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Abstract. A promising approach to meet rising energy demands while mitigating environmental risks
from greenhouse gases is the conversion of carbon dioxide into methanol through CO2 hydrogenation.
Previous studies have demonstrated that unsupported subnanometer Pdx clusters exhibit excellent
performance in this conversion. However, the influence of support materials on the activity of Pd
clusters remains poorly understood. In this study, we compare the kinetics of CO2 hydrogenation to
methanol using unsupported Pd; clusters and those supported by metal oxides, specifically
Pd4/In203(110) and Pds/Ti02(110). Microkinetic simulations, based on available energetic data from
the literatures, reveal that Pd4/In203(110) delivers superior kinetic performance, followed by Pd7 and
Pd3/Ti02(110). These findings demonstrate that the choice of support material plays a critical role in
dictating the reaction pathway and rate for supported Pd cluster catalysts.

Introduction

The increasing concentration of carbon dioxide (COz) in the atmosphare is one of the main causes
of global warming and climate change [1-3]. The conversion of CO: into methanol (CH3OH) through
a hydrogenation process (CO2 + 3H2 — H20 + CH30H), using hydrogen produced by electrolysis of
water, is an alternative solution to reduce excess CO2 emissions while producing valuable chemicals
[4-6]. Methanol can be used as a liquid fuel in direct methanol fuel cells and as liquid hydrogen
storage to reduce our dependence on fossil fuel [7,8]. The CO2 hydrogenation process to produce
methanol is conventionally carried out using Cu/ZnO/Al2O3 catalyst at high temperature and high
pressure [1,9,10]. These operating conditions are necessary because COz is a stable and inert molecule
that interacts weakly with catalysts at ambient conditions [11-13]. This certainly makes the process
of converting CO2 to methanol economically expensive. For this reason, it is important to find
catalysts which can operate at lower temperature and pressure.

Recent reports suggest that small size Pd cluster catalyst exhibit higher activity for CO2
hydrogenation to methanol compared to conventional Cu/ZnO/Al203 catalyst [14]. The high activity
is due to the good ability of Pd to adsorb and dissociate Hz to provide hydrogen atoms required in the
hydrogenation process of COz [15]. Previous research by Saputro et al. has shown that subnanometer
Pd7 cluster exhibit good performance in the conversion of CO2 to methanol [4,5]. The catalytic
activity of Pd catalysts has also been reported to be enhanced by the addition of metal oxide support
[15]. Metal oxide plays a role in stabilizing Pd clusters as it is able to interact strongly with Pd. In
addition, metal oxide has a higher affinity toward COz, so it plays an important role in CO2 adsorption
[16]. Pd clusters that play a role in H2 dissociation and metal oxide support on which COz is adsorbed
provide a synergistic effect, so that CO2 hydrogenation can occur either on the metal oxide or at the
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Pd-metal oxide interface [14,16]. Therefore, supported Pd clusters have a good potential to be used
as catalysts for COz hydrogenation.

Previous work by Ye et al. demonstrate that Pd4 cluster supported on In203(110) is a promising
catalyst for methanol synthesis from CO2 [16]. Another study by Ou et al. investigated the reaction
mechanism of CO2 hydrogenation to CH3OH on Pd3/TiO2(110) catalyst and found that the interface
between Pd and support has a significant influence on the catalytic activity [14]. However, the
mechanism study was only carried out thermodynamically by comparing the activation barrier and
reaction energy between pathways to find the minimum energy reaction path. The kinetic
performance of the catalyst has not been further investigated. Kinetic studies are necessary to gain
knowledge about reaction rate and the effect of operating variables such as temperature on the
reaction rate which can be used as a guide in conducting experiments. Herein, we compare the kinetics
of CO2 hydrogenation to methanol using unsupported Pd7 cluster and those supported by metal
oxides, specifically In203(110) and TiO2(110). We perform microkinetic simulations based on
energetic data from previous studies to observe the effect of metal oxide support on the reaction rate
and the dominant reaction pathway in CO2 hydrogenation process.

Methods

To investigate the kinetics of CO2 hydrogenation to methanol, we performed detailed microkinetic
simulations based on energies obtained from previous studies. The microkinetic model employed in
this study follows a mean-field approach grounded in transition state theory (TST) [17]. Using this
framework, we were able to simulate the reaction pathways and rates by numerically solving a set of
ordinary differential equations (ODEs) that govern the coverage of a single surface species over time.

For the adsorption and desorption of species, we used the Hertz-Knudsen model, which provides
rate expressions for these elementary steps. The adsorption rate constant k,qs was calculated as
follows:

— L _Eads
kads - Wexp( kBT)’ (1)

where P is the partial pressure of the molecule in the gas phase, A is the surface area available for
adsorption, m is the molecular mass of the species (in kg), kg is the Boltzmann constant, T is the
temperature (in K), and E, 4 is the adsorption energy. For desorption, the rate constant kq.s was
modeled as:

E es
kges = 1013 exp(— de)’ ()
B

where Egqs refers to the desorption energy in eV, which is crucial in determining how strongly the
molecule interacts with the catalytic surface.
For surface reactions, the rate constants were expressed using the Arrhenius equation:

k =Bl exp (— 2ty 3)
B

where E,. represents the activation barrier of the reaction in eV. Surface entropy changes were
deemed negligible, and hence we omitted partition function ratios in these calculations. The
microkinetic model captures the evolution of each species involved in the reaction by solving the
following rate equation for fractional surface coverage 6;:

a6 _
= KMk 4)
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where 6; represents the fractional coverage of species j, ny denotes the stoichiometric coefficient of
the adsorbate in reaction step k, and 1y, is the rate of reaction for that step.

This study presents a microkinetic model for the hydrogenation of CO2 within the unsupported
Pd7, Pd3/TiO2(110), and Pd4/In203(110) catalysts, focusing on formate and reverse water gas shift
followed by CO hydrogenation (RWGS+CO) pathways. In the formate pathway, CO: reacts with
hydrogen (H) to form intermediate formate (HCOO). The HCOO undergoes further hydrogenation to
yield H2COOH, which subsequently transforms into intermediate H2CO and OH. The H2CO can then
proceed to generate methanol (CH30OH), while the OH is converted into water (H20). This mechanism
differs significantly from the RWGS+CO hydrogenation pathway. In the RWGS pathway, the process
begins with the formation of intermediates such as HOCO or COOH, which then dissociate early into
CO and OH. The CO undergoes hydrogenation to produce CH3OH and the OH again being converted
into H20.

Each catalyst exhibits distinct hydrogenation processes. As indicated by the data in Table 1, the
formate pathway for the Pd7 catalyst involves the following elementary reactions: RA0 — RA1 —
RA2a — RA3a — RA4a — RAS5a — RA6 — RA7 — RA8 — RA9 — RA10. Meanwhile, the
RWGS+CO hydrogenation pathway for Pd7 catalyst follows these elementary reactions: RA0O — RA1
— RA2b — RA3b — RA4b — RA6 — RA5b — RA7 — RA8 — RA9 — RA10. The table below
summarizes the reaction pathways, activation barriers, reaction energies, and reaction rate equations
of each elementary step for the unsupported Pd7 catalyst [4].

Table 1. CO2 hydrogenation step, energies, and reaction rates equation for Pd7 [4].

};?::é(;? Reaction Notation Eact [eV] AE [eV] Reaction Rates
RAO H,+ 2* — 2H* 0 -0.73 Tao = KaoPu,02 — k_a007
RAI CO; +* — COy* 0 -0.21 Ta1 = ka1Pco, 0+ — k_410c0,
RA2a CO,* + H* — HCOO* + * 0.93 -0.21 Taza = Ka2a0c0,08 — K-42a0Hc000-
RA2b CO,* + H¥* — HOCO* + * 1.90 0.39 Tazb = kaz2p0c0,00 — k—a200H0c00+
RA3a  HCOO* + H* - HCOOH* + * 1.16 0.94 Tazsa = KazaOucooOu — K—a3aFcoonOx
RA3Db HOCO* + H* — CO* + OH* 0.44 -1.05 Tasp = Ka3uOnocoOun — k—430c000n
RA4a HCOOH* + H* — HQCOOH* + * 1.39 0.33 Ta4a = kA4a6HCOOH9H - k—A4a9HZCOOH6*
RA4b CO* +H — HCO* + * 1.44 1.26 Taap = KaapOcoOu — K—44pOrcobs
RA5a H,COOH* + * — H,CO* + OH* 1.00 0.92 Tasa = kasaOu,coonbs — K-asaOm,c000m
RASD HCO* + H* — H,CO* + * 0.85 0.21 Tasp = KaspOrcoby — k—ASbGHZCOH*
RAG6 OH* + H* — H,O* + * 0% 1.26" -1.23% -0.17° Tae = kasOonOn — K_4601,00-
RA7 H,CO* + H* — H3CO* + * 1.10 0.61 Ta7 = ka701,c000 — K-470m,c00-
RAS8 H;CO* + H* — CH3;0H* + * 1.06 -0.67 Tyg = kA89H3600H - k_ABHCH301-19*
RA9 H,0* — H,O + * 0 0.34% 0.51° Tag = KuoOn,0 — k_49Pp,00.
RA10 CH;OH* — CH3;0H + * 0 0.55 Tat0 = Ka100chzon — K-a10Pcusonb-

2 Formate pathway
® RWGS+CO hydrogenation pathway

Turnover frequency (TOF) is defined as the lowest reaction rate:
TOF = min{r;};i = 0,1,2,..,10 (5)

The TOF can be calculated by numerically solving a set of differential equations, which represent
the rate of change in coverage for each species involved in CO2 hydrogenation. Egs. (6)-(16) show
the examples of these differential equations for CO2 hydrogenation in Pd7 catalyst using formate
pathway. The differential equation for other catalysts or pathways is only slightly different from these
examples.



10 Engineering Chemistry Vol. 13
de
d_tH = 2100 — (Taza t Taza + Tasa + Tae + Ta7 + Tag) (6)
dbco
at 2 =Ty — Tazaq (7
20ucoo0 _ Ta2a — TA3a (8)
dt
4Oncoon = T43a — Ta4a (9)
dt
de
— 2000 — Ta4a — Tasa (10)
dt
dfy,co
di = Tasa — Ta7 (11)
de
diH = Tasa — T46 (12)
Z: = Ta7 — Tyg (13)
doy
at = Ta6 ~ Tao (14)
ae
Ha0f Tag — Ta10 (15)
dt
ae,
= (Taza t Taza + Taaa + Tae + Ta7 + Tag + Ta0 + Taz0) — (2740 + 741 + Tasq) (16)

dt

Similar to the previous catalyst, the hydrogenation of CO2 on the Pd3/TiO2(110) catalyst also
proceeds through two pathways: formate and RWGS+CO hydrogenation. Each pathway also has its
own elementary reactions that are slightly different from those described previously. Table 2 below
presents the reaction pathways, energy values, and rate equations for the CO2 hydrogenation on the
Pds/TiO2(110) catalyst [14]. Based on the table, it is evident that the formate pathway on this catalyst
follows elementary reactions: RBO — RB1 — RB2a — RB3a — RB4a — RB6a — RB5 — RB7 —
RB8 — RB9. On the other hand, the RWGS + CO pathways for this catalyst follow these reaction

steps: RBO — RB1 — RB2b — RB3b — RB4b — RB5 — RB6b — RB7 — RB8 — RBO.

Table 2. CO2 hydrogenation step, energies, and reaction rates equation for Pds/TiO2(110) [14].

%I?liltli(:rl Reaction Notation E.t [eV]  AE [eV] Reaction Rates
RBO H,+2* — 2H* 0.34 -1.33 Tgo = kB,OPHZ@*2 — k_po0%
RB1 COy +* — COx* 0 -1.49 g1 = kp1Pco, 0. — k_p16co,
RB2a COy* + H* — HCOO* + * 1.63 0.66 T2a = KB2a0c0,0n — K-p24OHc000-
RB2b CO* + H* — COOH* + * 1.11 0.60 Te2p = Kp2b0c0,00 — k-p2p0co0n 0+
RB3a HCOO* + H* — H,COO* + * 243 0.75 Ts3a = Kp3aOHc00O01 — K-p3aOH,c000+
RB3b COOH* + H* — CO* + OH* 0.21 -1.20 T83p = kp3nO0coonOny — k—p3p0coBon
RB4a H,COO* + H* — H,CO* + OH* 1.88 0.23 Tgaa = KpaaOn,co09n — K-paaOn,coBon
RB4b CO*+H — HCO* + * 1.50 1.07 Toap = KpapOcoOu — k_papOucob:
RBS5 OH* + H* — H,O* + * 0.74 -0.04 Tgs = kpsOonOy — k_ps0Om,00.
RB6a H,CO* +* — H;CO* +* 1.43 1.34 "86a = KpeaOu,coOn — k-peab,cob-
RB6b HCO* + H* — H,CO* + * 0.95 0.43 b = KpepOrcoOn — k_pebOr,cob-
RB7 H;CO* + H* — CH3;0H* + * 0.85 0.34 g7 = k70,0008 — k_p70cH,010-
RB8 H,O* — H,O + * 0 1.43 Tpg = KpgOu,0 — K_pgPu,00-
RB9 CH;0H* — CH;0H + * 0 1.51 10 = Kp100cuzon — k-p1oPcronb-
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Hydrogenation of CO2 in Pd4/In203(110) also goes through the same pathways which are formate
and RWGS+CO. Based on the data presented in Table 3, the formate pathways in this catalyst will
follow these elementary steps: RCO — RC1 — RC2a — RC3a — RC4a — RC5a — RC6a — RC8a
— RC7 — RC10 — RCI11. While RWGS+CO hydrogenation pathways in Pd4/In203(110) catalyst
consists of these steps: RCO — RC1 — RC2b — RC3b — RC4b — RC5b — RC6b — RC8b — RCY
— RC10 — RCI11.

Table 3. CO2 hydrogenation step, energies, and reaction rates equation for Pd4/In203(110) [16].

II{\]?I:E(: Reaction Notation Eat [eV]  AE [eV] Reaction Rates
RCO H,+ 2% — 2H* 0 -1.08 Teo = kCOPHZG*Z — k_co07
RC1 CO, +* — COx* 0 -0.37 Te1 = ke1Peo, 0. — k_c16co,
RC2a  COy* + H* — mono-HCOO* + * 1.17 0.81 Tc2a = kc2a09c0,00 — k—c20Omonorcoob«
RC2b COy* + H* — trans-COOH* + * 1.01 0.21 Teab = Keap0c0,0n — K—c20Otranscoon O+
RC3a mono-HCOO* — bi-HCOO* 0 -0.68 Teza = KezaOmonorcoo — K-c3abpincoo
RC3b trans-COOH* — cis-COOH* 0.39 0.01 Teap = KeapOrranscoon — K—capBeiscoon
RC4a  bi-HCOO* + H* — H,COO* + * 1.09 0.75 Teaa = kcaaBpincooOu — K-caaBn,co00-
RC4b  cis-COOH* + H* — CO* + H,O* 1.90 0.26 Teab = KcanOciscoonOn — K—canbcobu,o
RC5a  H,COO* + H* — H,CO* + OH* 0.89 -1.15 Tesa = KesaOhyc000s — k-csaOn,cobon
RCS5b CO* + H* —» HCO* + * 1.36 0.89 Tesp = KespOcoOn — k—cspOucobs
RC6a H,CO* + H* — H,COH* + * 0.84 0.76 Tcea = KceaOh,coOn — K—ceaOn,conb-
RC6b HCO* + H* — H,CO* + * 0.82 0.21 Tcob = KeepOrcoOn — k-cepOr,cob-
RC7 OH* + H* — H,O* 0.98 -0.65 Te7 = kerOonOn — k_c70m,0
RC8a H,COH* + H* — CH3;0H* + * 1.11 0.20 Tesa = KcgaOuyconOn — K—caOchsonb-
RC8b H,CO* + H* — H3CO* + * 0.41 0.03 Teap = KeapOuycoOn — k-capOnycob-
RC9 H;CO* + H* — CH30H* + * 1.33 0.24 Tco = kcoOnycoOn — K—cobcrion0s
RC10 H,O* - H,O + * 0 0.58 Tc10 = Kc10Om,0 — K—c10Pr,00+
RCI11 CH;0H* — CH;0H + * 0 0.78 Tc11 = ke110chy0n — k-c11Penzonb-

The activation barriers and reaction energies summarized in Tables 1, 2, and 3 are used as inputs
for microkinetic modeling to calculate the TOF for CO2 hydrogenation to methanol on each catalyst.

Results and Discussion

The TOF as a function of temperature for CO2 hydrogenation to methanol on Pd7, Pd3/TiO2(110),
and Pd4/In203(110) has been calculated for both the formate and the RWGS+CO hydrogenation
pathways. The results are shown in Fig. 2. The TOF was calculated under typical conditions used for
COz2 hydrogenation on standard Cu-based catalyst, that is at p = 75 bar with a CO2:H> pressure ratio
of 1:3. These results show that the TOF for the formate pathway on Pd4/In203(110) and Pd7 is higher
than that for the RWGS+CO hydrogenation pathway. This means that for both catalysts the CO2
hydrogenation tends to be more selective towards the formate pathway. This finding is consistent
with the result from previous studies by Ye et al. [ 16] and Saputro et al. [4]. However, at temperatures
below 700 K, the TOF for the RWGS+CO hydrogenation pathway on the Pd3/TiO2(110) is higher
than the TOF for the formate pathway. This indicates that Pds/TiO2(110) is more selective towards
the RWGS+CO hydrogenation pathway in this temperature range. It also means that the addition of
certain supports can change the dominant pathway to the RWGS+CO hydrogenation rather than the
formate pathway. This agrees with the results of the thermodynamic study by Ou et al. which showed
that RWGS+CO hydrogenation is more dominant than the formate pathway on the Pds/TiO2(110)
catalyst [14]. Comparing the TOF of the best pathway between the three catalysts (formate pathway
on Pd7 and Pd4/In203(110), and RWGS+CO hydrogenation on Pd3/TiO2(110)), Pd4/In203(110) has
the highest TOF over the whole temperature range, while Pd3/Ti02(110) has the lowest TOF. This
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shows that the presence of the right metal oxide support can increase the reaction rate of CO:2
hydrogenation, thus improving the catalytic activity of Pd clusters.

—— Pdy Formate

_____ Pd7; RWGS + CO Hydrogenation

— Pd3/TiO»(110) Formate

————— Pds/TiO2(110) RWGS + CO Hydrogenation
—— Pds/Inp03(110) Formate

————— Pd4/In;03(110) RWGS + CO Hydrogenation

logo(TOF) [site™ s7']

_25 T T T T T
500 550 600 650 700 750 800

Temperature [K]

Fig. 1. TOF profiles as a function of temperature for CO2 hydrogenation to methanol via formate
and RWGS+CO hydrogenation pathways over Pd7, Pd3/TiO2(110), and Pd4/In203(110). TOF was
calculated at p = 75 bar with CO2:Hz pressure ratio of 1:3.

The surface coverage profiles versus temperature of each species involved in the CO2
hydrogenation reaction via the formate pathway and the RWGS+CO hydrogenation pathway is shown
in Fig 3. We can see that the dominating coverage for each pathway is different. For Pd7 in the formate
pathway (Fig. 3a) and Pd4/In203(110) in both pathways (Fig. 3¢ and f), there is a high H* coverage
in the low temperature region which indicates that H* has not been consumed. The H* coverage
decreases as the temperature increases, indicating that more H* is consumed. Meanwhile, from the
surface coverage profile for Pds/TiO2(110) (see Fig. 3b and e), there is a high CO2* coverage at
temperatures lower than 700 K, where the formate pathway has a higher CO2* coverage than the
RWGS+CO hydrogenation pathway. This explains why the RWGS+CO hydrogenation pathway on
Pd3/Ti02(110) catalyst exhibits higher TOF than the format pathway at temperatures lower than 700
K. Furthermore, we can see that for the RWGS+CO hydrogenation pathway on Pd7 (Fig. 3d) and
Pds/Ti02 (Fig. 3e) there is CO* poisoning. For Pd7 catalyst, CO* poisoning has occurred even in the
low temperature region so that the RWGS+CO hydrogenation pathway on Pd7 has a lower TOF than
the formate pathway. Meanwhile, for Pds3/TiO2, CO* poisoning occurs at temperatures higher than
700 K. This causes the RWGS pathway to produce a lower TOF than the formate pathway at
temperatures higher than 700 K.
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Fig. 2. Surface coverage of each species involved in CO2 hydrogenation via the formate pathway on
(a) Pd7, (b) Pd3/Ti02(110), (c) Pd4/In203(110), and via the RWGS+CO hydrogenation pathway on
(d) Pds, (e) Pd3/Ti02(110), and (f) Pd4/In203(110).

Conclusions

In this work, we study the kinetics of CO2 hydrogenation to produce methanol on Pd7 cluster
(without support), Pd4/In203(110), and Pds/T102(110) using microkinetic model. Our results show
that the presence of metal oxide support on subnanometer Pdx cluster can improve the reaction rate
of CO2 hydrogenation, as Pd4/In2O3 can produce higher TOF than Pd7 cluster. Furthermore, the
presence of a support can also alters the dominant reaction pathway. For example, Pds/TiO2 can
change the pathway to be more selective towards RWGS+CO hydrogenation than formate pathway.
Therefore, the type of support material must be considered in designing a catalyst for CO2
hydrogenation with the desired catalytic activity.
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