pd/MgO and 
Pd/CaO and each component. The projected density of states (pDOS) 
diagrams show that Pd is electronically well-coupled with supporting 
oxides (Fig. 1d and 1e). To model the initial equilibrium surface states of 
the catalysts under the CO2 hydrogenation conditions, we calculated the 
CO2 and H2 binding energy, Ebind, on MgO, CaO, Pd/MgO, and Pd/CaO 
(Fig. 1f and 1 g). Like the consensus about the CO2 capturing ability of 
nano-sized alkaline metal oxides, [35,36,69] MgO and CaO preferen
tially bind CO2 to H2. The MgO surface relatively weakly binds CO2 with 
Ebind of − 0.63 eV, whereas the CaO surface binds CO2 strongly (Ebind =

-1.58 eV). This binding trend in MgO and CaO was consistent even after 
supporting a Pd NP within ± 0.2 eV of the window, meaning that the 
surfaces and the Pd-oxide interfaces will be covered with CO2 under the 
reaction conditions, irrespective of the CO2 partial pressure (Fig. 1f and 
1 g).

On the other hand, the Pd surface dissociatively binds H2. The Ebind 
of H2 is more than ten times greater on Pd NPs than on oxide surfaces, 
indicating that Pd NPs activate H2 for CO2 hydrogenation (Fig. 1f and 1 
g, the conventional reactant ratio in feeding gas; H2:CO2 = 4:1) 
[11,22,23,70–74]. We noted that our Pd/MgO and Pd/CaO catalysts 
spatially separately bind CO2 and H2, clearly distinguishing the activa
tion sites of CO2 and H2. Such a bifunctional role of the components 
assures a poison-free reaction mechanism with high versatility [75].

Based on the DFT-calculated Ebind of CO2 and H2, we determined the 
hydrogen surface coverage on Pd by converting Ebind to ΔG of H 
adsorption considering the temperature and pressure windows. The 
sequential Ebind of H on Pd (Figure S1) calculated according to the 
increasing hydrogen coverage from 2H atoms (1/9 ML) to 18H atoms (1 
ML), confirms that Pd affords 1 ML of hydrogen at 298 K. Since CO2 
cannot access the Pd NP surface during competitive adsorption of H2 and 
CO2, we estimated the surface H coverage of Pd NP with the ΔG of H 
adsorption on Pd as a function of the ΔμH (Fig. 2a-b). The orange boxes 
below Fig. 2a and 2b represent the available range of Δμ(H2) at 700 K, 
600 K, and 400 K (1 ≤ p(H2) ≤ 30 atm). The temperature and H2 partial 
pressure adjusted ΔG diagrams of H adsorption (Fig. 2a and 2b) and the 
projected coverage maps (Fig. 2c and 2d) indicate that Pd NPs bind up to 
1 ML of hydrogen under the experimental CO2 hydrogenation conditions 
(literature reported conditions, yellow dots, Fig. 2c). [76–87] This in
formation is essential for DFT-based mechanism studies because the last- 
binding hydrogen weakly interacts with Pd, which becomes the most 
reactive hydrogen. Using the first binding H for CO2hydrogenation is 
highly likely to deduce a biased result with endothermicity and high 
barriers due to the strong Pd-H interaction. We used the model with 1 
ML of hydrogen coverage on Pd for subsequent CO2 hydrogenation 
studies.

Hydrogen activation on metal NPs and subsequent spillover to the 
supporting oxide surfaces driven by energetic preference of hydroxyl 
formation is well-reported on reducible oxides. [88] The hydroxyls on 
the reducible oxide surfaces may interact with each other or with other 
surface adsorbates, generating various reaction intermediates. The re
action pathways become complicated accordingly, reducing the selec
tivity. [89] On the other hand, the inherent tendency toward carbonate 
formation of MgO and CaO prevents hydrogen diffusion to the oxide 
surfaces. The calculated Ebind values of CO2 at the Pd/MgO and Pd/CaO 
interfaces show that the hydrogen-saturated Pd/MgO and Pd/CaO bind 
single or multiple CO2 at the Pd-oxide interfaces (Figures S2, S3, and 
S4). The stronger average CO2 Ebind at the Pt-oxide interfaces 
(Figures S4a and S4b) than the Ebind of H2 (Fig. 1f and 1 g) spatially 
localizes hydrogen to the surface of Pd NPs. The H* on Pd NPs diffuses 
directly to the adsorbed CO2 at the Pd-oxide interfaces and interacts 
with CO2.

Interestingly, the Ebind of CO2 significantly differs in Pd/CaO and Pd/ 
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MgO (Ebind = -1.16 eV/CO2 in Pd/CaO and − 0.32 eV/CO2 in Pd/MgO, 
respectively, Figure S4). Such a difference in CO2 binding activates 
different hydrogenation pathways in Pd/CaO and Pd/MgO.

3.2. Initiation of CO2 hydrogenation at Pd-oxide interfaces

The CO2 hydrogenation commonly proceeds through the formation 
of CO–, HCOO–

, or HOCO–, depending on the extent of the interaction 
between CO2 and catalysts [90–92]. We utilized the H-saturated Pd/ 
MgO and Pd/CaO catalysts to estimate the reaction pathway and the 
corresponding energetics of CO2 hydrogenation. We hypothesized that 
the surface of Pd NPs is constantly saturated with H under the reactions. 
Because the Pd-MgO and Pd-CaO interfaces bind CO2 molecules, we 
constructed the reaction pathway by hydrogenating CO2 with adjacent 
H on the Pd surface.

Fig. 3 shows the initial steps of CO2 hydrogenation by Pd/MgO 
(Fig. 3a) and Pd/CaO (Fig. 3b). Note that these catalysts bind CO2 with 
different strengths. At the Pd-MgO interface, the CO2 hydrogenation 
proceeds by generating formate (Fig. 3a). The carbon of CO2 draws the 
first hydrogen, forming a formate intermediate (*HCOO) with ΔE of 
− 0.74 eV and Ea of 0.89 eV (S2 and TS1, Fig. 3a). The formate formation 
at the Pd-MgO interface was energetically preferred to the carboxyl 
(*COOH) formation (ΔE = -0.64 eV) because the relatively weak inter
action between CO2 and Pd/MgO (Ebind = − 0.47 eV) enables the MgO-C 
bond breaking. The 31 % higher Ea of the carboxyl formation (Ea = 1.17 
eV, Figure S5) at the Pd-MgO interface confirms that the Pd/MgO 
catalyst propels the formate formation (Fig. 3a and S5). The further 
hydrogenation of formate to formic acid (*HCOOH), requires a single 
step with ΔE = 0.01 eV and Ea = 1.13 eV (Fig. 3a and S6).

On the other hand, the Pd/CaO catalyst strongly binds CO2 (Ebind =

-1.73 eV); thus, the hydrogenation starts from the protruded oxygen side 
(S2, Fig. 3b, ΔE = 0.36 eV and Ea = 0.86 eV), generating a carboxyl 

intermediate, *COOH, at the Pd-CaO interface. The formation of formate 
is prohibited with ΔE of 0.55 eV and Ea of 3.22 eV (Figure S7) because of 
the strong CaO-C bonding. A water molecule was produced and released 
upon further hydrogenation of carboxyl (S2 to S5, Fig. 3b). Although the 
CO2 hydrogenation at the Pd-CaO interface requires a lower Ea than the 
Ea of Pd/MgO, the first hydrogenation of CO2 (carboxyl formation, S1 to 
S2, Fig. 3b) and the dissociation of carboxyl into *CO and *OH (S2 to S3, 
Fig. 3b) are energetically uphill. Besides, although the dissociation of 
carboxyl into *CO and *OH is endothermic (ΔE = 0.53 with Ea of 0.84 
eV), the pathway toward formic acid formation from carboxyl (*COOH 
+ *H → *HCOOH) is kinetically forbidden (ΔE = -0.47 eV and Ea = 2.59 
eV, Figure S8). The intense interaction between CO and late transition 
metals such as Pd, Pt, and Au through π back-donation, [93–96] may 
decrease the Ea of carboxyl dissociation.

Our DFT calculation results show that the Ebind of CO2 at the Pd-oxide 
interfaces steers the reaction pathway of CO2 hydrogenation. The hy
drogenation of the relatively weakly bound CO2 at the Pd-MgO interface 
is overall exothermic, whereas hydrogenating the strongly bound CO2 at 
the Pd-CaO is energetically uphill. Although the dehydrogenation of 
formate to formic acid (S2 to S3, Fig. 3a) requires the highest Ea of 1.13 
eV, the forward reaction is always thermodynamically driven in Pd/ 
MgO. However, despite the lower Ea value of each step, the forward 
reaction (hydrogenation) is thermodynamically uphill, and instead, the 
backward reactions may easily occur in Pd/CaO. Even once each hy
drogenation step proceeds, for example, from S1 to S2, backward 
dehydrogenation of S2 to S1 is facile so that the lifespan of S2 is short 
(Fig. 3b). Increasing the hydrogen partial pressure in the reaction 
feedstock may accelerate the forward CO2 hydrogenation in Pd/CaO 
according to Le Chatelier’s principle.

Fig. 2. Equilibrium hydrogen coverage of Pd NPs under the hydrogenation reaction conditions. (a and b) The H adsorption free energy diagram regarding hydrogen 
coverage on Pd NPs as a function of the chemical potential of hydrogen. The nH indicates the number of H atoms adsorbed on a Pd NP. The indicators below (a) and 
(b) present the accessible chemical potential range under the reaction conditions. (c and d) Equilibrium surface states of a Pd NP on MgO or CaO under the hy
drogenation conditions. The yellow circles indicate the literature-reported experimental hydrogenation reaction conditions (refer to the main text for references).
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3.3. Complete CO2 hydrogenation by Pd/MgO and Pd/CaO

The relevant experimental studies reported methanol as the final 
product of CO2 hydrogenation catalyzed by MgO- and CaO-based cata
lysts. [37,38,91,97] To comparatively study the reaction mechanism of 
Pd/MgO and Pd/CaO, we constructed a complete CO2 hydrogenation 
pathway on Pd/MgO (Fig. 4) and Pd/CaO (Fig. 5). On Pd/MgO, formic 
acid can be released from the catalyst, closing the hydrogenation loop 
(S3 to S4′, Fig. 4). In this case, formic acid becomes the sole product 
without side products such as CO or H2O. However, once further hy
drogenation of formic acid occurs from S3 to S4 (Fig. 4), a water 
molecule is released (S5), and the carbon atom of the remaining *HCO 
draws two more hydrogen, transforming to *CH3O (S8). After additional 
hydrogenation of the oxygen atom of *CH3O, methanol is produced 
(S9′). The high Ea of 2.08 eV (TS5) makes further hydrogenation of 
methanol to methane scarce. The highest Ea (1.10 eV) comes from the 
initial hydrogenation of formic acid (TS3). Overall, the energetics of the 
reaction pathway of Pd/MgO predicts that Pd/MgO produces a mixture 
of formic acid and methanol (except for steam). A marginal amount of 
methane can be mixed in the product.

Because the early hydrogenation of *HCOO to formic acid exhibits 
the highest Ea through overall CO2 hydrogenation by Pd/MgO (Ea =

1.13 eV, TS2, Fig. 3), this step does not account for the selectivity of the 
product. The energy profile presented in Fig. 4 instead shows that the 
balance between the Eprod from S3 to S4′ (formic acid production and 
release) and the Ea of subsequent hydrogenation of formic acid (TS3) 
likely affects the ratio between formic acid and methanol in the product. 
The Eprod of 1.16 eV may be lowered at high temperatures due to the 
entropic contribution to the Gibbs free energy of desorption. In addition, 
ΔE from S3 to S4 (0.39 eV, Fig. 4) and the corresponding Ea of 1.10 eV 
could decrease as the hydrogen partial pressure increases. Presumably, 
these absolute energy values may also vary according to the size of Pd 
NPs, the surface facet of MgO, or the presence of dopants within the MgO 
matrix. Even though it is preliminary to suggest the decisive quantitative 
analysis result of the product concentration, our findings present the 
critical reaction steps that influence the product selectivity of thermo
catalytic CO2 hydrogenation by Pd/MgO.

As a result of the initial hydrogenation of CO2 along the carboxyl 
pathway, a CO molecule is left at the Pd-CaO interface of Pd/CaO (S5, 
Fig. 5). Direct CO desorption from the Pd-CaO interface is energetically 
less driven than continuous hydrogenation of CO (S6′ and TS5, Fig. 5). 
Similar to the case of Pd/MgO, the carbon of CO draws hydrogen from 
Pd, forming a *CH2O intermediate (S7, Fig. 5). Through subsequent 
hydrogenation, the *CH2O intermediate was transformed into methanol. 

Fig. 3. DFT-estimated reaction pathway and corresponding energetics of CO2 hydrogenation reaction catalyzed by (a) Pd/MgO and (c) Pd/CaO. (b) and (d) shows 
the side view of the key intermediate. The Sn and TSn indicate the nth reaction and transition stages. The black-colored energy values present the reaction energy of 
the nth step calculated by Δ En = En – En-1. The Ea indicates an activation barrier. Single imaginary frequencies for all TS images are presented in Tables S1 and S2.
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The highest Ea of 1.65 eV (TS8) originated from the final hydrogenation 
step, converting *CH2OH into methanol. The energy of methanol pro
duction, Eprod = 0.93 eV (S9′), from Pd/CaO is almost identical to that 
from Pd/MgO (0.90 eV). The high Ea of 2.68 eV (TS9) prevents the 
formation of methane (S9 to S13).

Like the case of Pd/MgO, the Eprod of CO (Eprod = 1.56 eV, S6′, Fig. 5) 
can be reduced due to the entropic contribution to the Gibbs energy. 
However, the relatively low Ea of 0.66 eV toward hydrogenation of *CO 
to *HCO (TS5, Fig. 5) may kinetically facilitate hydrogenation of *CO. 
Nevertheless, the highest Ea of 1.65 eV over all DFT-estimated reaction 
steps by Pd/MgO and Pd/CaO (TS8, Fig. 5) is found at the final dehy
drogenation of *CH2OH to methanol, meaning that methanol formation 
by Pd/CaO is kinetically sluggish. If sufficient thermal energy to over
come the TS8 is supplied, the final product of CO2 hydrogenation by Pd/ 
CaO is highly likely a mixture of CO and methanol. The relative con
centration of methanol may increase under high hydrogen partial 
pressure conditions.

3.4. Discussion

The difference in the CO2 hydrogenation reaction pathways of Pd/ 
MgO and Pd/CaO stems from their interaction strength with CO2. We 
found that CO2 interacts more intensely with CaO than MgO, regardless 
of whether Pd NP is supported (Fig. 1, Fig. 6a). The energy of CO2 
chemisorption on oxide is closely related to the bonding chemistry and 
electronic interactions with oxide and CO2. We characterized the elec
tronic interaction upon CO2 adsorption on MgO and CaO by charge 
density difference plots and Bader charge analysis (Fig. 6b). A typical 
bent CO2 on MgO and CaO presents electron transfer from the support to 
CO2. [17] The Bader charge analysis result indicates that MgO and CaO 
donate a similar amount of electrons to CO2 (Δρ = -0.38 e and − 0.41e, 
respectively). Furthermore, the orbitals associated with electronic 
interaction between CO2 and support are identical on MgO and CaO. 
These results indicate that the extent of the electronic interaction be
tween CO2 and oxides is not a primary reason for the difference in the 
Ebind.

Fig. 4. DFT-estimated sequential reaction pathway and corresponding energetics of CO2 hydrogenation by Pd/MgO. The Sn and TSn indicate the nth reaction and 
transition stages. The black-colored energy values present the reaction energy of the nth step calculated by Δ En = En – En-1. The Ea indicates an activation barrier. The 
S3 is identical to the final state presented in Fig. 3a. The Eprod (blue state) indicates the energy of the product desorption from the catalyst. We used the Sn′, for 
example, S10′, to separately denote the state after product desorption. Single imaginary frequencies for all TS images are presented in Tables S3 and S4.
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On the other hand, Fig. 6b shows noticeable differences in the bond 
lengths and the bond angle of CO2 on MgO and CaO. The C-O bond 
length between the carbon of CO2 and the surface oxygen of CaO (1.41 
Å) was decreased from that of CO2 on MgO (1.45 Å), representing the 
stronger CO2-CaO interaction. The intense interaction between CaO and 
CO2 makes the internal C-O bonds within CO2 increase on CaO (1.27 Å) 
compared with MgO (1.26 Å), enabling the preferred hydrogenation of 
the oxygen side of CO2, initiating the carboxyl pathways.

The pDOS and projected Crystal orbital Hamilton Population 
(pCOHP) analysis present a straightforward view of the orbital-pair 
interaction between CO2 and oxide supports (Fig. 6c and 6d). The 
pDOS plots show that the carbon p-orbital of CO2 morphologically 
overlaps with the oxygen p-orbital of oxides, forming the energy states 
near the Fermi level. Generally, the positive and negative spectra in the 
pCOHP plots correspond to the bonding and the antibonding states, 
respectively. The pCOHP plots of CO2 on MgO and CaO show an entirely 
different nature of CO2 bonding on MgO and CaO. The pCOHP profile of 
CO2 on MgO shows the rich antibonding states below the Fermi level 

(Fig. 6c). In contrast, the bonding states occupy the same energy window 
in CO2 on CaO (Fig. 6d), confirming that CO2 is relatively strongly 
interacting with CaO.

We further analyzed the morphology of the molecular orbitals (MOs) 
of adsorbed CO2 on MgO and CaO to visualize the MOs bringing the 
difference in the pCOHP spectra (Fig. 7). Upon CO2 adsorption on MgO 
and CaO, the lone pair (non-bonding), 3 σ*

g, and 2 π*
u(antibonding) CO2 

orbitals (refer to Figure S9 for MOs of a gas phase CO2) generate the 
MOs near the Fermi level. The pDOS plots of the adsorbed CO2 and the 
lattice oxygen of supporting oxides interacting with CO2 show that the 
morphology of the highest occupied MO (HOMO) differs in the two 
systems (Figure S8).

The overall frontier orbitals mainly exhibit the π bonding characters 
resulting from the interactions between the oxygen p-orbitals and CO2 
MOs. On MgO, the low-energy orbitals appear upon interactions be
tween the oxygen p-orbitals and the 2 σg, 1πu, 2 σ*

u, and lone pair of CO2 
(Fig. 1a). On the other hand, the lone pair orbital of CO2 generated the 

Fig. 5. DFT-estimated sequential reaction pathway and corresponding energetics of CO2 hydrogenation by Pd/CaO. The Sn and TSn indicate the nth reaction and 
transition stages. The black-colored energy values present the reaction energy of the nth step calculated by Δ En = En – En-1. The Ea indicates an activation barrier. The 
S3 is identical to the final state presented in Fig. 3a. The Eprod (blue state) indicates the energy of the product desorption from the catalyst. We used the Sn′, for 
example, S10′, to separately denote the state after product desorption. Single imaginary frequencies for all TS images are presented in Tables S3 and S4.
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antibonding HOMOs with the in-plane oxygen p-orbitals of MgO, 
reproducing the pCOHP analysis result, indicating that the antibonding 
nature of the HOMO is responsible for the relatively low Ebind of CO2 on 
MgO (Fig. 1a).

The bonding HOMO of CO2 on CaO forms upon hybridization be
tween 2 π*

u of CO2 and the in-plane oxygen p-orbitals of CaO (Fig. 1b). 
Because the antibonding 2 π*

u orbital of a gas phase CO2 draws electrons 
from CaO, the internal C-O bonds of CO2 are stretched. (Fig. 7b). The 
bonding MOs near the Fermi level confirm the strong interaction be
tween CO2 and CaO.

Several previous experimental studies on CO2 hydrogenation by Pd/ 
MgO report a high and a low selectivity toward methanol and formic 
acid, respectively, [28,98] conflicting with our DFT-predicted reaction 
energetics. This phenomenological discrepancy likely appears due to the 
high hydrogen partial pressure applied under the experimental CO2 
hydrogenation conditions. Interestingly, the DFT-estimated reaction 
energetics show that the ΔE from S3 to S4 (Fig. 4) and the corresponding 
Ea (TS3, Fig. 4) could accordingly decrease as the hydrogen partial 
pressure increases due to Le Chatelier’s principle. Our DFT study results 
indirectly predict that increasing the hydrogen partial pressure is 
essential in producing methanol through CO2 hydrogenation by Pd/ 
MgO.

The relevant experimental study shows that Pd/CaO produces a 
mixture of CO and methanol upon CO2 hydrogenation. [99] Our DFT- 
estimated energetics of CO2 hydrogenation by Pd/CaO (Figs. 3 and 5) 
shows the higher production energy of CO compared to the activation 
energy of further hydrogenation (TS5 and S6′, Fig. 5) step, indicating 
that the production of CO is energetically less preferred. However, we 
note that the energy of CO production (desorption) can also be reduced 
at high reaction temperatures. In addition, the inter-molecular repulsion 
between the CO molecules formed at the Pd-CaO interfaces may assist 
CO production [100].

Our results suggest that high-PZC oxides such as MgO and CaO with 
strong surface basicity are adequate for CO2 hydrogenation reactions, 
promoting CO2 adsorption and activation. We found that CaO with a 

relatively higher PZC exhibits a higher CO2 binding energy than MgO, 
activating the COOH-mediated reaction pathway rather than the HCOO- 
mediated one. This result suggests that a direct and precise correlation 
may exist between the PZC value of oxide supports and the selectivity of 
CO2 hydrogenation. Although supported metal nanoparticles on oxides 
concurrently modulate the overall energetics of CO2 hydrogenation and 
the thermodynamic preference toward a specific reaction product, we 
hypothesize that the PZC can be utilized as a designing factor for CO2 
hydrogenation by supported metal nanoparticle class heterogeneous 
catalysts.

4. Conclusion

Herein, we performed DFT calculations to elucidate the reaction 
mechanism of CO2 hydrogenation by Pd/MgO and Pd/CaO. By 
combining H2-activating Pd with CO2-activating MgO or CaO, we design 
a bifunctional CO2 hydrogenation catalyst with active species at the Pd- 
oxide interfaces. Interestingly, our results show that the initial CO2 
binding strength at the Pd-oxide interfaces determines which kind of 
reaction intermediate is preferentially formed and, thus, what kind of 
product is produced. The carbonate pathway is activated on Pd/CaO 
with the relatively higher Ebind of CO2. On the other hand, the lower 
Ebind of Pd/MgO allows direct hydrogenation of the carbon of CO2, 
enabling the formate pathway of CO2 hydrogenation. Through elec
tronic structure analyses, we found that the morphology of the HOMOs 
of CO2 on Pd/MgO and Pd/CaO accounts for the binding strength of CO2 
on the catalysts. By comparing with relevant experimental reports, we 
confirm that our DFT study results provide a fundamental understanding 
of thermocatalytic CO2 hydrogenation by Pd-based catalysts that aid the 
rational design of better-performing catalysts.
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