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We present the first comprehensive investigation of transition metal-substituted Hydroxyapatite (TM-HAP)
materials for photocatalytic CO2 reduction (CO2RR). Density functional theory (DFT) was used to study in a
systematic manner the stability of 3d, 4d, 5d transition metal dopants on the HAP (0001) surface, analyzing their
stability, activity, and selectivity for photocatalytic CO2RR. DFT results allowed to narrow down the selection to

three transition metal elements (Co, Ni, Mo) based on their structural stability, band structure and performance.
A selective analysis of product formation for carbon monoxide and formate was made, showing that TM dopants
facilitate the initial protonation step in the CO, reduction by adsorbing Hy molecule on TM atoms and then
dissociating it into two hydrogen atoms. The performance of Ni- and Co-HAP towards the reaction activity is
consistent with experimental results. Mo-HAP stands as a new and attractive photocatalyst for further investi-
gation, given its excellent predicted performance.

1. Introduction

The global economy heavily relies on fossil fuels as a primary energy
source for power generation, transportation, and industry, resulting in
massive CO; and other greenhouse gases emissions that contribute to
climate change. Carbon capture, utilization, and storage (CCUS) tech-
nologies, aiming to capture, utilize or store COy from industrial pro-
cesses and power generation before releasing it into the atmosphere [1,
2] have been identified by the International Energy Agency as one of the
key technologies to decarbonize the society in the short-to-medium
term. Among the CO; utilization technologies, carbon dioxide reduc-
tion reaction (CO2RR) involves converting CO, into value-added prod-
ucts. This can be done by electrochemical processes (using electrical
energy for the chemical conversion) or by photocatalytic processes
(using semiconductors to absorb photons from light and generate
electron-hole pairs for initiating redox reactions). The main advantages
of photocatalytic CO2 conversion versus electrochemical conversion are
that it operates at ambient temperatures and pressures (instead of the
high-temperature and high-pressure requirements of some electro-
chemical processes) and photocatalyst can be designed with high effi-
ciency and tuning selectivity, making it a promising approach for
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converting solar energy into chemical fuels. Meanwhile, about 10% of
the solar energy received on 0.3% of the Earth’s surface would be
enough to fulfill the expected energy needs in 2050, if properly con-
verted [3]. This technology provides an alternative to traditional
petrochemical-based production, advancing a sustainable energy future
[4-7].

Recently, it has been identified by our research groups and others
that hydroxyapatite (HAP, Ca;p(PO4)¢(OH)3), a calcium hydrox-
yphosphate that constitutes about 70% of bone and teeth mass, can be a
promising photocatalyst for COoRR when properly doped with metal
cations [8,9]. The HAP matrix is a low cost material and presents
exceptional properties of water insolubility, thermal and chemical sta-
bility, easy preparation at large scale and highly functionalized surface
allowing multiple ion substitutions [10,11]. The flexibility of the HAP
structure enables functionalization and modulation of the acid-base sites
by substituting cations (such as transition metals) for Ca2+, and anions
(such as CO%’) for hydroxyl (OH™) or phosphate (PO?() basic sites [12].
Indeed, the hexagonal crystalline structure and amphoteric surface of
HAP possesses a specific affinity towards CO», even at room temperature
[13]. In fact, CO2RR intermediates can be conveniently stabilized and
coordinated on acidic and/or basic sites of HAP surface. However, some
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other studies have suggested a diverse possible pathway that CO5 can
interact with basic OH™ and 0% of PO3~ groups to form hydro-
genocarbonates (HCO3 *) and surface (POy)s-carbonate species, respec-
tively [14].

The presence of a proper band gap is crucial for photocatalytic ap-
plications [15]. Although stoichiometric defect-free HAP is generally
considered an insulator material with a reported band gap of around
3.95 eV [16], it has been demonstrated that HAP doping promotes new
intra-band states, allowing for a broader range of light absorption [17].
For example, Liu et al. [18] reported that Fe-HAP can be synthesized
facilely by a low cost ion-exchange method and exhibit promising
visible-light photocatalytic activity toward rhodamine B degradation,
showing the synthesized Fe-HAP material was quite stable after per-
forming for three times the photocatalytic reaction. It is important to
note that the effect of transition metal doping on the band gap depends
on various factors, such as the dopant and its concentration, as well as
the synthesis procedure. Moreover, HAP exhibits high surface area and
excellent stability even after calcination. The combination of cost ben-
efits, eco-friendliness, simple preparation, and reusability are huge ad-
vantages of this material for a large scale use [8,19].

Recently, transition metals (TM) have been extensively investigated
for COoRR [20-23] due to their high activity and selectivity in pro-
ducing hydrocarbons, alcohols, and other Cs products. As previously
reported, the nature of TMs doped on the HAP surface plays a critical
role in determining the catalytic activity and selectivity of the CO,RR
[13,24]. In situ Diffuse Reflectance Infrared Fourier Transform Spec-
troscopy (DRIFTS) measurements proved that surface hydroxyl (*OH)
and oxide (*O) of PO?{ groups from Ni-doped HAP are directly involved
in the interaction with chemisorbed CO,. The Ni° single atoms and/or
clusters can be responsible for CO formation while the Ni® nanoparticles
may be responsible for CH4 formation. Ni-HAP catalyst was also inves-
tigated in CO; reforming of CHy4 reaction under thermal treatment to
enhance the regeneration capacity of the deactivated catalyst [25].
Furthermore, Chong et al. [26] reported that HAP/TiO5 showed about
40 times enhancement in photocatalytic CO2 reduction with over 95%
selectivity towards CH4 compared to TiO,. The characterization results
showed the Lewis basic sites (*O in PO:O{’ groups) enhanced the
adsorption/activation of CO2, and Lewis acidic sites (Ca2+) facilitated
the adsorption/dissociation of H,0, respectively.

Hence, it is worthwhile to investigate doped HAP as a catalytic
platform for CO2RR, and particularly, to explore detailed reaction
mechanisms of CO2RR on HAP-based catalysts from atomistic simula-
tions, as a guide to design ad-hoc photocatalysts for this application.
Herein, we have employed density functional theory (DFT), for
screening a wide range of transition metal atoms in 3d, 4d, and 5d series
(i.e., Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn; Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd,
Ag, Cd; Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg), anchored on HAP with a single
Ca vacancy for their photocatalytic CO2RR performance, as shown in
Fig. 1. The formation energy of modified HAP surfaces is used to eval-
uate the thermodynamic stability of the structures. Then electronic
structures such as density of states (DOS) and band gap are checked for
favorable responses to visible light, high photo-induced electron-hole
separation efficiencies, and sufficient potentials for CO,RR. Moreover,
by analyzing the reaction energies and reaction pathways, DFT can
provide insights into the factors that affect C; product selectivity,
Hydrogen Evolution Reaction (HER) competition and guide the design
of more efficient photocatalysts for CO2 reduction.

2. Methodology

Computational screening using simple but thermochemically
reasonable descriptors is crucial for efficiently identifying suitable co-
catalyst among countless TM doping options for HAP. In this regard,
we have developed and applied a screening procedure to determine the
most appropriate TM dopants for the HAP, as explained next.

Spin-polarized density functional theory (DFT) calculations were
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Fig. 1. Side view of an optimized TM-HAP configuration and a schematic of the
top-down screening approach (including stability, band structure, activity and
selectivity screening) devised to screen promising TM-HAP catalysts for CO2RR.

carried out using the VASP (Vienna Ab initio Simulation Package,
version 6.2.0) software [27]. For structural optimizations, the
exchange-correlation interactions between electrons were described by
the generalized gradient approximation (GGA) with the Per-
dew—Burke—Ernzerof (PBE) [28] functional and
projector-augmented-wave (PAW) pseudopotentials [29]. However, to
account for the underestimation of band gaps by PBE methods, band
structures were calculated by using the Heyd-Scuseria-Ernzerhof
(HSEO06) [30] hybrid functional with the 25% Hartree-Fock exchange.
The long-range van der Waals (vdW) interactions were described using
DFT-D3 method with no damping [31]. A plane-wave basis set with an
energy cutoff of 500 eV was adopted and the electronic self-consistency
was converged to within 107> eV/atom. The ionic positions were opti-
mized until the residual force acting on each ion was below 0.02 eV/A.
The bulk of 1 x 1 x 1 unit cell and slabs of 1 x 1 unit cell with 7 layers
were selected for the calculations. The upper three layers underwent
relaxation while the bottom layers were constrained to bulk geometric
parameters in order to simulate a bulk environment. Monkhorst-Pack
k-point meshes of 3 x 3 x 1 were used for the TM-HAP slab systems,
respectively.

To efficiently identifying suitable co-catalyst among countless TM
doping options for HAP, we have developed and applied a top-down
screening procedure to determine the most appropriate TM dopants
for the HAP surface, as shown in Fig. 1. The process began with an ex-
amination of the structural stability of different TM-HAP surfaces,
assessed through the calculations of binding energies (Ep), cohesive
energies (E.), and formation energies (Ef). Subsequently, band gap was
introduced as a secondary descriptor to estimate the optical and elec-
tronic properties of each surface, thus enabling the identification of
potential candidates for photocatalytic CO2RR. Finally, the reaction
energies and reaction pathways were compared to evaluate catalytic
activity and selectivity. Using these criteria, transition metal dopants
fulfilling the screening criteria were identified as the most promising co-
catalysts for photocatalytic CO2RR.

The surface energy (y) is a critical property to be considered with
respect to the stability and reactivity of the studied HAP surfaces, which
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can be calculated as [32]:

Eryi_pap — mEp
— M-HAP T oulk 1
o (€)]

where Eqy_pap is the energy of the relaxed slab, Epyy is the energy of
bulk HAP per atom, m is the number of atoms in the surface slab, and A is
the area of one side of the slab.

Besides, the formation energy is the energy required to form a spe-
cific compound or material from its constituent elements in their stan-
dard states, which is related to the stability of a material or compound.
The formation energy of TM embedded in the defected HAP (AEy) is
calculated as follows [33]:

AE; = (Epy-map — @.Hey — boptp — Cfty — doptg —npipy) [(a+b+c+d+n)
(2)

where Erpy;_pap is the same as in Eq. (1), a, b, ¢, d and n are the number of
Ca, P, H, O and TM atoms in the system, respectively, and uare the
chemical potentials from their bulk structure. A more negative value of
E¢ indicates better thermodynamic stability.

The binding energy is the energy required to remove a single atom or
molecule from the surface of a material. It is often used to evaluate the
strength of the bond between an atom or molecule and a surface (a more
negative value indicates better binding) and predicts the reactivity of the
surface towards other atoms or molecules. The binding energy (Ep) of
TM atoms embedded in the defected HAP surface is calculated as follows
[34]:

Ey = Erv—nap — Egap —n.Ery 3

where n is the number of transition metal atoms, Ery_pap, Egap and Eqyy
denote the total energies of TM embedded HAP surface, defected HAP
surface and TM atoms, respectively.

The cohesive energies of bulk metal materials (E.) can be obtained by
[34]:

E. = (Ehulk - n~ETM)/n (C))

where the Epy is the energy of bulk metal and Ery is the energy of a
single metal atom.

The term band gap refers to the energy difference between the
highest energy level of the valence band and the lowest energy level of
the conduction band in the electronic band structure of a material. The
electronic band structure plays a crucial role in determining the elec-
trical and optical properties of materials, including their ability to
conduct electricity and their response to light. In CO2RR, the band
structure is studied as a descriptor for the ability of a photocatalyst to
generate electron-hole pairs upon light absorption, as well as its activity
in initiating CO3 reduction [35,36]. The band gap of a photocatalyst
determines the energy required to excite electrons from the valence
band to the conduction band, which initiates electron transfer and drives
the photocatalytic reaction [37,38]. Specifically, TM doping can intro-
duce new defect levels or modify the valence band and conduction band,
thereby altering the optical and electrical properties of the photo-
catalyst. When designing and optimizing photocatalysts, the impact of
TM doping on the band gap and band edge position should be considered
and investigated to achieve the desired catalytic performance, hence,
this descriptor is considered as part of the screening process developed
in this work.

The potential of the valence band (Eyg) and the bottom conduction
band (Ecg) are fundamental properties of a semiconductor photo-
catalyst. The E¢p and Eyp are estimated by [39,40]:

. 1
Ecg =E JF)(*EEK )

1
Eyp = Ecp +§Eg (6)
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where E°¢ is the energy of free electrons on the hydrogen scale (E¢
=—4.5¢eV),y is the Pearson absolute electronegativity of the semi-
conductor, and E, is the bandgap of the semiconductor. For example, for
a semiconductor ABy, y is calculated by:

2= (B x E})™ @)

where E¢  and E}, are the absolute electronegativity values of A and B,
respectively. The letters a and b indicating the stoichiometry of each
element A and B in the semiconductor A.By, respectively.

For the reactions involving the reduction of CO; to formate and CO,
the reaction energy (AEy.) are defined as [41]:

AE,.. = Eps — Eg (8)

where Eps, and Eg are the total energies of the final state and the
reactant in each elementary reaction, respectively. A negative value of
reaction energy corresponds to an exothermic reaction.

Furthermore, to investigate the competitive selectivity of generating
hydrogen gas for CO2RR progress, the Gibbs free energy for HER needs
to be analyzed and calculated as:

AGy = AEy + AEzpe — TAS 9

where AEy represents the adsorption energy of intermediates H for HER
(unfavorable site reaction of CO2RR), T denotes the temperature (set as
300 K), AEzpg and AS are the difference in zero-point energy (ZPE) and
the entropy between the adsorbates adsorbed state and gas phase,
respectively. Specifically, the adsorption energy of H adsorbate is
defined as:

AEy = Eny_pap+ir — Emy—nar — 1/2Ep, 10

where Ery_papin denotes the energy of TM-HAP with adsorbed
hydrogen atoms H* , and the Ejp, is the energy of Hy in the gas phase.

Additionally, the desorption ability of CO products on the surface,
can be obtained from their adsorption energy AEy as:

AE.; = Erv-nap+co — Erv—nap — Eco an

where Eqy_papico denotes the energy of TM-HAP with adsorbed
CO* molecules, and the Ecq is the energy of CO in the gas phase.

3. Results and discussion

Understanding the surface morphology of HAP crystals is essential
for developing new materials with enhanced catalytic properties [42]. In
this context, we first investigated different structural terminations of
HAP crystals to find out the most stable surfaces. To achieve this goal,
we employed DFT calculations to calculate the surface energies (see Eq.
1) of three low-index surfaces of HAP which has been reported in
literature [43,44], including (1010), (0110), (0001) with (1 x 1)
supercell size (shown in Fig. S1 in the SI). With the increase of surface
energy, the surface stability decreases [45]. Our results showed that
among the different terminations considered, the (0001) surface was the
most stable (surface energy of 0.124 eV/AZ), followed by the (1010) and
(0170) surfaces, with surface energies of 0.181 and 0.182 eV/AZ
respectively. It is observed that the surface energy of the (0001) surface
is significantly lower than that of the other surfaces, indicating that this
facet would be the most energetically favorable one to expose under
ambient conditions [46]. The high stability of this surface can be
attributed to the strong covalent bonding of PO4-Ca-PO4 within each
layer and the relatively weaker van der Waals interactions between
layers, which creates a delicate balance between the intra-layer and
inter-layer interactions and results in a mutually constrained structure
within the surface layers. Additionally, the exposed surface ions of the
(001) facet have the lowest coordination numbers compared to other
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facets, which further stabilizes this surface by reducing the energy
required to break surface bonds. By focusing on the most stable HAP
surfaces, one can gain a better understanding of how dopants may
interact with the HAP crystal, and how this interaction can be leveraged
to achieve desired electronic properties and catalytic performance. This
knowledge can be utilized to guide future studies on the substitution of
transition metal into the HAP structure.

3.1. Structural stability of the TM-HAP

Analyzing the dopant-host interaction through calculations of for-
mation energy, binding energy, and cohesive energy, as well as inves-
tigating the dopant’s proximity to neighboring atoms, can provide
valuable insights into the doping sites and configurations, guiding the
selection of promising co-catalysts for further screening. Hence, a
thorough investigation of the structural stability of TM dopants on HAP
was conducted by DFT to ensure adequate structural and chemical
stability.

Fig. 2 and Fig. S2 in the Sl illustrate the formation energies (E¢, Eq. 2)
of TM-HAP and binding energies (Ep, Eq. 3) of TM atoms bonded with
the HAP surface, respectively. A negative E¢ indicates that the synthesis
process of TM-HAP is exothermic and thermodynamically favorable.
Based on the results in Fig. 2, all the Ef of TM-HAP are negative, from
— 3.10 eV (Y-HAP) to — 3.00 eV (Os-HAP). Certain trends in the values
can be observed based on the location of the dopant element in the
periodic table. Generally, the formation energies and binding energies of
the dopants become less negative as the dopant moves from 3d to 5d
elements. This trend can be explained by the fact that moving from 3d to
5d elements, the atomic radius of the elements increases, while the
effective nuclear charge experienced by the valence electrons remains
nearly constant. As a result, the valence electrons in the 5d elements are
less strongly attracted to the nucleus and are more easily removed or
perturbed from their positions in the lattice, resulting in less stable

Journal of CO2 Utilization 80 (2024) 102692

dopants. However, the trend of the formation energy is not continuously
less negative across all 4d, and 5d elements, especially Os-HAP shows
the most positive Ey, revealing a potential difficulty to find an experi-
mentally synthesis route for this catalyst. It is also observed that mate-
rials incorporating 5d elements generally exhibit lower stability
compared to those with 3d and 4d metals. This distinction in stability
can be attributed to the shielding effect which diminishes the effective
nuclear charge. The outer shell electrons in 5d elements have reduced
effective nuclear charges with less tightly bound, leading to increased
instability in these TM-doped HAP materials. And there are several
factors that can contribute to the volcano trends for 4d and 5d elements,
where Ef increases rapidly from group 3 to 8 (Y to Ru in 4d and Hf to Os
in 5d). For example, the oxidation state of Yttrium typically shows a + 3
state, whereas Mo can exhibit multiple oxidation states (from +2 to +6),
which can lead to instability in the doped materials as the dopant atoms
can easily change their oxidation state, disrupting the electronic balance
within the host lattice. Also, the larger atomic size can cause a greater
lattice distortion when these atoms are introduced into the host mate-
rial, leading to structural instability. In the case of 10 to 12 columns
elements, especially Zn, Cd, Hg, the d-orbital is full with ten electrons
and shield the electrons present in the higher s-orbital, resulting in
increasing stability and more negative formation energy [47]. Addi-
tionally, the half-filled d-orbital elements, such as Os and Ir, have high
electron affinity and electronegativity in their + 2 oxidation state,
which results in a higher formation energy and less likely to substitute
for Ca®* in the lattice. Moreover, a smaller metallic radius of the dopant
ion relative to the host ion may lead to a lower stability due to the larger
lattice strain and charge transfer. Conversely, a larger metallic radius
may enhance the compatibility and homogeneity of the dopant in the
host lattice, as well as the dispersion and accessibility of the active sites.

Moreover, if the binding energy of a dopant is more negative than its
corresponding cohesive energy value as shown in Fig. 2, it suggests that
the dopant atoms are energetically favorable at the doping site and are
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likely to remain there under typical reaction conditions [48,49]. While a
more positive E, compared to E. implies a higher probability of transi-
tion metal aggregation and the formation of clusters on the support
surface [50]. These metal clusters could potentially obstruct the for-
mation of active sites, leading to a reduction in catalytic efficiency. As
we can see from Fig. 2, it is apparent that 7 TM (Ru, Rh, Os, Ir, Pt, Au,
and Hg) have their binding energy greater than cohesive energy (i.e.,
positive values), which contradicts the requirement for stable and uni-
form doping on the surface to act as active sites. This could be attributed
to the inherent properties of the later TMs in 4d and 5d. These metals
have high electron affinity and electronegativity with relatively large
atomic radii and limited d-orbital vacancies, which make them having a
higher tendency to cluster and agglomerate on the surface. Furthermore,
as inferred from Fig. S3 in the SI, where the bond length between TM
atom and the closest oxygen atom from the TM-HAP surface is depicted,
the later transition metals of the 4d and 5d series generally exhibit
longer bond lengths in the TM-HAP system, which is consistent with the
trend of atomic radii for transition metal elements, where smaller atomic
radii usually correspond to shorter bond lengths. Moreover, this obser-
vation is in line with the trend of binding energy, as transition metal
elements that exhibit shorter bond lengths and also tend to have higher
binding energy.

Overall, these 7 metals (Ru, Rh, Os, Ir, Pt, Au, and Hg) were found to
be relatively unstable and unsuitable for doping on the HAP surface, as
their binding energies exceed their cohesive energies. Hence, these
metals are excluded from further consideration, and we will focus on
exploring the band structure properties of the remaining potential metal
dopants.

3.2. Band structure of the TM-HAP

Since the standard Gibbs free energy of CO; formation is — 4.088 eV,
a significant amount of energy is needed to convert it into value-added
products. Efficient separation and transfer of the photogenerated charge
carriers to the particular catalytic active sites of the photocatalysts
triggers the redox reaction, resulting in chemical fuel [51]. Table S1 in
the SI shows a list of the standard reduction potentials (at 1 bar, 25 °C,
pH=0) for CO and HCOOH that involves the transfer of two electrons
[52]. For photocatalytic reduction of CO; in the presence of water, the
CB must be negatively paralleled to the reduction potential of COy
reduction to CO (—0.105 V vs. normal hydrogen electrode (NHE)) and
CO; reduction to HCOOH (—0.169 V vs. NHE) at pH = 0. In the case of
photo-assisted CO; reduction using TM doped-HAP, the reduction of
CO;, is facilitated by the presence of Hy. Whereas the top of the VB
should be positioned more positively than the oxidation potential of Hy
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(0V vs. NHE at pH 0). Additionally, the band gap width of semi-
conductors should be less than 3.0 eV (>400 nm) and greater than
1.23 eV (<1000 nm) to be utilized in the UV/visible region (i.e.,
wavelengths from ca. 380 to 750 nanometers).

Therefore, the calculated bandgap and band edge position of TM-
HAP were compared with pristine HAP surface and results are pre-
sented in Fig. S4 in the SI and Fig. 3, respectively. It is observed that
most of TM dopants generate impurity states near the Fermi level and
reduce the band gap of the catalyst, leading to improved absorption of
visible light, electron transfer and photocatalytic activity. However,
doping with Mn and Fe results in an increased band gap, so it requires
higher energy photons to be excited and reduces absorption ability to-
wards visible light. As inferred from Fig. 3, the valence band edge (blue
line in the figure) is more positive than the oxidation potential of Hy/H™,
and the conduction band edge of pristine HAP surface has a lower energy
potential compared to the reduction potential of CO2/COOH or CO5/CO.
However, the band gap of HAP is larger than 3 eV, which indicates that
CO2RR cannot occur under visible light at the pristine HAP surface. Most
of the TM dopants have a very narrow band gap (e.g., Sc, Cu, Y, Zr, Ag
and Hf), which means it is very easy to excite an electron from the
ground state into an excited state under light irradiation. However, these
extremely small energy gap prevents them from straddling the reduction
potential conditions for COoRR. Only Co, Ni, Mo, and Tc dopants, as
highlighted in Fig. 3, exhibit suitable band gap and positions of CB and
VB for utilization in the CO2RR process. Furthermore, these TM dopants
lower the reduction potential compared to pristine: electrons can
transfer from HAP to TM dopants, then creating an electron reservoir to
effectively trap electrons from the CB of HAP, which promotes electron
extraction and slows the recombination of electron-hole pairs. Finally,
Zn doping does not significantly narrow the band gap as well.

The Partial Density of States (PDOS) were calculated to gain a
comprehensive understanding of how Zn, Mn and Fe dopants impact the
band gap of HAP. It can be clearly observed in Fig. 4 that the Zn doping
in HAP does not cause the formation of new energy levels within the
forbidden gap, with the most prominent peaks observed in the energy
range of — 6 to — 10 eV. This explains why there is no notable reduction
in the band gap of HAP with Zn doping. Similarly, the DOS analysis in
Fig. 4 indicates that Mn and Fe doping in HAP do not enhanced impurity
states within the forbidden band, meanwhile, they slightly shift the
energies of the valence band and conduction band, leading to an in-
crease in the band gap.

We further applied PDOS analysis (see Fig. 5) on the four best po-
tential candidates, Co, Ni, Mo, and Tc, and compared them with the
pristine HAP surface to reveal the distribution changes of electron
density at different energy levels. The asymmetric distribution of
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electron density in spin-up and spin-down electronic states in TM-HAP
indicates the presence of spin polarization, which refers to the pres-
ence of unpaired electrons with different spin orientations in the ma-
terial. In addition, PDOS of TM-HAP reveals a substantial occupancy of
spin-down or spin-up for TM d-orbitals (with high density of states) in
the energy range of 2-4 eV. This suggests that TM dopants create a
higher concentration of electrons near the Fermi energy and an activa-
tion energy region to faster the electron migration. Furthermore, in the
energy range of — 1-0 eV, the p-orbitals of oxygen atoms exhibit shifts in
energy levels and changes in peak intensities, which indicates the
existing of electron transfer between the oxygen atoms and results in the
formation of ionic or metallic bonds. Based on the electronegativity
values of these elements, Mo has the highest electronegativity, as re-
flected by higher peak intensities near fermi energy in the PDOS.
Conversely, Co has the lowest electronegativity, as reflected by lower
PDOS peak intensities at lower energy levels.

Overall, the presence of Co, Ni, Mo, and Tc dopants in HAP material
facilitates the migration of electrons, resulting in a narrower band gap
with proper band edge position and enhanced electron transport. Hence,
in the following sections we present and discuss results concerning their
catalytic activity and selectivity towards CO, HCOOH, and their reduc-
tion intermediates.

3.3. CO and HCOOH formation and selectivity

The photocatalytic conversion of CO5 *” species has been proposed to
occur through two possible pathways in the literature [53,54]. The first
pathway involves the carbon atom in CO, *" binding with a hydrogen
atom and followed by accepting an electron to form HCOO* (or
COOH*). The second pathway involves a hydrogen atom attacking one
oxygen atom in CO3 *” to form a carboxyl radical (*COOH), followed by
accepting an electron to form adsorbed carbon monoxide (CO*). CO is a
valuable precursor for the further synthesis of various chemicals, such as

methanol, acetic acid, and higher hydrocarbons, such as CH30 or
CH30H, or the adsorbed CH,4 [55,56]. Formic acid (HCOOH) has also
gained significant attention as a renewable energy carrier due to its
potential use as a high-density liquid hydrogen storage medium or as a
source of hydrogen for fuel cells [57,58]. The corresponding pathways
of CO and HCOOH production are as follows:

CO, + * — COy* a2)
COy* + H + ¢ - COOH* or COy* + H™ + ¢ — HCOO* 13)
COOH* + H' + ¢ = CO* + H,0 or HCOO* + H' + ¢ - HCOOH*(14)
CO* — CO + * or HCOOH* — HCOOH + * (15)

where the asterisk (*) denotes that the species is in an intermediate state
or adsorbed on a surface.

Therefore, understanding the formation and selectivity of carbon
monoxide and formic acid is crucial for elucidating the mechanisms of
CO9RR because these are important building blocks for the production
of value-added chemicals and fuels from CO5 [59-61]. Fig. 6 illustrates
the distinct reaction pathways and reaction energies for the generation
of CO and HCOOH, the corresponding structures are shown in Table 1.
The selectivity of CO formation over HCOOH formation among these 4
TM dopants (Co, Ni, Mo, and Tc) can be deduced from the changes in the
reaction energy. The positive reaction energies for HCOOH formation
indicate that generating HCOOH is thermodynamically unfavorable and
endothermic, compared to CO formation. This could be due to the nature
of the dopant atoms and their interactions with the CO3 molecule, which
may favor the formation of CO over HCOOH. But the selectivity and
energy change trends in the formation of CO and HCOOH may vary
depending on factors such as reaction conditions, and chemical envi-
ronment. Further research and in-depth analysis are needed to fully
understand the specific reaction mechanisms and energy changes under
different experimental conditions and catalyst properties.
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Comparing the reaction energies of generating CO in Fig. 6, it ap-
pears that Mo and Tc dopants may be more effective in facilitating the
exothermic reduction of CO, to CO compared to Co and Ni dopants, as
they exhibit more negative reaction energies and lower energy barriers,
which typically correlate with higher catalytic activity. As presented in

Journal of CO2 Utilization 80 (2024) 102692

Table 1, the Mo catalyst has a significant role in cleaving the CO3 bond to
form CO molecules. The formation of CO already starts during the
adsorption step of CO5 without requiring additional dissociation steps,
which may imply that Mo catalyst exhibits higher catalytic activity and
selectivity in CO, reduction reactions. The adsorption of CO on the Mo-
HAP surface with a bond length of 1.83 A is significantly shorter than
other surfaces, and according to the adsorption energy data in Table S3
in the SI, it can be observed that the adsorption energies of CO on Mo
and Co doped HAP are relatively higher than other systems with a value
of — 1.84 eV and — 1.64 eV, respectively. It suggests that the adsorption
of CO on the Mo-HAP surface is relatively stronger, restricting the
desorption of CO from the surface. For photocatalytic reactions,
desorption can potentially affect the catalytic efficiency of the photo-
catalyst because the reactant molecules or intermediates leaving the
surface may be re-excited by photons and re-adsorbed onto the catalyst
surface, which can affect the reaction rate. Thus, while Mo and Tc
exhibit strong selectivity towards CO, their difficulty in desorption may
hinder their catalytic efficiency.

According to the structural data in Table 1, it is worth noting that the
elongation of the H-H bond length from 0.737 A (the bond length for
isolated molecular hydrogen) to 0.80 A when H, adsorbs onto the TM
site indicates that there is weakening of the H-H bond upon adsorption.
This suggests that the TM site plays an important role in weakening the
H-H bond and providing protons for subsequent reactions. Moreover,
when COOH* adsorbs on the surfaces of these TM-HAP catalysts, the
bond length between C and TM is always shorter than the bond length
between O and TV, indicating that COOH* primarily adsorbs on the TM-
HAP surface through the C atom, which may enhance the selectivity
towards CO production. These favorable surface properties and struc-
tures of TM-HAP catalysts are beneficial for their higher catalytic ac-
tivity and selectivity in promoting CO formation in CO2 reduction
reactions.

Based on the limited reports available in the literature about the
effect of phosphate groups on CO, reduction mechanisms [10,13], it is
plausible to assume that TM atoms promote the formation of H* species
as Hy molecule tends to preferentially adsorb and dissociate into two
hydrogen atoms on TMs, providing a proton to gaseous CO, that has
chemisorbed with HAP surface or TM atoms. The CO5 molecule chem-
isorbed on the surface further react with the decomposed H atoms to
produce HCOO* and COOH* , thereby this first proton transfer process
will facilitate the formation of intermediate species in the subsequent
steps of the reaction [13].

Apart from the catalytic activity and selectivity, the hydrogen evo-
lution reaction (HER) -an unwanted side reaction- should be considered
[62,63]. Reduction of protons to form hydrogen gas (2 H" + 2e” — Hy) is
a competing process for the reduction of COy * (CO2RR) (Egs. 13 and
14). According to the Sabatier principle [64], the active site with a AGy
closest to zero demonstrates the best Hy evolution performance in
electrocatalysis applications, and this is also applicable to the photo-
catalytic Hy evolution [65]. Although there are some contradictions in
the literature, however, there is still a strong consensus that the active
hydrogens have AGy closest to zero. Because a higher positive value of
AGy indicates a stronger resistance for the reactant adsorption and
chemical reduction reaction; conversely, a more negative value of AGy
denotes that detaching protons or desorption Hy gas from the catalyst
surface will become more difficult. A lower |AGy|) allows for efficient
adsorption and release of hydrogen gas at an appropriate level. In Fig. 7,
it is shown that the optimal adsorption site is the Tc atom with the HER
free energy of — 0.14 eV (close to zero), indicating that the HER side
reaction is easy. However, the HER side reaction can be suppressed by
adjusting CO partial pressure and the proton concentration [55].
Overall, considering the competitive selectivity of the HER, we nar-
rowed our search for dopants down to 3 TMs (Mo, Ni, Co) from the initial
set of 29 TMs, which are expected to improve the photocatalytic per-
formance of HAP and increase the production of CO.

In Fig. S5, we compared the calculated energy profile for CO,
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Table 1
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The side view of the most stable configurations for species adsorption on TM-HAP after geometry optimization. Color scheme is the same as in Fig. 1. The distances (A)
marked on the diagram indicate the distances between the adsorbed molecules and the nearest neighbor atoms on the surface.
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Fig. 7. Energy profile for the HER on the 4 selected TM-doped HAP.

reduction to CO in this work, with published studies in the literature
including different catalysts. From the reaction energy changes, it can be
observed that the proposed catalysts of this work exhibited relatively
high selectivity towards CO. This may be attributed to the presence of
Lewis basic and acidic sites on the TM-HAP surface, which can facilitate
the adsorption and activation of CO3 and HO, respectively. To further
validate these findings, we searched for available experimental studies
of HAP doped with Mo, Ni, and Co for CO2RR applications. It was found
that Ni-doped HAP catalysts have been studied for thermal CO,RR since
nickel-based catalysts has high CH4 selectivity and lower cost as
compared to noble metal such as Ru and Rh [13]. In addition, Boukhan
et al. [66] reported that Ni2" ions exchanged with Ca?" ions of HAP
framework at nickel loadings below 1 wt% Ni, validating the rationality
of the proposed DFT structure to be synthesized experimentally. The
observed activity was close to the thermodynamic equilibrium (78%),
which was attributed to the aptitude to chemisorb CO3 on phosphate
(PO37) site from FTIR spectroscopy, as well as the catalytic features of
the supported nickel. Similarly, we recently synthesized a series of
Co-doped HAP catalysts [8] and found that at low Co loading, Ca cations

in HAP are partially substituted, while higher loadings result in the
precipitation of small Co nanoparticles on the HAP surface. The CO
production rate increased exponentially with temperature; the 15 mol%
Co/Ca catalyst exhibited a highest CO production rate of
62 mmol-g~-h™! under sun illumination and at 400°C for 90 h, the
material maintaining its stability for 90 h operation under continuous
flow. Operando Raman measurements and DFT results show that Hj
preferentially adsorbs to metallic Co, while CO, adsorbs to the HAP
surface oxygen. Therefore, the DFT calculations presented in this work
are in good agreement with these experimental findings, validating the
approach. Notably, Mo-doped HAP has not been specifically studied in
the literature for photocatalytic CO2RR application, and hence a direct
comparison is not possible. However, it has been used for other appli-
cations. For instance, Thrane et al. [67] have investigated the use of
MoOs (5 to 20 wt%) supported on HAP as catalysts for selective oxida-
tion of methanol to formaldehyde. Compared to the industrial iron
molybdate catalyst, the HAP supported MoOs exhibited higher activity
and selectivity with slower deactivation rate. Moreover, reducible ox-
ides such as cerium oxide (CeO5) [68,69] and titanium oxide (TiO3) [70,
71] are active catalyst support for photocatalytic COo,RR. However, the
price of TiO is around the range of $6.5 - $15 per kg, while the price
range for CeO- is around $2.00 - $8.00 per kg. In comparison, the cost of
producing modified HAP in industrial quantities can be as low as $1 per
kilogram, making it a highly cost-effective alternative [9]. Hence, using
HAP as a great alternative, cheap and sustainable support for photo-
catalytic applications.

4. Conclusions

DFT calculations were used to investigate the structural stability and
electronic properties of TM-doped catalysts for CO5 reduction, as a
screening procedure to search for optimal and low-cost materials for
photocatalytic CO2RR process. A total of 29 TM dopants, from 3d to 5d
series, were initially selected for the screening. Based on the stability
criteria, 7 elements (i.e., Ru, Rh, Os, Ir, Pt, Au, and Hg) were identified to
be difficult to uniformly embedded TMs into the HAP surface as active
sites and were left out for further screening. Furthermore, we analyzed
the electronic structures of the TM-doped systems and identified the
changes in the electronic properties of HAP induced by the dopant ele-
ments. With respect to the order of TM dopant from 3d to 5d series, the
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TM dopants significantly reduce the electronic structure of the surface,
which indicates that it is much easier to excite an electron from the
bound state into a free state. From these electronic properties, we
identified Co, Ni, Mo, and Tc dopants as promising photocatalysts for
CO; reduction. To study the selectivity and activity of these 4 elements,
DFT calculations were performed to explore the energy profiles and
reaction pathways for CO, reduction. Results indicate that these ele-
ments have distinctive reaction mechanisms and products’ selectivity
for carbon monoxide and formic acid. Among these four transition
metals, it was found that Tc is not suitable for the CO2RR process due to
its strong HER competitiveness during the reaction. Hence, the sys-
tematic screening procedure highlights Co, Ni and Mo dopants as
excellent TM-HAP photocatalysts to be experimentally explored for the
conversion COa.
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