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Converting CO, to useful fuels and chemicals has gained great attention in the past decades, yet the challenge
DOI: 10.1039/x0xx00000x persists due to the inert nature of CO, and the wide spread of products formed. Pd-based catalysts are extensively studied
to facilitate CO, hydrogenation to methanol via reverse water gas shift (rWGS) pathway or formate pathway where formic
acid may serve as an intermediate species. Here, we report the selective production of formic acid on the stable Pd(111)
surface phase under CO, hydrogenation conditions, which is Pd(111) fully covered by chemisorbed hydrogen, by combining
Density Functional Theory (DFT) and Kinetic Monte Carlo (KMC) simulation. The results show that with the full coverage of
hydrogen, instead of producing methanol as reported for Pd(111) the CO, activation, is highly selective to formic acid via a
multi-step process involving the carboxyl intermediate. The high formic acid selectivity is associated with surface hydrogen
species on Pd(111), which not only acts as hydrogen reservoir to facilitate the hydrogenation steps, but also enables the
formation of confined vacancy sites to facilitate the production and removal of formic acid. Our study highlights the

importance of reactive environments, which can transform the surface structures and thus the activity/selectivity of

catalysts.

1. Introduction

Catalytic conversion of CO, into value adding chemicals is
a promising approach that has attracted great interest in past
decades. The progress has been made on CO, fixation through
thermal catalysis, electrocatalysis, photocatalysis, biochemical and
chemo-enzymatic catalysis.? 2 Common products from CO,
conversion include methanol,3 ethanol, 0 syngas, 114 formic acid,*>
16 and methane.'” 1® Pd has been extensively reported to catalyze
the CO, conversion in various routines via the form of supported
nanoscale Pd structures or Pd based alloys benefited from its ability
to activate H,. 192> Melian-Cabrera et al. reported the effect of Pd
incorporation on CO, hydrogenation over the CuO-ZnO catalysts. The
synergy between Pd atoms on active Cu sites was proposed, where
the promoted H, adsorption by Pd atom increased the spillover of *H
adatoms to metallic oxide support, thus further enhanced the
methanol yield.?® The Pd-support synergy was also demonstrated by
Rui et al. for In,03 supported Pd nanoparticles, where Pd helped
hydrogen dissociation on the dominantly exposed (111) facets and
thus generation of oxygen vacancy to facilitate the CO, activation
and conversion to methanol on In,05.2* Besides, according to the
recent study by Zhang et al. the basicity of TiO, or CeO, support and
the electronic structure of Pd nanoparticles could determine the
catalytic behaviors during CO, hydrogenation to formic acid.!®
Nevertheless, so far there is no generally accepted mechanism to
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illustrate how Pd-based catalysts behave under the reaction
conditions.

To address the roles that Pd sites play during the CO,
hydrogenation at a molecular level, theoretical studies were
performed based the extended Pd surfaces or small Pd clusters.?7-30
The results show that the activation of *CO, on the Pd sites alone
undergoes via (¥*HCOO0) carboxyl (*HOCO)
intermediates (Figure 1). Both intermediates can lead to formation
of formic acid (HCOOH), which breaks down to *HCO and *OH and is
finally hydrogenated to methanol (CH;OH). However, the previous
theoretical models used to describe Pd have not considered the

formate and

possible effect from the reactive chemical environments of CO,
hydrogenation. Indeed, under the CO, electroreduction the phase
transformation from pure Pd to o- or B-PdH depending on the
conditions was observed, which determined the catalytic activity and
selectivity.3 32 Given that, to gain accurate insights of CO,
hydrogenation mechanism on Pd, it is crucial to determine the stable
surface phase of Pd under reactive conditions.

Here, the combined density functional theory (DFT)
calculations and kinetic Monte Carlo (KMC) simulations were
performed to study the behaviors of Pd(111) during the CO,
hydrogenation. Our study was built on our recent work, which
mapped the surface diagram of Pd(111) with exposure to H, and CO,
under different temperatures and various pressures.33 By combining
Ambient Pressure X-ray Photoelectron Spectroscopy and DFT
simulations, we investigated the surface species under varying
experimental conditions. The DFT calculations predicted multiple
surface phases ranging from bare Pd(111) to Pd(111) partially
(coverage: 0.25 ML, 0.5 ML and 0.75 ML)/fully (coverage: 1ML and
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Figure 1. Reaction steps considered for methanol synthesis from CO,, the preferred
pathways are highlighted in blue for Pd(111) according to the previous study?”-28 and red
for *Hyw/Pd(111) according to the present study. [curved arrow: product desorption]

1.25 ML) covered by chemisorbed hydrogen and partially covered by
*CO and/or *O, as well as hydride PdH(111) and oxide PdO(111)
the
temperature and partial pressure of CO,/H,. Under the typical CO,
hydrogenation conditions (500K, ~10* Torr of CO,/H,), the Pd(111)
covered by 1 ML of *H or *Hqy,/Pd(111) in our notation (Figure S1)
was found to be the most stable surface phase. Given that, the
current study selected *Hyy/Pd(111) as the model surface to

surfaces depending on their formation energy under

describe the catalytic CO, hydrogenation on Pd(111). The results
show that *H;y/Pd(111) behaves differently from Pd(111) 27 28,
being able to selectively stabilize the *HOCO intermediate and
promote the HCOOH production. The highly enhanced HCOOH
selectivity is not only benefited from the persist *H reservoir, but also
the confined *H vacancy sites that are generated during the reaction
and active for selective HCOOH production. Our study highlights the
important dependence of surface phase and thus catalytic
activity/selectivity on the reactive chemical environments, which can
be considered as an alternative way to tune catalytic behaviors.

2. Computational Methods

To study the CO, hydrogenation on *Hyy/Pd(111) surface,
spin polarized DFT calculations were carried out with the Vienna Ab
initio Simulation Package (VASP).343¢ The Perdew-Burke-Ernzerhof
(PBE)37 functional was employed to describe electronic exchange and
correlation, pseudopotential files used were those prepared by
Vaspkit.3® Note that the vdW interaction was not included which
showed limited effects on the trends in the adsorption energy of
different adsorbates according to the previous study,3® and thus the
selectivity of CO, hydrogenation which is the focus of current study.
The system is represented by a 5x5 slab unit of Pd(111) surface based
on a DFT optimized 3.952A face center cubic (FCC) Pd Fm3m unit cell
(Figure S1), the slab consist of four layers of Pd atoms, and covered
with 1ML of chemisorbed *H at Pds . sites. The unit is extended to
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infinite surface in periodic condition and 20A vacuum is placed above
the surface to ensure a minimum of 154 of space when intermediate
molecules are adsorbed, and dipole correction along the direction of
vacuum is included. The bottom two layers of the surface is frozen to
represent the bulk structure underneath, the top two layers along
with *H atoms and adsorbed species are allowed for relaxation.
Atomic optimizations were initialized using the Conjugate Gradient
ionic relaxation algorithm?° then converged with the RMM-DIIS ionic
relaxation algorithm*! with a plane wave cutoff energy of 400eV. A
3x3x1 Monkhorst-Pack grid and first order Methfessel -Paxton with
smearing width of 0.2eV were used to integrate over Brillouin zone.
An electronic convergence level of 1 x 10 eV was employed to
obtain convergence of the electronic structure, and ionic relaxation
was activated and satisfied until the Hellman-Feynman force was less
than 0.02 eV/A on each ion. The energy of absorption B.E.(adsorbate)
was determined by the energy difference between surface with
adsorbate and the sum of initial surface and gas phase molecule. As
the initial surface is covered by *H, the reference energy for all
intermediate species is aligned with the free energy of gas phase CO,
molecule.

The search of transition states was conducted by climbing
image nudged elastic band (NEB) method*?#>, four equal distanced
intermediate images were generated by linear interpolations
between optimized initial and final configuration for each reaction
step. The optimization is initiated with Faster Internal Relaxation
Engine (FIRE) 46 algorithm and stopped when the force-based RMM-
DIIS algorithms#” reaches 0.05 eV/A on each ion. Saddle points were
confirmed by vibrational frequency calculation that only applies to
intermediate molecule and surface atoms that directly interacted
with the adsorbate, other atoms in the system were frozen. In each
elementary step of the reactions, each consumed surface *H is
assumed to be filled immediately once the vacancy is not occupied
because the phase diagram confirmed a wide range of H, partial
pressure that preferably covers Pd(111) with 1ML of atomic H.33

The reaction barriers (E;) were implemented to a 2x2
*Hyw/Pd(111) unit cell for Kinetic Monte Carlo (KMC) simulation
(Figure S2). All possible forward and reverse elementary steps
obtained from DFT calculations were included, except the re-
adsorption of gas phase product molecules. The unit cell is sampled
on a 32x32 matrix and the Eley-Rideal (ER) reaction of gas phase CO,
hydrogenation to *HOCO is considered as the first step of all
pathways. The rate constant of CO, activation was calculated
according to transition state theory:*®

kgT (AGERS)
Rerpy =" EXP(—ikET )

R is the reaction rate, kg stands for Boltzmann constant, T
is the temperature in kelvin, h is the Planck constant. The total free
energy of the gas phase CO, initial state (IS) is calculated as G, = E® +
ZPE — TS + AHy) +kgTIn(P/Py), where the total energy of gas molecule
E%is calculated from DFT, zero point energy (ZPE) and entropic term
TS is obtained from the NIST Computational Chemistry Comparison
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and Benchmark Database (CCCBDB)* at the same level of theory
used in our calculations, the enthalpy change AH ) at temperature T
is obtained from the NIST-JANAF thermodynamic table,*® and the
CO, partial pressure dependent term is calculated as a reference Py
=1 bar (Table S1). The total free energy of transition state on surface
is calculated Gys = E®+ ZPE—TS, so as in the following surface reaction
rates. And the entropy S and ZPE of surface species are calculated
from the vibrational modes Vi:

h.VL'

kBT hvi
S=kp ' [T_ In(1— exp( —m))]
b oexp )—1

Geor

1
ZPE = EZ hv,
i

The lateral interaction is approximated by limiting the CO,
coverage below 0.25monolayer (ML) due to the focus of this work is
the selectivity but not to compare the exact activity with
experimental settings. The selectivity is compared with the KMC
calculated turn-over-frequency (TOF) of the product molecules,
which is the number of molecules released per active site per second:

Number of molecule(x) produced

TOF(x) = Number of Active site - Simulation time
- TOF(x)
Selectivity(x) = TOF(all product)

3. Result and Discussion
3.1 DFT study

Different from the case of plain Pd(111) surface,?”- 22 CO,
does not interact well with *H;y,/Pd(111). Instead, CO, is weakly
adsorbed via O-H electrostatic interaction with the binding energy of
-0.02 eV and the molecule remains in the linear O=C=0 conformation
(Figure 2). For the first hydrogenation step CO, approaches to the
surface and picks up a *H atom via O-H bond association to form
monodentate *HOCO intermediate via a trans motif, *HOCOyans
(Figure S3a). The removal of *H due to the hydrogenation generates
an isolated or surface hydrogen vacancy site, or Hv in our notation,
which is confined by the surrounding *H atoms, enabling the anchor
of *HOCO4,ns On the Pdy,, site via the C atom. In addition, the -OH
group of ¥*HOCOyans points down towards Hv (Figure 2). This is an
endothermic step with reaction energy (AE) of 0.78eV and activation
barrier (E,) of 1.40eV (Figure 3). By contrast, the formation of *HCOO
via the C-H bond association at the Hv site (Figure S3b) is less
favorable thermodynamically (AE = 1.12 eV) and kinetically (E,=
1.83eV), and is not feasible under the reaction conditions according
to the KMC simulations shown below.

The significant preference to *HOCO over *HCOO is rarely
observed on metal-based catalysts. On Pd(111), the reaction energy
for CO, hydrogenation to *HOCO and *HCOO is comparable (AE=

This journal is © The Royal Society of Chemistry 20xx
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0.43eV for *HOCO and AE= 0.46eV for *HCOO) (Figure S4), which
agrees well with previous studies.?”- 28 Upon going from Pd(111) to
*Hym/Pd(111), ¥*HOCOyans is destabilized by 0.35eV to 0.78eV on
*Hyw/Pd(111), while *HCOO is destabilized by 0.66eV to 1.12eV.
Such selective destabilization of *HCOO over *HOCO is associated
with the confined single Hv site. It hinders the binding of *HCOO,
which requires two sites, more significantly than that of *HOCOy, s,
which requires one site. This is also evidenced by the extended bond
length between adsorbate molecules to the surface. On Pd(111), the
C-Pd bond of *HOCOyns is 1.98A, and is stretched to 2.05A on
*Hym/Pd(111). A larger elongation is observed for *HCOO, where the
0-Pd bond length is increased from 2.13A to 2.24A.

HCOOH co,
Hz\/‘
Hyp/Pd(111)
Qg
*HCOOH& co,
M %‘I
*HocOo,, *HOCO, 5,

Figure 2. Key intermediates in the formic acid pathway reaction cycle on *Hyy,/Pd(111).
[Blue: Pt; White: H; Grey: C; Red: O; Green: Hydrogen vacancy]

There are three possibilities for the formed *HOCOyans:
hydrogenating the carbon site to form *HCOOH via the HCOOH
pathway, hydrogenating the terminal oxygen to form *HOCOH via
the HOCOH pathway, and cleaving the C-O bond to form *CO via the
reverse water gas shift (rWGS) pathway. The formation of *HCOOH
from *HOCOyans likely undergoes the transformation to *HOCO
first with the -OH group flipped upward and the terminal -O tilted
toward surface (AE=0.13 eV, E, = 0.78eV, Figures 2c, 3 and S3c). The
tilted configuration of *HOCO;s lowers the position of C atom closely
to the surface *H species, so that the hydrogenation via the C-H bond
association can occur easily (AE =-0.34 eV, E, = 0.53eV, Figure S3d).
Upon the formation of C-H bond, the Pd-C bond breaks, and Pd-O
bond forms simultaneously, which is followed by the rotation of -CH
group outward the surface and -OH group pointed downward to the
surface as seen for *HOCOya.s (Figure 2). Similar transition
mechanism was also identified by Brix et al.?” and Scaranto et al.> on
Pd(111). However, the stability of produced *HCOOH is different. The
decomposition of *HCOOH to *HCO and *OH was observed for
Pd(111), which led to the production of methanol. On *Hyy/Pd(111)
surface, the *HCOOH dissociation is hindered by the surface *H
species, which limits the number of Pd sites available for the
dissociation. As a result, the reaction energy is over 2eV due to
significant lateral repulsion associated with the co-adsorption of
dissociated *HCO and *OH fragments. By comparison, the release of
*HCOOH into the gas form is more favorable, which is slightly
endothermic by 0.18eV (Figure 3). Finally, the catalytic cycle will be

J. Name., 2013, 00, 1-3 | 3
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closed by facile hydrogenation dissociation to refill of the Hv site on  for the initial CO, hydrogenation. It starts with strongly chemisorbed
*Hyw/Pd(111) (Figure 3). *CO, and favors the formation of *HOCO or *HCOO species by
hydrogenation of the oxygen or carbon atom, which eventually leads
The formed *HOCOyans from CO, hydrogenation also points 5 methanol production. Due to the fully covered by *H on
the terminal -O atom downward the surface to enable the *H,y/Pd(111), the first hydrogenation step is likely to follow the
hydrogenation via O-H bond association and the formation of Eley—Rideal (ER) mechanism, and the rest hydrogenation of CO,
*HOCOH species with both -OH groups pointed downwards (Figure  seem to proceed only via the O-H bond association, which likely
$3e). In term of energetics (AE = 0.30 eV, E; = 0.96eV), the HOCOH  enables HCOOH formation via *HOCO intermediate (Figure 2). To
pathway is less favorable than that of the HCOOH pathway (Figure  gnfirm the hypothesis based on DFT calculations, the KMC
3). In addition, the further dissociation to *COH and *OH is very  gjmylation was performed based on the energies calculated using
difficult (AE = 1.65 eV, E, = 2.02eV, Figure S3f), which is again pft.
associated with the limited Pd sites and thus unstable dissociated
states as seen for *HCOOH dissociation. According to the KMC results

shown below, the formed *HOCOH likely transforms back to
*HOCOans under the reaction conditions.

3.2 KMC Simulations

To gain better understanding of reaction kinetics of CO,
hydrogenation on the *Hyy/ Pd(111) surface, the DFT-calculated
energies (Figure 3) of the different pathways based on *HOCOqans
intermediate were used to estimate the reaction rates using KMC
simulations. Here, we excluded the formate pathway due to the
obvious preference of *HOCO;;,ns over ¥*HCOO according to the DFT
calculations. Such reaction network can lead to the productions of
HCOOH along the HCOOH pathway and/or CO/water along the rwGS
pathway. At 500K and under CO, partial pressure of 1 bar, the

Similar site-limitation and hindered dissociation at the
confined Hv sites were also observed for the dissociation of
*HOCOgans to ¥*CO and *OH via the rWGS pathway, which is the least
favorable among three pathways studied (AE = 0.96eV, E, = 1.19eV,
Figure 3). In this case, the dissociated *CO and *OH fragments share
the same Pd hollow site generated by hydrogenation (Figure S3g),
resulting in the high endothermicity and barrier. The further
hydrogenation forms water from *OH (AE = -0.94eV, E, = 0.63eV,
Figure S3h), where water is physiosorbed for a facile desorption.
While the desorption of *CO requires 1.56eV of activation energy,
considering the entropic contribution along with the ZPE correction,
the energy cost can be lowered to 1.02eV at 300K, and 0.77eV at

500K. Alternatively, *CO can undergo further hydrogenation to
either *COH (AE = 0.99eV, E, = 1.56eV, Figure S3i) or *HCO (AE =
1.27eV, E, = 1.84eV, Figure S3j). Considering much higher activation

reaction barely occurs, and only trace amount of HCOOH and no
CO/water is observed (Table S2), due to the limitation to overcome
the barrier of 1.40 eV for the initial CO, hydrogenation (Figure 3). In
fact, the CO, hydrogenation to *HOCO is the conversion-controlling
step for CO, hydrogenation on *Hy,/ Pd(111). To facilitate the CO,
conversion, the reaction temperature and the CO, partial pressure

101:‘
barriers compared to desorption of *CO, the further hydrogenation 10°
of *CO to methanol as seen for Pd(111) ?7 is not likely to occur on 10° PdH(111)
*HlML/Pd(lll) ,: 10* s
8 w 'x;?
3.50 4 ‘:3 ':5 : 10° *H, ML/Pd(1 1 1) 3
> ] N . 8
4 * £ -2
o0 2 3 /'\6 . 0o 25 /Pd(111) 8
x S / = a 10
2.50 z '?% =
) A = -0
; Ak 10 Pd(111)
2.00 . : / ?2% 10-%
3 150 % 1071 . . . . ‘ -
E " 107 10°® 107°* 10™* 1077 10° 10° 10* 10° 10* 10"
£ 100 i P(CO;) (bar)
. + »
t ERNg:
0:50 -'r:é' % \5\ r%_ Figure 4. Pd(111) phase diagram at 700K depending on the partial pressures of CO, and
i f c% ;- z \\ g H,. The phases between Pd(111) and *H;/Pd(111) corresponded to the Pd(111)
2 % T - % * e surfaces with gradually incremental coverage of *H.
3 z e z 3 z I
-0.50 4 v% ﬁ* j’é = g-.:: E‘; %;
z x o
-1.00 - & Z % % £ =

was increased up to 700 K and 100 bar, respectively. Here, we note
that to ensure the stability of surface under the elevated
temperatures, the surface diagram of Pd(111) under the CO,
e hydrogenation conditions was calculated at 700K by following the

same protocol described in previous work.33 The results show that
the *Hyy/ Pd(111) surface remains as stable between 6.8 x 103 ~
1.3x 103 bar of H, at 700K (Figure 5a) with moderate CO, partial

pressures, which is commonly achievable in CO, hydrogenation
experimental settings.>2

—HCOOH pathway =—rWGS pathway =—HOCOH pathway =—HCOO pathway

Figure 3. Reaction diagram of CO, hydrogenation pathways on *H;y/Pd(111)

intermediates; = transition states; *adsorbed species; Hv: Hydrogen vacancies; )

Overall, according to the previous study of Pd(111),%” 28
kinetically the Langmuir-Hinshelwood (LH) mechanism is observed

4| J. Name., 2012, 00, 1-3
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By raising the temperature from 500K to 700K under the
CO, pressure of 1 bar, the production of HCOOH grows exponentially,
which emerges at 600 K with TOF of 54.7 molecules-ssite! and
significantly increases at the temperature higher than 650 K with TOF
of 754.1 molecules-stsite? (Figure 5a); while the produced
CO/water remains as very small mount. Similar promotion on
HCOOH production rather than CO/water was also observed by
increasing the partial pressure of CO, at 500 K (Figure 5b). The
difference is that the pressure-dependent promotion shows a linear-
like trend and the variation in TOF of HCOOH is less sensitive to
pressure than that to temperature (TOF =0.1 at 1bar, TOF =8.1 at 100
bar). At 700K and under CO, partial pressure of 10 bar, the selectivity
to HCOOH can be reached to 99.97% (Table S2).

8000.0

7000.0 HCOOH
6000.0 CO +H20
5000.0

4000.0

3000.0

TOF (molecules s site™!)

2000.0
1000.0

00 &—o—
500 550 600 650 700
Temperature (K)

(b)

10.0

9.0 HCOOH

8.0 €O +H20
7.0
6.0
5.0
4.0

3.0

TOF (molecules s site!)

2.0
1.0

0.0 ¢
0 25 50 75 100
CO2 partial pressure (bar)

Figure 5. KMC-estimated variation in TOF with (a)the temperature for CO, hydrogenation
on the *Hyy/ Pd(111) surface with the CO, partial pressure of 1 bar . (b)the partial
pressure of CO, for CO, hydrogenation on the *Hyy,/Pd(111) surface at 500K.

The selectivity of CO, hydrogenation on *Hiy, /Pd(111)
depends on the competition in conversion of *HOCO via the three
pathways. The KMC-estimated high HCOOH selectivity is benefited
from the preferential *HOCO hydrogenation to *HCOOH (E, = 0.78
eV) or the HCOOH pathway on the *Hyy, /Pd(111) surface over the
hydrogenation to *HOCOH (E, = 0.96 eV) or the HOCOH pathway and
the dissociation to *CO or the rWGS pathway (E, = 1.19 eV, Figure 3).
In fact, even if *HOCO dissociates, the reverse reaction barrier is only
0.14eV due to the unstable co-adsorption of *CO and *OH on the
*Hym/Pd(111) surface, and 98.2% of *CO and *OH is observed to

This journal is © The Royal Society of Chemistry 20xx
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convert back to *HOCO at 700 K and under 1 bar of CO, partial
pressure. Similarly, 100% of formed *HOCOH is found to decompose
back to *HOCO and *H, rather than *COH and *OH. This is not the
case for the HCOOH pathway, where facile removal of produced
*HCOOH (Table S1) greatly favors the *HOCO hydrogenation to
*HCOOH going forward. Such selective catalytic performance has not
been observed previously for metal catalysts including Pd(111). 27:53

The unique behavior of *Hyy /Pd(111) is attributed to the
Hv sites, which are generated during CO, hydrogenation and provide
the active Pd sites underneath to interact with most of the reaction
intermediates (Figure 2). It is constructed by removing one or two
neighboring chemisorbed *H on *Hyy/Pd(111), and is confined by
the surrounding *H species on the surface. Such confined vacancy
site is capable to accommodate the intermediates that requiring low
symmetric sites, e.g. ¥*HOCO and *HCOOH, but hindering the
adsorption and the dissociative adsorption that requiring high
symmetric sites, e.g. *HCOO, dissociation of *HOCO, *HCOOH and
*HOCOH (Figure S3). In this way, the highly selective CO,
hydrogenation to HCOOH is ensured on *Hyy,/Pd(111).

4. Conclusion

By combining DFT and KMC simulation, we identified the
stable surface composition of Pd(111) under the typical CO,
hydrogenation environment: Pd(111)
monolayer of chemisorbed hydrogenation. More importantly, the

fully covered by one

hydrogen-covered Pd(111) was found behave differently from bare
Pd(111), which favored the methanol synthesis according to the
previous theoretical studies. The chemisorbed hydrogen on Pd(111)
not only can act as hydrogen reservoir to facilitate the hydrogenation
steps, but also can modify the binding to the reaction intermediates
and reaction mechanism. Specifically, the hydrogenation generates
the unique confined hydrogen vacancy sites on the surface, which
are active to enable the effective selectivity-tuning to formic acid via
the *HOCO intermediate and suppress the rWGS pathway to
produce CO/water significantly. Yet the yield is highly dependent on
temperature and mildly on partial pressure of CO, and H,. Our study
highlights the importance of description of catalytic behaviors under
working conditions, where the reactive environment can result in the
surface phase transformation and enable the variation in
activity/selectivity.
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