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Photocatalysis is a promising method for reducing CO; in an environmentally friendly way. Despite extensive
experimental studies, theoretical studies lag behind and often resort to describing catalysts in the excited state,
while the reaction mechanism is mostly studied at the ground level. We theoretically calculate a full reaction
mechanism of CO, reduction to CO in the excited state for five surfaces: Cu(111), anatase(110), rutile(101) and
Cu/anatase, Cu/rutile using the ASCF approach. We show that excited states considerably lower activation

barriers, making it necessary in describing the experimental performance. The density functional theory calcu-
lations in the excited state are used to construct a microkinetic model, which is used to predict the performance
of each catalytic surface. We show that Cu(1 1 1) is photocatalytically inactive, TiO3 is only active in the UV range
and catalyzes water splitting. Only Cu/rutile is active for CO2 reduction to CO, while Cu/anatase produces more

Ho.

1. Introduction

Titanium dioxide (TiO-,) is one of the most studied semiconductor
materials, both experimentally and theoretically, on account of its
photoactivity and a range of other potential applications [1]. Recently,
its utilization in the field of photocatalysis has become increasingly
important as it represents a way to carry out catalytic reactions with
lower energy consumption. TiO3 can be found in several crystal phases,
which differ in their photocatalytic activity. Rutile and anatase are the
most alluring phases, while occasionally brookite is also studied [2,3].
Nevertheless, pristine anatase and rutile TiO, have some drawbacks,
such as high band gaps (above 3 eV), which means that only UV light is
able to excite the electrons from the valence band (VB) to the conduction
band (CB). In order to boost the photoactivity in the visible light range,
modifications which decrease the band gap (utilizing visible light) are
required. Moreover, other adverse phenomena must also be suppressed,
such as charge recombination [4,5], while charge transfer should be
increased. There are several strategies to solve these problems: doping
[6,7], the deposition of co-catalysts [8,9,10,11], the integration of de-
fects (e.g. oxygen vacancies [12]) or using the so called Z-scheme pho-
tocatalyst [13,14].

Furthermore, in undoped TiO,, electrons would sink into the bulk
and recombine, which is a well-known deficiency of pristine TiOz [15].
Doping makes the material catalytically active by allowing electrons to
reach the surface. In addition, metal doping controls the selectivity of
the catalysts toward the desired products, which can range from CO and
CH30H to higher hydrocarbons in the case of CO, photoreduction.
Dopants can be considered defects and act in various roles. They can
make the material more catalytically active by allowing the electrons to
reach the surface. However, it can also create states that trap the charge
carrier or act as recombination centers, hindering photocatalytic activ-
ity. Surface dopants often act as electron traps and boost the photo-
activity [16], while bulk dopants act as recombination centers [12,17].
Furthermore, TiOs is frequently doped also to increase its absorption in
the visible part of the spectrum.

Since experimental testing of all possible changes is unwieldy, in-
silico calculations can be performed instead. Increasing computational
power has led to an increase in theoretical studies of photocatalysis in
recent years. However, the vast majority of theoretical studies focus
either on the calculation of catalyst properties [18,19] or on phenom-
enological kinetic modelling of experimental results. When a reaction
mechanism is studied ab initio, including all possible intermediates,
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activation barriers, and kinetic parameters, calculations are usually
performed in the ground state [20,21]. However, the explicit consider-
ation of the excited state is crucial for the correct representation of a
photocatalytic process.

An alternative approach to modelling photocatalytic reactions uses
the fact that the dielectric constant of TiO5 is large enough to treat
electrons and holes as free as opposed to excitons [22]. In this approx-
imation, the mechanism can also be investigated using electro-chemical
methods (grand canonical DFT or JDFT). In this work, however, we
opted for the photochemistry approach.

Since there is a vast body of literature on CO2 photoreduction, we
shall focus on the studies closely related to this paper. Ji et al. [21]
studied the reaction mechanism over defective (oxygen-vacant) and
pristine anatase (101) TiO; in the ground state. Two mechanisms were
proposed, namely fast hydrogenation and fast deoxygenation, where the
first was found to be the dominant pathway according to DFT results.
Another ground-state study investigated the reaction mechanism of CO,
photoreduction towards methane over pristine and KBH doped g-C3N4
performed by Wang et al. [20]. Excited states are considered more
rarely. Li et al. [23] studied the reaction mechanism over GaP (100)/
TiO5 (101) and accounted for the excitation by artificially increasing
the H* surface coverage. On the other hand Ghuman et al. [24] studied
the effects of excited states on the absorption spectra using the linear
response time dependent density functional theory (LR-TDDFT). Le et al.
[25] studied CO4 dissociation over the Al@Cu0O surface and explicitly
incorporated the excited states in the reaction mechanism. The calcu-
lations were initially performed in the ground state, followed by a single
point calculation of the excitation of the electron from the valence band
to the conduction band using the ASCF method [26]. It was found that
the effective energy barrier can be reduced by as much as 2 eV. Ac-
counting for the excited states is therefore important to describe the true
nature of a photocatalytic reaction mechanism.

The first excited is well described by a HOMO-LUMO transition for
organic molecules. For metal centers, such an approach is admittedly
less accurate TD-DFT and similar. However, a great advantage of the
ASCF approach is its favorable computational cost. Often, this entirely
precludes the use of TD-DFT for larger isolated or periodic system. In our
work, ASCF had to be used due to relatively large unit cells of TiO2. We
investigated a simplified mechanism of CO, photoreduction on Cu
(111), pristine anatase (1 01), pristine rutile (110) and Cu/rutile (110)
and Cu/anatase (101) surface. First, ground-state calculations of the
reaction mechanism are performed at the DFT level. Second, excited
states are accounted for following Kasha’s rule [27] by exciting one
HOMO electron from the valence band to the LUMO orbital of the
conduction band. The reaction mechanism and kinetics are then
compared between different surfaces in the ground and excited state.
Lastly, the results are benchmarked against existing literature data. The
central focus of this study lies in the incorporation and significance of
excited states, a novel approach that, to the best of our knowledge, has
not been extensively explored by any other research group. Notably, this
investigation covers a wide range of surfaces, adding to the complexity
of the calculations involved. The innovative nature of this study stems
from its comprehensive analysis of excited states on a larger scale,
providing unique insights into their importance and implications.

2. Computational details
2.1. Ab initio calculations

Density functional theory (DFT) calculations were performed with
the VASP-5.4.1 package [28]. The PBE functional in combination with
the PAW pseudopotentials as implemented in the VASP package was
employed [29,30]. The energy cut-off of 500 eV was shown to suffice for
well converged results. To account for strong electron localization, the
Hubbard correction [31] was applied. A value of U - J = 4 eV [32,33]
was applied to the Ti 3d electrons, following the approach by Dudarev
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[34]. Long range dispersion forces were considered with the D3
correction by Grimme [35]. Spin polarization was included for all the
calculations.

To study surface phenomena, surface slabs were constructed as fol-
lows. For Cu (111), a 3-layer 6x6 supercell was prepared. A 3-layer 3x2
supercell of pristine anatase (101) and Cu/TiO, anatase (101) surface
with one fixed layer, and a 3-layer 3x3 supercell of pristine rutile (110)
and Cu/rutile (110) with two fixed layers were constructed. In all in-
stances, 12 A vacuum was added to the slabs to avoid spurious inter-cell
interactions. A dipole correction [36] was applied in the z-direction. The
supercells were sampled with a Monkhorst-Pack mesh [37], at 1x1x1
(Gamma point) due to the size of the supercells. A cluster of four pre-
optimized Cu atoms was deposited and allowed to relax on pristine
anatase (101) and rutile (110) surfaces. All structures were relaxed
until the atomic force dropped below 0.05 eV/A. The nudged elastic
band in conjunction with the climbing image [38] was used to identify
the transition states, which were refined with the dimer method [39].

Adsorption energy was calculated as:

Euis = Egpecies+surface — Esurface — Especies 1)
where Egpecies surface denotes the energy of the adsorbed species on the
surface, Egyfqc. is the energy of a relaxed slab and Egyics is the energy of
the species in the gas phase. The activation energy was calculated as:

Ey = Ers — Eg, 2

where Erg is the energy of transition state and Eg is the energy of the
initial state. Finally, the reaction energy was calculated as:

AE =Ep—Eg 3)

where Ejp is the energy of the final state. Zero-point energies were not
calculated because the ASCF structures were not geometrically
reoptimized.

For the excited-state calculations, we applied the delta self-consistent
field (ASCF) [26] approach. Firstly the structures of the initial, final and
transition states were optimized in the ground state. Subsequently, the
density of states was analyzed for each structure to identify the orbital
for electron insertion. Then, an electron was moved from the valence
band maxima (VBM) into the conduction band minima (CBM), leaving a
hole in the VBM. A triplet spin state was used to force the population of
the LUMO and depopulation of HOMO. After the change in orbital
population, orbitals are reoptimized, and the energy is computed from
these orbital.

The ASCF approach was chosen due to a much lower computational
cost than TDDFT. They were benchmarked on a smaller system and the
discrepancy in the reported activation barriers for the first step in the
hydrogenation of CO2 was less than 10 %. On the larger system, which is
used in this work, the memory requirements of the TD-DFT approach
were prohibitive.

2.2. Microkinetic model

To evaluate the time evolution of the heterogeneous photocatalytic
process, we created a microkinetic model using DFT-calculated reaction
parameters. The model assumes an ideal batch reactor with the
following: constant temperature and pressure, no mass transfer limita-
tions, ideal mixing, no lateral interactions. Since the microkinetic model
was set up to compare the differences in reaction kinetics in the photo-
activated and dark regime, the exact reactor parameters was less of a
concern. Also, no attempt was made to describe the photoactivation
process itself as this has been extensively studied before. Instead, we
focused on the kinetics of the reaction once it is photoactivated.

To mathematically describe the transformation, we constructed and
solved a system of differential equations for the gas and surface reactions
along with a balance for the active sites. For the studied network, a



Z. Kovacic et al.
general differential equation for species i is written as:

dCi
LAl P @

The symbol C; represents bulk concentration, and r’s refer to the reaction
rates of adsorption, desorption, and elementary steps on the surface. The
model assumes the Langmuir-Hinshelwood reaction mechanism [40],
where two molecules adsorbed on neighboring surface sites undergo a
bimolecular reaction. Diffusion is accounted for implicitly since the
model does not distinguish individual sites and instead deals with
average surface coverages.

The following elementary reaction steps are included in the micro-
kinetic model, totaling 4 adsorption and 7 surface reactions.

kH

Hy 4+ *+—— H; 5)
kHyrev
CO, +* %, co; )
kCO;rev
co+ &2 co )
kCOrev
H,0 + LN H,0' 8)
kH, Orev
H,+ *kf-& 2H )
1
Co; + Zk" o'+ 0 (10)
-2
0+ H:ki OH + * an
(-3
COj+ H & ¢~ COOH + (12)
—4
t— COOH" +*<f—> CO' + OH' as)
-5
OH' + H = H, 0" +* a4
<6
¢c— COOH" <f_7>z — COOH" 15)
K7

Asterisk denotes active surface site. We considered all reactions to be
reversible and first order. The system of differential equations was
solved with the SciPy package in Python. Given the complexity of the
system, which encompasses vastly different reaction rates, we employed
the LSODA solver, which switches between stiff and non-stiff methods.
For the adsorption of gaseous species, the rate equation is expressed as:

rfdx = kfx(dyat'mptypx, (16)

where X is the studied species, px is the partial pressure, Oeppyy is the
empty active site and kX, is the forward rate coefficient. For desorption,
the rate is defined as:

Thes = ki Ox a7)

where k% is the backward rate coefficient and x is the surface coverage
of species X. The forward reaction coefficient of non-activated adsorp-
tion can be approximated as:

Koo A
s am¥kyT

where P is the pressure (assumed 1 bar), A is the surface area of the
active site (assumed approx. 0.1 nm? for TiO, [41]), mX is the mass of the

(18)
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molecule and kg is the Boltzmann constant [41]. For desorption, the pre-
exponential and hence the rate is approximated as:
kpT Ladsx
Koy = =€ 07 (19)
Here, h represents Planck’s constant, and E,q x denotes the adsorption
energy, which is by definition negative. Furthermore, we disregarded
the contribution of the translational, rotational, and vibrational degrees
of freedom to the partition function.
For surface reactions, the reaction rates are calculated as:

kgT _Eor

Kor = e BT 20)
kT ey

Ko = ”Te*fﬁr 1)

where Ej,, and E,, are the activation barriers in the forward and back-
ward direction respectively. These can be calculated as:

Efor = Etran:itian - Emacmm (22)
and
E,ep = Eyansition — Epmdzm (23)

where Eyansition is the energy of the saddle point and Ereqctane and Eproduct
are the energies of the initial and final states (corresponding to the re-
actants and products), respectively. We modeled the reaction at 25 °C in
H50 and a pressure of 1 bar, with variations in the CO5 feed pressure.

3. Results and discussion

Initially, adsorption of key intermediates on all five studied surfaces
was evaluated. Epitomized by the seminal Sabatier principle, a good
catalyst must not bind the reactants nor products too strongly nor too
weakly. It has been shown that the adsorption energies not only corre-
late with the activation barriers, as implied by the Sabatier principle, but
can on their own influence the reaction rates [42]. From a technical
standpoint, adsorption must be evaluated to be able to study the reaction
mechanism (shown in Egs. (9)-(15) including barriers and reaction
energies.

3.1. Electronic effects

Intially, we analyse the electronic structure of titanium dioxide, as it
plays a crucial role in the photocatalytic reduction process and, more
importantly, to ascertain that our model successfully reproduces existing
data. Anatase TiO2 has an experimentally measured indirect experi-
mental band gap of 3.2 eV [43], which is known to be severely under-
estimated by LDA and GGA functionals. [44] In Fig. 1, we show that an
unmodified PBE estimates the band gap at 2.10 eV, which agrees with
other studies at this level [45,46]. Mitigation is possible with a cheap
Hubbard correction or more expensive hybrid functionals. In this work,
however, we use the cheaper GGA approach with a Hubbard correction,
as opposed to the computationally expensive hybrid functionals, as a
proof of concept.

We shift our attention to the density of states (DOS) calculation for
pristine anatase (101) and Cu doped anatase (101) surface. As evident
from Fig. 2A, the valence band of pristine anatase (101) surface is
mainly composed of O-p orbitals, whereas the conduction band consists
predominantly from Ti-d orbitals (Fig. 2A). The effect of adding Cu
atoms to the surface of anatase (101) is shown Fig. 2B. The band gap of
the composite decreases, although this happens locally due to the
interplay of Cu-d and Ti-d orbitals in the valence band (VB), which is
shifted higher. Additionally, the conduction band (CB) is locally ever so
slightly lowered. Additionally a mid-gap state is evident in the 1 eV
region attributed to the Cu-d and Ti-d orbitals. This effectively lowers
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Fig. 1. Band structure of bulk anatase calculated with PBE. The Fermi energy is
set at 0 eV.

the band gap locally (while the bulk band gap derived from TiO, re-
mains unchanged, hence these states are localized at the surface) and
can either act as a charge separator or recombination center. The ob-
servations regarding the mid-gap effects show some variation, with
certain studies indicating a decrease in activity, while others point to an
increase in photocatalytic activity. In Zhuang et al. [16] report, it was
discovered that defects within the material’s bulk serve as recombina-
tion centers, whereas surface defects like oxygen vacancies appear to
enhance the photocatalytic activity [12]. This enhancement is attributed
to their role as electron traps, which aligns with our own study, as metal
deposits on surfaces act as electron sinks [47,48].

Lastly, we study the electronic effects of excitations. The charge
density difference between the excited and ground state for Cu/anatase
(101) with adsorbed CO and COy is shown Fig. 3. Additionally, we show
the integrated local density of states (ILDOS) for the valence band and
the conduction band for both instances.

31.1. Cu(111)

First, copper was tested as a golden standard for CO5 reduction and
its (111) surface was chosen due to its thermodynamic stability. There
has been ample research on this surface, for instance by Grabow et al.
[49], which provided a benchmark for verifying our approach. Different
adsorption sites were evaluated (fcc, hep, bridge) and the most stable
options are shown in Table 1.

Aside from HOCO, which is an unstable intermediate with an
expectedly strong adsorption, only CO chemisorbs to the surface. CO,,
Hy and Hy0 merely physisorb, which is consistent with the findings from
Grabow et al. [49]. Small differences are attributed to different calcu-
lation parameters, such as the use of the long-range Grimme D3
dispersion correction, a choice of functional (PBE vs PW91), K-point
sampling, energy cut-off etc.

Table 2 depicts the activation barriers and reaction energies for the
elementary steps considered in this study. Hy dissociation exhibits an
activation barrier of 0.41 eV and is exothermic by —0.54 eV. In com-
parison, Grabow et al. considered the reaction as a one-step dissociative
adsorption with an energy change of —0.29 eV. The direct dissociation of
CO4 to CO and O species has an activation barrier of 1.21 eV and is
endothermic by 0.80 eV, while hydrogenation of CO2 to c-HOCO has an
energy barrier of 1.58 eV and is endothermic by 0.56 eV. The subsequent
dissociation of t-HOCO towards CO and OH has a low activation barrier
of 0.50 eV but a virtually unchanged total energy change. The dissoci-
ation of t-HOCO has a barrier of 0.23 eV and is exothermic with an
energy change of —0.52 eV. Lastly, HoO can dissociate to form OH and H
with an activation barrier of 0.87 eV and reaction energy of —0.18 eV or
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vice versa since water serves as a proton source. Our results are com-
parable with the findings of Grabow et al. [49] with some discrepancies
due to differences in the computational details.

The formation of t-HOCO most likely occurs after the dissociation of
CO4 and H3O, respectively, when CO and OH react with an energy
barrier of 0.75 eV. On the other hand, a direct hydrogenation of CO5 to c-
HOCO requires a much higher activation energy of 1.58 eV. Once
formed, HOCO could further react to form more reduced products (e.g.,
methane, methanol) but this is beyond the scope of the present study,
which deals with the photoreduction of CO5 to CO. The initial, saddle,
and final structures are shown in Fig. S3.

Lastly, we estimate the effect of electron excitations. Following Ka-
sha’s rule [27], only the first excited state was taken into account. Since
Cu (111) is metallic, DFT confirmed that excited electrons cannot
significantly affect the energetics of the reaction as the valence and
conduction bands overlap. Nevertheless, light can excite plasmons and
the electron-hole channel could potentially affect the energetics (the
plasmon decay channel is via the d-electrons). For consistency with the
TiO; excitations, which allows a direct comparability of the results, this
was omitted as we are only interested in the trends due to electronic
excitations from the Fermi energy. The calculated reaction parameters
shown in Table 2 confirm this. We observe that the activation barriers do
not change significantly upon (photo)excitation. This is caused by the
metallic nature of the Cu (111) surface, allowing charges to freely move
between the valence band and conduction band.

3.1.2. Anatase (101)

We chose to investigate the pristine anatase (101) surface due to its
thermodynamic stability and photocatalytic activity [50]. In Table 3, the
calculated adsorption energies of the participating species is compared
with literature data.

Sorescu et al. [51] calculated the adsorption of CO2 on anatase (101)
surface and found that the strongest adsorption has the adsorption en-
ergy —0.48 eV, which is in excellent agreement with our result (-0.43
eV). In both cases, CO; is adsorbed in a linear configuration with only
minor perturbations to the electron density and most interaction stem-
ming from the long-range dispersion corrections. Wanbayor et al. [52]
investigated the adsorption of CO on anatase (101) surface (for subse-
quent oxidation towards CO2) and calculated the adsorption energy at
—0.26 eV, which is identical to our results. However, most studies on
anatase (101) encompass some sort of surface modification, such as
deposition of co-catalysts [55], doping [56] or defects formation (e.g.
oxygen vacancies [21]) to boost its photocatalytic activity, making
comparisons to the pristine case difficult. HOCO and H,0 adsorb more
strongly with energies of —0.99 and —0.98 eV, respectively. For com-
parison, Vittadini et al. [54] estimated the adsorption energy of HyO as
—0.74 eV, which can be contributed to neglecting long range dispersion
forces. Hy physisorbs weakly (-0.20 eV), which agrees with the results
from Wang et al. [53] (-0.34 eV).

In Table 4, activation barriers and reaction energies for the reaction
on the pristine anatase (101) surface are shown. Hydrogen dissociation
has a relatively high barrier of 1.00 eV and is endothermic by 0.36 eV.
While the decomposition of H20 into OH + H is easily accessible with a
barrier of 0.50 eV and slightly endothermic by 0.37 eV, further hydro-
genation of COy to HOCO exhibits a high activation energy of 2.58 eV
and is endothermic by 1.74 eV. Direct dissociation of CO, is not feasible
due to a large activation energy of 4.86 eV and endothermicity of 4.46
eV. Thus, while TiO, can be used for water splitting provided that the
irradiation wavelength is in the UV range, it is inactive for CO5 reduc-
tion. The optimized geometries of the initial, saddle-point, and final
structures are shown in Fig. S4.

As TiOy is a semiconductor commonly used in photocatalysis,
excited-state calculations were performed. The calculated band gap of
pristine anatase (101) surface was 2.36 eV (corresponding to wave-
length of 525 nm or green color in the visible spectrum), which is
reasonably close to the experimentally determined value of 3.2 eV
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Fig. 2. Density of states (DOS) for A) Anatase (101) and B) Cu-anatase (101) surface. The Fermi energy is set at 0 eV.
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Fig. 3. (top) charge density difference between the ground and excited state,
(middle) integrated local density of states (ILDOS) for the valence band, and
(bottom) for the conduction band (CB). Left: CO, right: CO,. Isovalue: 0.01
eV/AS.

Table 1
Adsorption energies [in eV] on the Cu (111) surface.

This work From Ref. [49]
CO, -0.22 —-0.08
co —-1.08 —-0.86
¢-HOCO —2.24 —1.52
H, -0.07 n/a
H,0 -0.17 -0.21

Table 2

Activation barriers and reaction energies [in eV] for the ground-state CO,
reduction on the Cu (11 1) surface. Energies for the first excited state are given in
brackets.

Ep(this AE(this Ep Ref AE Ref

work) work) [49] [49]
H,—2H 0.41 (0.41) —0.54 (-0.53) n/a -0.29
C0,—CO + O 1.21 (1.21) 0.80 (0.81) 1.77 1.12
CO, +H— ¢-HOCO 1.58 (1.58) 0.56 (0.56) 1.78 0.55
t-HOCO—CO + 0.23 (0.23) —0.52 (-0.54) 0.42 —-0.14

OH

H,0-O0H + H 0.87 (0.87) -0.18(-0.18)  1.39 0.21
¢-HOCO— t-HOCO 0.50 (0.50) 0.00 (0.00) N/A N/A

(corresponding to wavelength of 387 nm which under most definitions
falls under the UV spectrum) [43]. The band gap is still underestimated
due to well-known shortcomings of GGA functionals [57], although the
Hubbard correction mitigated this effect to an extent, as previously
discussed. In the excited state, H, dissociation is spontaneous and
slightly exothermic at —0.17 eV. The activation energy for direct
dissociation of CO, is lowered from 4.86 eV in the ground state to 2.74
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Table 3
Adsorption energies [in eV] on the pristine anatase (101) surface.

E4s(this work) Egs(literature data)

CO, —0.43 —0.48 [51]

co —0.26 —0.26 [52]

c-HOCO —-0.99 n/a

H, —0.20 —0.34 [53]

H,0 —-0.98 —0.74 [54]
Table 4

Activation barriers and reaction energies [eV] for ground-state CO, reduction
over pristine anatase (101) surface. Energies for the first excited state are given
in brackets.

Ex AE
H,—2H 1.00 (0.00) 0.36 (-0.17)
C0,—CO + O 4.86 (2.74) 4.46 (4.39)
CO, +H— ¢c-HOCO 2.58 (2.42) 1.74 (2.42)
¢-HOCO—-CO + OH N/A >3.5
H,0-OH + H 0.50 (0.00) 0.37 (0.33)

eV in the excited state, which is still too high to expect any yields at
ambient temperature and pressure. The hydrogenation of CO; to form
HOCO also displays a high activation energy of 2.42 eV. Further disso-
ciation of HOCO is also unfeasible due to even higher energy barriers,
which are higher than > 3.5 eV and therefore inconsequential. Water
dissociation has a barrier of 0.45 eV, which is similar to the ground state.
The results suggest that although the inclusion of excited states has an
effect on the reaction parameters it does not lower the barriers enough to
make the CO5 reduction feasible on the pristine anatase (101) surface.

3.1.3. Rutile (110)

Rutile is the second crystal phase of titania that exhibits photo-
catalytic activity, and its (110) structure is not only the most thermo-
dynamically stable but also the most extensively studied. In Table 5,
adsorption energies of different intermediates are shown. CO5 adsorbs
with an energy of —0.47 eV, while Sorescu et al. reports an adsorption
energy of —0.38 eV [58]. CO adsorbs much more weakly at —0.25 eV,
which matches the results from Harris et al. [59]. This hints that the
surface could be active for producing CO, which would easily desorb
from the surface. Hy exhibits a weak interaction with the surface at
—0.19 eV, consistent with Lyalin et al. [60] reporting the adsorption
energy similarly of —0.14 eV), whereas water adsorbs stronger at —1.27
eV (Harris et al. [59] report an identical value). Expectedly, HOCO ex-
hibits a strong adsorption of —4.27 eV.

As shown in Table 6, the dissociation of H, has a low activation
barrier of merely 0.26 eV and is also exothermic by —0.30 eV.
Furthermore, H,O dissociation is almost non-activated and exothermic
(-0.24 eV), meaning that there should be ample supply of hydrogen on
the catalytic surface. A direct dissociation of CO is unfeasible due to a
high reaction energy (>4 eV), similarly to the pristine anatase (101)
surface. For direct CO, hydrogenation, the calculated activation barrier
is 1.23 eV and is slightly exothermic (-0.19 eV). However, the subse-
quent dissociation of HOCO is thermodynamically prohibited due to a
high reaction energy (>4 eV). This suggests that CO, reduction would
only yield HOCO, which might react further to form other hydrocarbons

Table 5
Adsorption energies [in eV] on the pristine rutile (11 0) surface.
Eads Eads
CO, —0.47 —0.38 [58]
[¢6] -0.25 —0.25 [61]
c-HOCO —4.27 n/a
H, —-0.19 —0.14 [60]

Hy0 -1.27 —1.27 [59]
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Table 6
Activation barriers and reaction energies [in eV] for CO, reduction over the
pristine rutile (110) surface. Energies for the first excited state are given in
brackets.

Ey AE
H,—2H 0.26 (0.00) —0.30 (-0.34)
C0;—CO + 0 N/A >3.5
CO, +H— ¢c-HOCO 1.23 (1.09) —0.19 (-0.11)
¢-HOCO—CO + OH N/A >3.5
H,0—-OH + H 0.01 (0.00) —0.24 (-0.26)

but this is out of scope of this study. For CO production, unmodified
rutile is poorly suited. The initial, saddle-point and final structures are
shown in Fig. 54.

We now focus on the excited-state effects in CO5 reduction on a rutile
(110) surface. H, dissociation is spontaneous and exothermic by —0.34
eV. While a direct dissociation of COs is still prohibitively expensive and
was thus not considered, we can assume that the barrier activation
should be lower compared to ground state reaction, similar to anatase
(101). The barrier for CO3 hydrogenation is lowered from 1.23 eV in the
ground state to 1.09 eV. However, its decomposition remains unfeasible
due to high barriers. Water dissociation remains slightly exothermic
with an energy change of —0.26 eV. As is the ground state, pure rutile is
not suitable for CO5 reduction. Provided the irradiation wavelength is
suitable, water splitting is the predominant pathway. The calculated
band gap of rutile (110) surface was 1.21 eV (which corresponds to
wavelength of 1024 nm, falling in the domain of IR light), whereas the
band gap of bulk rutile is 3.0 eV (corresponding to wavelength of 413
nm attributed to visible spectrum). The discrepancy is associated with
the fact that band gaps of surfaces can differ from bulk quite signifi-
cantly [62], additionally PBE functionals are known to underestimate
band gaps, as mentioned before, although this is slightly remediated by
introduction of Hubbard correction.

Comparing the results for unmodified, single-phase catalysts (Cu
(111), anatase (101) and (110)) shows that they do not allow for CO2
reduction or photoreduction. Since Cu (111) is metallic, exciting an
electron from VBM to CBM has no impact on the energetics. With copper
being one of the most active catalysts for CO5 reduction, it would easily
outperform anatase (101) or rutile (110). The latter show a consider-
able influence of photoexcitation on the activation barriers but would
still fail to produce CO. On rutile (11 0), hydrogenation to HOCO would
be preferred but it does not readily decompose into CO.

Thus, doped titania catalytic systems are inspected in the next sec-
tion, where copper atoms have been deposited on its surface.

3.1.4. Cu/anatase (101)

Lastly, a two-phase Cu/TiO catalyst surface was studied. Experi-
mental research [63,64] has previously shown that Cu/TiO2 catalysts
combine the copper activity for CO5 reduction and photoactivity of
TiOs. As described in Section 2, we placed four Cu atoms on the anatase
(101) surface. First, several possible adsorption sites were probed with
Cuy clusters (Fig. S1), where the one with the lowest energy was chosen
for subsequent calculations. Depositing Cu on TiO, decreases the
bandgap substantially and proportionally to the number of Cu atoms,
which makes the photoactivation mechanism accessible below the UV
light in the visible light spectrum. For instance, the calculated anatase
(101) band gap is decreased from 2.36 eV (visible spectrum) to 0.35 eV
(IR) upon depositing Cuy. While this value is underestimated on the
account of using PBE and the Hubbard correction, it still shows the
general trend. Although this means that the photo-excited electron will
have a lower energy relative to the pristine anatase (101) surface, this
does not correlate simply with the catalytic activity of the surface as
charge transfer, charge recombination, light absorption as well as
surface-adsorbate interactions play a significant role.

Table 7 lists the adsorption energies of the intermediates involved in
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Table 7
Adsorption energies [in eV] on the Cuy/
anatase(101) surface.

Eqds
CO, -0.37
Cco -1.57
t-HOCO -3.46
H, -0.39
H,0 —0.03

the reaction. CO binds almost as weakly as on the pristine anatase
surface (-0.37 vs. —0.43 eV respectively). In contrast, the adsorption of
CO is much stronger on the Cu-decorated surface at —1.57 eV, which
shows that CO can also react further once formed. HOCO also binds
three times more strongly (-3.46 eV) than on pristine anatase. Further-
more, the Cu-decorated surface should be more saturated with Hy due to
the stronger binding, which is the typical spillover effect of Cu.

In Table 8, we observe that the activation energy needed to dissociate
Hy is higher (1.16 eV) than on pristine anatase 1.00 eV and slightly
exothermic. However, more important is the low barrier for H,O
dissociation, which is only 0.14 eV and is exothermic by 1.46 eV. A
direct dissociation of CO5 has an activation energy of 1.66 eV and is
exothermic by —0.67 eV, while it is endothermic on anatase (4.86 eV).
Hydrogenation of CO, to form HOCO has a barrier of 1.71 eV (Fig. 4),
which again outperforms pristine anatase (2.58 eV) and is only slightly
higher than on the Cu (111) surface (1.58 eV). The same applies to the
dissociation of HOCO. The initial, transition-state and final structures
are shown in Fig. S5.

Lastly, we turn the attention to the inclusion of excited states. The
dissociation activation energy of Hy is 0.75 eV, which is significantly
lower than in the ground state (1.16 eV). The barrier for HyO dissocia-
tion is 0.01 eV and the reaction is more exothermic than in the ground
state. The direct dissociation or hydrogenation of CO3 is slightly more
favorable in excited state than in ground state, which is attributed to the
band structure of the catalyst. As the overlap of the orbitals is higher,
resulting in lower band gaps, the photo-excited electrons in LUMO
possess a lower energy relative to the ground state than in pristine
anatase. Thus, the reaction pathway can follow either the dissociation or
hydrogenation of CO5 pathway due to comparable activation energy
barriers, which is studied in the microkinetic model. While HOCO could
react further to form methanol or methane, this is out of the scope of this
paper, dealing with CO formation. However, due to its high adsorption
energy (-1.57 eV) further reactions are possible.

3.1.5. Cu/Rutile(110)

A similar Cuy/TiO, structure was also studied on the Cu/rutile (110)
surface (Fig. S2). The adsorption energies over are presented in Table 9.
CO3 binds rather weakly to the surface at —0.28 eV, whereas CO exhibits
a slightly stronger, yet still low interaction at —0.45 eV. HOCO adsorbs
the strongest with —2.89 eV. On the other hand, Hy and H20 physisorb
with adsorption energies —0.21 and —0.13 eV respectively. The rela-
tively low adsorption energy of CO hints that it can be the major
product.

Table 8

Activation barriers and reaction energies [in eV] for ground-state CO, reduction
over Cuy-anatase (101) surface. Energies for the first excited state are given in
brackets.

Ey AE
H,—2H 1.16 (0.75) —0.04 (-0.25)
C0,—CO + O 1.66 (1.64) —0.67 (-0.15)
CO, +H— t-HOCO 1.71 (1.67) 0.47 (1.67)
¢-HOCO—CO + OH 0.40 (0.27) —0.41 (-0.39)
H,0-OH + H 0.14 (0.01) —1.46 (-1.60)
¢-HOCO— t-HOCO 0.68 (0.00) —0.06 (-1.02)
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Table 9
Adsorption energies [in eV] over the Cu/
rutile (110) surface.

Eqds
CO, —0.28
Cco —-0.45
c-HOCO —2.89
H, —0.21
H,0 ~0.13

In Table 10, we see that Hj dissociation has a low barrier with only
0.35 eV and is highly exothermic at —1.62 eV. Similarly, H,O dissoci-
ation is likely with a barrier 0.15 eV and exothermic. CO; can therefore
be either hydrogenated to form HOCO or dissociate (Fig. 5). The latter
pathway is preferred with a barrier of 1.05 eV compared to 1.63 eV. The
direct dissociation has the most favorable E, of all the studied surfaces,
whereas direct hydrogenation (1.63 eV) is inhibited compared to the
pristine rutile (110) surface (1.23 eV). A high Ex of HOCO dissociation
(1.29 eV) suggests it might react further to produce methanol or
methane. The initial, saddle and final structures are shown in Fig. S6.

Lastly, excited states were included. Again, dissociation of Hj is
spontaneous and the barrier for HoO dissociation is also very low.
Furthermore the direct dissociation of CO is significantly more likely as
the barrier is lowered from 1.04 to 0.68 eV. On the other hand, the
hydrogenation of CO; to form HOCO has Ex of 1.58 eV and is virtually
unaffected. This strongly hints that the direct dissociation of CO, is the
dominant reaction pathway. Due to low adsorption energy of CO (-0.45
eV), it is also likely to be the major product. The barrier for the disso-
ciation of HOCO is slightly lowered relative to the ground state.

The calculated band gap of Cuy/rutile (110) was calculated at 0.95
eV, which is smaller than in the pristine rutile (110) surface and
attributed to the orbital overlap of Cu atoms with the TiO; surface.

Table 10
Activation barriers and reaction energies [eV] for ground-state CO, reduction
over Cuy-rutile (110) surface. Energies for the first excited state are given in
brackets.

Ex AE
H,—2H 0.35 (0.00) —1.62 (-1.65)
CO,—CO + 0 1.05 (0.68) 0.87 (0.68)
CO2 +H— ¢c-HOCO 1.63 (1.56) 1.00 (1.15)
t-HOCO—CO + OH 1.29 (1.14) 0.17 (0.19)
H,0-O0H + H 0.15 (0.00) —1.78 (-1.75)
¢-HOCO— t-HOCO 1.47 (1.26) —0.05 (-0.06)
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Fig. 4. CO, hydrogenation over Cu/anatase(101) surface, where 1 is the initial, 2 saddle, 3 final structure, and A denotes side, and B side view.

Comparing the band gaps of the studied surfaces, we observe that the
pristine anatase (101) surface has the highest band gap at 2.36 eV,
followed by pristine rutile (110), Cuyg-rutile (110) and Cuy-anatase
(101) with band gaps of 1.21, 0.95 and 0.35 eV respectively. Never-
theless we would like to emphasize that these are attributed to the
surface doping of Cu clusters on the surface, which hybridize with the
TiO4 surface and artificially lower the band gap. The band gap of the
TiO, system elsewhere is larger, closer to the pristine TiOy surface
studied. Thus we conclude that higher energy photo-excitations are also
possible.

Studying the effect of photoexcitation, a decrease in the activation
barriers is observed in our model. In the excited state, the barrier for CO5
hydrogenation is 2-11 % lower for the investigated TiO; structures. This
values are dependent on the functional used, the catalyst surface etc. but
show a general trend and explain why photocatalysis is a viable
approach for CO; reduction.

3.2. Microkinetic model

Microkinetic modelling is a useful tool to further analyze the first-
principles results. In this section, we describe a microkinetic model,
which was adapted for each surface. While the reaction mechanism was
kept as simple as possible to be able to evaluate individual contributions,
microkinetics serves an important role. First, it proves that the calcu-
lated reaction parameters can produce the desire products and, sec-
ondly, that allows us to evaluate the trends while varying temperatures
and reactant ratios.

We varied the ratio of CO, and H,0, where CO5 was reduced to CO
and Hy0 was used as a hydrogen source upon irradiation. Thus, CO is
produced but water splitting, which yields Hy, is a possible undesired
side reaction.

As discussed in previous sections, the Cu (111) surface is metallic
and cannot operate in the photoexcited regime. Therefore, we only used
the parameters for the ground state as an input. On TiO,, we selected the
most thermodynamically stable surface facets of rutile and anatase,
namely (110) and (101), respectively. Firstly, we input the DFT-
calculated parameters for the ground state into the microkinetic
model. The results indicated that the pristine rutile and anatase were
unable to efficiently activate and reduce CO; in the ground state at mild
conditions, which is consistent with prior literature reports [65].
Although the inclusion of excited states significantly reduces the acti-
vation barriers, they remain too high for the catalysts to be active for
photo-reducing CO,. Additionally, it is well-established that pristine
TiO4 experiences high recombination rates [66,67], which further im-
pedes its activity. However, this is not explicitly taken into account in
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Fig. 5. CO,, dissociation over Cu/Rutile (110) surface, where 1 is the initial, 2 saddle, 3 final structure, and A denotes side, and B side view.

the model.

Based on the DFT findings, we can infer that Cu (111) exhibits a
higher activity for CO5 reduction than TiO; in the ground state. TiO5 is
only useful for water splitting. Thus, we limit our microkinetic simula-
tions to the two Cuy/TiO- scenarios.

3.2.1. Cu/Rutile (110)

No significant formation of CO was observed on the pristine surfaces
(Cu (111), rutile and anatase), indicating their inability to effectively
photoreduce CO, under mild reaction conditions. On Cu/rutile (110),
we varied the feed ratio CO2:H20 namely from 1:20 to 10:1, while
keeping the other reaction parameters constant. The results indicate that
CO2 hydrogenation is not favorable and no COOH or Hj is formed,
whereas CO production is highly dependent on the feed composition. We
found that the optimal CO2:H0 feed ratio for CO production is 4:1. The
temporal evolution is shown in Fig. 6.

We see that H>O adsorbs and immediately dissociates to create OH
and O, while CO; only adsorbs to the surface. Then, the dissociation of
CO3 to form CO and O starts, with the hydrogen produced from water
splitting being utilized to generate OH. The dotted green line indicates
that CO desorbs from the surface. Our findings are consistent with the
study conducted by Liu et al. [68], where they investigated the impact of
Cu doping on TiO for the photocatalytic reduction of CO3 to CO and
methane. They reported CO as the primary product, and a small amount
of CH4 was also generated. Li et al. [69] found that Cu doped TiOy
catalysts over silica support produced mainly CO, while small amounts
of methane were also produced.

3.2.2. Cu/Anatase (101)

Contrary to the Cu/rutile (110) surface where CO was the major
product, we observed H to be the predominant product in this case. This
is consistent with the findings from the analysis of DFT data, where
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Fig. 6. The temporal evolution in the CO, photo-reduction on the Cu/rutile (110) surface with the species in the excited state.
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water splitting was found to be more favourable.

As shown in Figs. 7, HyO initially adsorbs and dissociates on the
surface, while CO, adsorbs briefly and desorbs due to a weaker
adsorption energy. This is attributed to the stronger adsorption energies
of OH and H relative to CO,. The adsorbed H then reacts to form Hj,
which subsequently desorbs and leaves more active sites available,
facilitating further water splitting. These results are consistent with the
experimental findings of Ola et al. [70], who investigated the use of Cu-
doped TiO, monoliths for CO, photoreduction. In their studies, the wt%
of anatase was 90 % or higher in all cases, indicating that it governs the
reaction. They found that Hy was the predominant product, with other
products such as methanol, ethanol, and acetaldehyde detected in
smaller quantities.

Lastly, we tested the effect of varying feed composition. Fig. 8 dis-
plays the calculated turnover frequencies (TOF) for CO production on
Cu/rutile (110) and H; production over Cu/anatase (101). The results
indicate that the maximum TOF for the ground state is about 10* times
smaller than that for the excited state. Fig. 8 further shows that the TOF
is highly dependent on the CO4 to H,O ratio. The partial pressure of H,O
was incremented in steps of 5 kPa, while the sum of p(H>0) and p(CO2)
remained constant at 1 bar.

At 20 % H50, the maximum TOF for Cu/rutile (110) is observed.
This can be attributed to the optimal amount of hydrogen present to
hydrogenate the produced oxygen from CO; dissociation, which facili-
tates CO desorption from the surface due to stronger OH adsorption.
However, a larger H,O ratio produces excessive OH from water splitting,
which poisons the catalyst. Cu/anatase (1 01) reaches its maximum TOF
at p(H20) of 30 kPa and the TOF remains unchanged despite an increase
in the partial pressure of H,O. This can be attributed to the poisoning of
the surface with OH group, which does not speed up the reaction at
higher pressures.

Our results indicate that Cu/rutile (110) favors CO production,
while Cu/anatase (1 01) primarily generates Hp, which agrees with prior
research. Altering the reaction feed has been demonstrated to have a
substantial effect on product distribution.
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Fig. 8. Turnover frequency (TOF) for CO (red) and H; (black) production over
Cu/rutile (110) and Cus-anatase (101) respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

4. Conclusion

The photocatalytic reduction of CO2 has recently generated
increased interest from academia as well as the industry due to its
prospects in tackling the climate crisis. Although there have been many
reports on CO5 photoreduction on different catalysts and their modifi-
cations, most of the work is experimental. Most of the theoretical studies
do not explicitly incorporate excited states, meaning that the process is
approximated as thermocatalytic rather than photocatalytic.

We explicitly considered the excited states during CO» photoreduc-
tion with the ASCF method. Due to Kasha’s rule, we only considered the
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Fig. 7. The temporal evolution in the CO5 photo-reduction on the Cu/anatase (101) surface with the species in the excited state.
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first excited state. For Cu (111), no differences were observed on ac-
count of its metallicity. Consequently, the rutile and anatase crystal
phases of TiOy were chosen as benchmark and the most researched
photocatalysts in the literature. We showed that photo-excitation has a
significant impact on the activation barriers, which can be significantly
reduced. Nevertheless the pristine facets are rather inactive for the COy
reduction. Lastly, we deposited four Cu atoms on the rutile (110) and
anatase (101) surfaces as a computationally tractable model of the Cu/
TiO, formulation.

On Cu (111), surface we can expect the direct dissociation of CO5 to
form CO and hydrogenation of CO5 under thermocatalytic conditions.
The relatively high CO adsorption energy might hints that it is unlikely
to desorb and indeed Cu is a well-known catalyst for the formation of
Co products. There is little change in its photocatalytic performance
due to the overlapping valence and conduction bands (no band gap).

On the other hand, pristine anatase (1 01) exhibits a high band gap of
2.36 eV. The ground state calculations reveal CO, would be reduced
through direct hydrogenation, but this is unlikely due to a high activa-
tion barrier. Inclusion of the excited states significantly reduces the
barriers. CO adsorption strength is rather weak, which is also the case for
pristine rutile (110) surface. A direct CO; dissociation is again impos-
sible due to unfavourable thermodynamics. The most likely reaction
pathway is the direct hydrogenation to HOCO, which then likely reacts
further towards methane or methanol. The reaction rates in all cases are
negligible.

Finally, we deposited four Cu atoms on rutile and anatase. Contrary
to pristine anatase (101) surface, the Cu/anatase (101) surface has
much lower activation energies in the ground state, where results sug-
gest that hydrogenation and dissociation of COy are almost equally
likely to happen. After the formation, HOCO can then react further or
dissociate to CO and OH. Inclusion of excited states furthermore reveals
that the activation barriers are further lowered. In the case of Cu/rutile
(110), it was found that in the ground state the direct dissociation of
COy, is likely the predominant pathway, whereas hydrogenation has a
higher barrier. Due to low adsorption energies of CO, it is also likely to
be the major product. The inclusion of excited states even further lowers
the Ea.

It should be noted that Cu-clusters on a TiO, surface introduce
cluster states in the band gap, which themselves do not significantly
influence it as shown in Fig. 2. This is expected as cluster states do not
have a sufficient cross section to influence an optical measurement but
they can function as recombination sites. Consequently, the photo-
excited electrons have substantial energy inside TiO2 but the overall
efficiency of the system can be lowered by the recombination sites.

Subsequently, a microkinetic model was constructed to investigate
the evolution of the participating species on all five photocatalytic sur-
faces. In the ground state, CO, reduction did not proceed at the mild
reaction conditions of 1 bar and 298 K, which was expected. However,
accounting for the excited states revealed that Cu/rutile (110) and Cu/
anatase (101) surfaces are active. The former was active for water
splitting, forming predominantely Hs, whereas Cu/anatase (101)
favored the production of CO. The results were found to agree with other
experimental studies, reinforcing the importance of including excited
states in DFT calculations and subsequent macro-scale models.

In this study, we have included the excited states in modelling the
reaction mechanism for photocatalytic CO; reduction to CO as a model
reaction. We have shown that this significantly changes the reaction
barriers, invalidating the common approach of including them only
when studying the catalyst properties. Despite simplifications and ap-
proximations, we have obtained results that match existing experi-
mental data. To the best of our knowledge, no other research has
implemented excited states on such a comprehensive level, leading to
the development of ground state versus excited state microkinetic
models. This approach has provided valuable insights into the signifi-
cance of incorporating excited states. The obtained results demonstrate
good agreement with experimental photoexcited studies, showcasing
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the applicability of this study beyond CO5 photo-reduction to other
desired species. Researchers can leverage these findings for a wide range
of applications.
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