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A B S T R A C T   

The rational design and in deep understanding of efficient, affordable and stable materials to promote the light- 
assisted production of fuels and commodity chemicals is very appealing for energy crisis and climate change 
amelioration. Herein, we have prepared a series of Co-doped hydroxyapatite (HAP) catalysts with different Co 
content. The materials structure has been widely investigated by XRD, FT-IR, HRTEM, XPS, XAS, as well as 
computational simulations based on Density Functional Theory (DFT) with PBE functional. At low Co loading, 
there is a partial substitution of Ca cations in the HAP structure, while higher loadings promote the precipitation 
of small (~ 2 nm) Co nanoparticles on the HAP surface. For the optimal Co content, a constant CO rate of 62 
mmol⋅g− 1⋅h− 1 at 1 sun illumination and 400 ◦C, with the material being stable for 90 h. Visible and NIR photons 
have been determined responsible of the light-assisted activity enhanced. Mechanistic studies based on both 
experimental and DFT simulations show that H2 preferentially adsorbs to metallic Co, while CO2 adsorbs to the 
HAP surface oxygen. Moreover, both direct photo- and plasmon-driven contributions have been separated in 
order to study their mechanisms independently.   

1. Introduction 

Photocatalytic reduction of abundant resources, such as H2O, N2 or 
CO2 has been proposed as an attractive approach for the environmen
tally friendly and sustainable production of high added-value fuels and 
chemicals.[1–5] Unlike other chemical processes, photocatalysis can 
directly utilize natural sunlight as a driving force to perform the 
chemical transformations without the need for prior light-to-electricity 
conversion by means of photovoltaic devices or wind turbines [6–8]. 

Photochemical solar fuel production is currently limited by the low 
light-to-chemical efficiency and the fact that in semiconductor-based 
photocatalysts[9] light harvesting is usually limited to UV and visible 
blue light.[1] In the semiconducting photocatalyst, photons with energy 
equal to or greater than the semiconductor band gap are converted into 
electron/hole pairs, the bottlenecks being to increase the efficiency of 
charge separation and to slow down the recombination kinetics to give 

change for electron transfer with substrates adsorbed on the particle 
surface. 

As an alternative mechanism to the classical photoinduced charge 
separation in semiconductors,[10,11] photons from the visible and near 
infrared (NIR) region can interact with metal nanoparticles supported 
on thermally insulating materials[12] by the localized metal surface 
plasmon resonance (LSPR). In this pathway, photon absorption in
creases the catalytic conversion rates at the metal nanoparticle by the 
localized heating due to thermalization of the photon energy and gen
eration of “hot carriers” that influence the electronic structure of the 
species involved in the reaction.[13–15] For example, Feng et al. re
ported a plasmonic structure of porous silica needles containing Co 
nanoparticles.[16] This photocatalyst absorbs light over the entire solar 
spectrum and promotes efficient photothermal of CO2 to CO and CH4 
with a conversion rate of 0.61 mol⋅g− 1⋅h− 1 without external heating 
under 20 Suns of illumination. Alternatively, Guo et al. developed a 
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Cu-substituted hydroxyapatite (HAP) catalyst that exhibited very high 
activity in the reverse water gas shift (RWGS) reaction,[17] with a CO 
production rate of 0.9 mmol⋅g− 1⋅h− 1 under 40 suns light irradiation and 
without external heating. 

In fact, HAP (Ca10(PO4)6(OH)2) is a well-known structure that can be 
found in nature as minerals or in bones and animal teeth. These mate
rials can be easily prepared in large-scale from abundant raw materials, 
[16] allowing a large number of partial cation substitutions due to their 
high stability and structural flexibility.[18] Thus, Ca ions can be 
partially replaced by various divalent cations, such as Sr2+, Ba2+, Zn2+, 
Cu2+, or Co2+. Moreover, they are thermally isolating materials, which 
make HAP very promising candidates as photothermal catalysts. 

Herein, we have prepared a series of Co-doped HAP photocatalysts 
with increasing Co content for the selective gas-phase continuous flow 
CO2 hydrogenation. CoHAP is a highly active and CO-selective photo
thermal CO2 hydrogenation catalyst when exposed to 1 sun and 
controlled external heating. Mechanistically, we have isolated both 
direct photo- and plasmon-driven mechanisms in order to study them 
separately. Moreover, it has been revealed that the mechanisms occur 
depending on the Co doping level, reaching a maximum CO rate of 62 
mmol⋅g− 1⋅h− 1 at 1 sun illumination and 400 ◦C, with the material being 
stable for 90 h operation under continuous flow. These results pave the 
way for the design of efficient, affordable and stable materials to pro
mote the light-assisted production of fuels and commodity chemicals. 

2. Experimental section 

2.1. Materials preparation 

The synthesis of CoxHAP catalysts followed a coprecipitation route as 
previously reported.[17] In a general procedure, the Ca(NO3)2 and Co 
(NO3)2 salts, with a Co to Ca atomic ratio equal to x% were solubilized in 
100 mL of Milli-Q water. The pH of this solution was then adjusted to 
10–11 by dropwise addition of an ammonium hydroxide solution. Then, 
100 mL of a previously prepared phosphate solution (0.4 wt%) con
taining a stoichiometric amount of phosphate with respect to the total 
cations was added dropwise with vigorous stirring. The resulting sus
pension was then heated to 90 ◦C and stirred continuously for another 2 
h, after which both heating and stirring were stopped. The solid was 
aged overnight, filtered, and dried in an electric oven at 100 ◦C. The 
prepared solid was then ground to a fine powder and calcined at 500 ◦C 
for 5 h at a heating rate of 2 ◦C/min, unless otherwise specified. 

2.2. Characterization 

Powder X-ray diffraction (PXRD) patterns were recorded on a Shi
madzu XRD-7000 diffractometer by using Cu κα radiation (λ = 1.5418 
Å), operating at 40 kV and 40 mA at a scan rate of 10◦ per min in the 
2–90◦ 2θ range. Transmission electron microscopy (TEM) images were 
obtained using a Philips CM300 FEG microscope operating at 200 kV, 
coupled with an X-Max 80 energy dispersive X-ray (EDX) detector 
(Oxford instruments). The microscope is equipped with the STEM unit, 
the dark-field and high-angle field (HAADF) image detectors. The SEM 
images were collected with a JEOL JSM 6300 instrument equipped with 
an Oxford Instruments X-MAX detector. Co and Ca contents were 
determined by inductively coupled plasma-optical emission spectro
photometry (ICP-OES, Varian 715-ES, CA, USA). Diffuse reflectance UV/ 
Vis spectra (DRS) in the 200–2000 nm range were collected in a Varian 
Cary 5000 spectrophotometer. X-ray photoelectron spectra (XPS) were 
measured on a SPECS spectrometer equipped with a Phoibos 150 MCD-9 
detector using a nonmonochromatic X-ray source (Al) operating at 200 
W. Samples for XPS were activated in-situ at 400 ◦C for 2 h in a pre- 
chamber under at 1 × 10− 9 mbar prior to measurement. Fitting of the 
experimental data to individual components was calculated from the 
area of the corresponding peaks after nonlinear background subtraction 
of the Shirley type. Atomic ratios of the different elements were 

determined from the areas of the corresponding XPS peaks, corrected by 
the response factor of the spectrometer. The in-situ FTIR spectra were 
collected with a Bruker “Vertex 70′′ and a Thermo Nicolet 8700 spec
trophotometer equipped with a DTGS detector (4 cm–1 resolution, 32 
scans). An IR cell allowing in situ treatments under controlled atmo
sphere and temperature from 25 to 500 ºC was connected to a vacuum 
system with gas dosing device. Self-supporting pellets (approximately 
10 mg cm–2) were prepared from the sample powders by compaction 
and treated in a hydrogen stream (30 mL min− 1) at 400 ºC for 2 h before 
testing. In-situ Raman spectra were obtained using a Renishaw “in Via” 
spectrophotometer equipped with an Olympus optical microscope. 
Samples were pretreated with H2 at 400 ◦C for in-situ activation prior to 
spectrum collection. The H2 desorption was monitored with a thermal 
conductivity detector (TCD) and a mass spectrometer following the 
characteristic mass of H2 at 15 a.m.u. The CO2 adsorption isotherms in 
the low-pressure range were measured in a Micromeritics ASAP 2010 
instrument using ~200 mg of catalyst placed on a sample holder, which 
was then immersed in a liquid circulation thermostatic bath for precise 
temperature control. Prior to each measurement, the sample was treated 
overnight at 350 ◦C under vacuum and then measured at 0 ◦C. 

The Co and Ca K-edge absorption spectra were collected at room 
temperature at the CLAESS beamline of the ALBA synchrotron.[19] The 
beam was monochromatized by means of a Si(111) double crystal 
monochromator, while the higher harmonics were rejected by choosing 
the correct angle and coating of the collimating and focusing mirrors. 
Data analysis was performed according to standard procedure using the 
Demeter XAS package[20]. The Fourier Transforms (FTs) of the Co and 
Ca K-edge EXAFS oscillations were extracted in the k-range of 2.43 − 9 
Å− 1 and the R-range between 1.3 and 23 Å with a Hanning window 
function. The available k ranges do not allow for modeling due to the 
correlations existing between the parameters. While quantification is 
not available, the data allow for a qualitative comparison as commented 
below. 

2.3. Photo-assisted CO2 hydrogenation 

The photo-assisted CO2 hydrogenation reactions were carried out in 
a customized glass flow reactor, as previously reported by our group. 
[21] Specifically, the reactor is wrapped with a heating ribbon and the 
temperature is controlled by a K-type thermocouple measuring the 
temperature of the catalyst surface. The catalyst surface is irradiated by 
a light beam introduced through a quartz optical fiber. In a typical test, 
100 mg of catalyst was loaded onto the porous frit bed of the flow 
reactor and activated in-situ at 400 ◦C for 2 h. The feeding gas of CO2 and 
H2 was then introduced from the bottom of the reactor and flowed 
through the illuminated photocatalyst bed. The products were analyzed 
online using Varian gas chromatography (TCD detector and 
Carboxen®− 1010 PLOT Capillary GC Column, L × I.D. 30 m × 0.53 mm, 
average thickness 30 µm). 

3. Results and discussion 

3.1. Materials preparation and characterization 

Co-doped HAP (CoxHAP) samples with different Co/Ca ratios (5, 10, 
15 and 20 mol%) were prepared according to the synthetic procedure 
described in detail in the Experimental Section and illustrated in Scheme 
1. For comparison purposes, HAP without Co was also prepared using an 
identical procedure. The final Co content in the CoxHAP samples was 
determined by ICP-OES, resulting in a Co loading in CoxHAP (x ∈ {5, 10, 
15, 20}) of 3.46, 5.88, 8.75 and 11.38 wt%, respectively. 

XRD patterns confirmed the successful formation of HAP with hex
agonal structure (JCPDS No. 09–0432, Fig. S1 in Supporting Informa
tion). The experimental as well as the simulated (Fig. S2) XRD of 
Co5HAP and Co10HAP show very similar patterns to HAP, although the 
diffraction peaks become broader, indicating lower crystallinity. Higher 
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Co loadings, as in Co15HAP and Co20HAP samples, resulted in the 
disappearance of the HAP diffraction peaks (Fig. S1). These XRD data 
suggest that at low Co/Ca ratios, Co can be incorporated into the HAP 
structure with some distortion of the crystal lattice as a consequence of 
the ionic radius difference between Ca2+ and Co2+,[18] while further Co 
addition promotes phase segregation with a lack of crystallinity. 

Despite the significant structural changes upon Co loading, the BET 
surface area and the average pore size of the CoxHAP samples, deter
mined by isothermal N2 adsorption-desorption measurements, remain 
very similar (see Fig. S3 and Table S1). The large surface area values of 
these CoxHAP samples are due to the reticular structure, as confirmed by 
HR-FESEM (Fig. S4). Furthermore, elemental mapping from a selected 
HR-FESEM image shows that Co is homogeneously distributed 
throughout the whole particle (Fig. S5). 

Besides XRD, the changes in the HAP structure upon Co2+ loading 
can also be observed by Fourier-transformed infrared spectroscopy 
(FT–IR) (Fig. S6). The FT–IR spectrum of HAP shows the typical asym
metric stretching and bending modes of PO4

3- groups in the range of 
951–1124 cm− 1 and 529–611 cm− 1, respectively,[22] and the charac
teristic -OH vibrational bands at ~3563 (νOH) and 630 cm− 1 (δOH).[23] 
Upon Co+2 loading, the bands of both vibrational and bending modes of 
PO4

3- gradually become broader, reflecting the distortion of the PO4
3- 

configuration, probably due to the replacement of Ca2+ by Co2+ ions. In 
addition, the loss of the -OH signal and the appearance of an HPO4

2- band 
at ~2924 cm− 1 suggest a cationic deficiency in the structure. 

The catalyst structure was further investigated using computational 
simulations based on Density Functional Theory (DFT) with PBE func
tional.[24] Co-doped HAP was modeled as (0001) surface slab of HAP, 

Scheme 1. CoxHAP preparation procedure including precursor precipitation (1) and subsequent calcination (2). Color code O: red, Co: purple, Ca: green, P: orange 
and H: white. 

Fig. 1. XANES Co K-edge spectra (a) and their first derivatives (inset) as well as the corresponding Fourier transforms (b) of the different CoxHAP samples studied. 
XANES Ca K-edge spectra (c) and their first derivatives (inset) as well as the corresponding Fourier transforms (d) of the different CoxHAP samples studied. 
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[25,26] with one calcium atom substituted by cobalt (Fig. S7a). The 
doping site was determined to segregate toward the surface by 
comparing the relative energies of substitution of calcium ions by cobalt 
at different positions (Fig. S8). Metallic cobalt, as in the nanoparticles 
(vide infra) was modeled as the lowest-energy (0001) facet of hcp–Co 
(Fig. S7b). Optimized structures were in good agreement with the 
experimental measurements and were subsequently used to elucidate 
the reaction mechanism. 

In order to further investigate the bulk structural characteristics in 
CoxHAP samples, X-ray absorption spectroscopy (XAS) measurements 
were performed for CaHAP, Co5HAP and Co15HAP (Fig. 1). The XANES 
Co K-edge spectra of CoxHAP samples and Co2+ references (CoO, Co 
(OH)2, Co3O4) and their corresponding first derivatives are shown in 
Fig. 1a. The common rising edge at around 7716 eV indicates a Co 
oxidation state close to 2 + , which is consistent with the most stable 
DFT-obtained magnetic moments for the Co atoms of 3 μB (high-spin d7) 
and 1 μB (low-spin d7).[16] However, some differences in the rising 
edges can be observed at higher energies due to the different Co local 
environment. The rising edge of Co15HAP samples is shifted to lower 
energy with respect to Co(OH)2 and Co3O4 references, which is consis
tent with a lower oxidation state of Co or an elongated Co–O local bond. 
In addition, Co5HAP shows a shift in spectral weight from lower 
(7716 eV) to higher (7721 eV) energies, indicating structural changes 
with increasing Co incorporation. The global Co K-edge XANES shape is 
compatible with the Co per Ca replacement due to its similarity to the Ca 
K-edge XANES shown in Fig. 1c. The slight increase in spectral weight 
around 7727 eV for the highest Co content could be compatible with the 
presence of Co2O3 impurities. 

It is also worth noticing that the Co k-edge pre-peak intensity slightly 
decreases for the Co5HAP sample (see Fig. S9 a), in agreement with the 
expansion of the first shell (Fig. S9 c), which corresponds to a reduced 
hybridization between the Co 3d and the ligand p states. The filling of 
the gap between the Co K-edge pre-peak and the rising edge (around 
7711 eV) after the reaction (green curve) could correspond to intra-site 
excitation, as reported earlier.[27] The Co k-edge pre-peak shifts toward 
higher energy in the Co5HAP is compatible with a different 3d levels 
configurations, which could depend from a change in the oxidation 
state, local magnetic moment, or local geometry. The shift of the rising 
edge inflection points toward higher energies (Fig. S9 b) could support a 
slight global increase in the cobalt oxidation state for the Co5HAP once 
compared with the Co15HAP sample. 

The Fourier Transforms of the measured (Fig. 1b) and simulated 
(Fig. S10) EXAFS Co-K edge show a broad first shell peak (Co–O ~ 1.5 Å) 
and a strong damping of the more distant contributions. Co15HAP 
samples appear to have a contracted first shell (smaller Co–O distance). 
It is known from the literature that the replacement of Ca by ions with 
smaller ionic radius provokes a decrease in cell volume due to the 
smaller ionic radius and the more electronegative character of Co2+

compared to Ca2+,[18,28–30] while the incorporation of 3d-metal ions 
into the hexagonal channel of the apatite structure causes instead the 
expansion of the unit cell.[31,32] Therefore, the contraction of the Co–O 
first shell at low cobalt content in the structure suggests that when the 
content is low Co ions are incorporated into the hexagonal channel of 
the structure replacing some Ca positions, resulting in a unit cell 
contraction. The unit cell contraction of 1% (along the b direction) was 
also predicted by the DFT simulations (Table S2). 

On the other hand, the FT signal corresponding to the second shell 
(Co–P ~ 2.3 Å) decreases in intensity with increasing the Co content in 
the calcined samples (from Co5HAP to Co15HAP), indicating a less or
dered structure. This disorder increase correlates well with the observed 
broadening of the XRD peaks, indicating a decrease in crystallinity with 
increasing Co incorporation. The Co15HAP sample shows increased in
tensity on the FT second shell (Co-P ~ 2.3 Å) feature after the H2 
reduction, while the first shell signal remains unchanged. This suggests 
some sort of activation process that induces local ordering on the Co–P 
network. 

The XANES Ca K-edge spectra of CoxHAP samples (Fig. 1c) are 
similar to those of HAP, except that the energy position of the white line 
(at ~4050 eV) of samples with higher Co content (Co15HAP) that shifts 
to higher energies with respect to the other samples, which may be 
indicative of local contraction. The pre-edge region at 4039.5 eV due to 
the 1 s → 3d electron transition, which is sensitive to the local distortion 
around calcium sites, is nearly identical regardless of Co content, sug
gesting that the local environment of Ca atoms is approximately the 
same in all CoxHAP samples. 

The Fourier Transforms of the measured and simulated EXAFS Ca-K 
edge spectra are shown in Fig. 1d and Fig. S9, respectively. For Co5HAP, 
the first Ca–O shell (~ 1.8 Å) appears to be nearly coincident to that of 
HAP. However, the Co15HAP sample shows a contracted first shell 
(smaller R distance). It is clear that the first shells around both Ca and Co 
contract by increasing the amount of Co incorporated into the HAP 
lattice, probably due to a contraction of the lattice parameters as a 
consequence of a high degree of Ca2+-by-Co2+ substitution. It is note
worthy that the intensity of the FT signals is significantly lower in the 
case of Co15HAP. The decrease in intensity could reflect a loss of order 
around calcium due to structural distortions of the HAP lattice caused by 
the increasing Co incorporation. This effect agrees well with the XRD 
data, showing a loss of crystallinity at high Co content. Interestingly, for 
the Co15HAP system, the FT signal of the first shell increases signifi
cantly after reduction (Co15HAP-R) indicating an increase in local 
structural order, consistent with increase in the structural order in the 
Co–P network detected at the Co K-edge (Fig. 1b). 

The particle morphology of the CoxHAP samples was studied in detail 
by HR-TEM (Fig. 2). The HR-TEM images show lattice fringes of 0.250 
and 0.291 nm, corresponding to the interplanar spacing of the (301) and 
(211) facets of HAP. Interestingly, HR-TEM images of CoxHAP samples 
revealed the presence of small and homogeneously distributed nano
particles in the case of Co10HAP, Co15HAP and Co20HAP samples. The 
concentration and size of these nanoparticles increased with the Co 
content, resulting in values of 1.0 ± 0.3, 1.3 ± 0.3 and 1.8 ± 0.5 nm for 
Co10HAP, Co15HAP and Co20HAP, respectively, after measurement of a 
statistically relevant number of these nanoparticles. According to pre
vious XAS characterization these nanoparticles correspond to Co oxides 
formed by the excess of Co that does not become incorporated into the 
HAP lattice. 

However, we were not able to identify the surface Co based NPs by 
EDX mapping that shows a homogenous distribution of all the elements 
(Fig. 2 n-r). This EDX information is compatible with the main pro
portion of Co element being incorporated in the HPA lattice together 
with Ca, and thus results in an overall homogenous distribution of Co 
and Ca elements. Changes in the crystallinity upon Co loading increase 
reported by XRD can also be observed in electron microscopy. Specif
ically, CaHAP shows very high crystallinity with a few grain boundaries, 
but the crystalline degree decreases with the Co content. Especially, 
amorphous phase appears in the case of Co5HAP (red arrow mark in 
Fig. 2d), and a more obvious mixture of crystalline and amorphous areas 
can be observed in Fig. 2f (Co10HAP), which is consistent with the 
decrease in peak intensity and broadening of peak width in XRD. This in 
the amorphous phase domains as the Co loading increases is reflected in 
the case of Co15HAP and Co20HAP. Therefore, the lack of long-range 
crystallinity can be the explanation for the amorphous character of 
Co15HAP and Co20HAP samples. 

The diffuse reflectance UV–vis–NIR absorption spectra of the Cox

HAP samples were recorded. They are shown in Fig. S11. As can be seen 
there, pristine HAP shows negligible absorption in the visible and NIR 
regions, which is consistent with its large band gap as also estimated by 
GW approximation-based simulations (band gap of 6 eV for the (0001) 
surface slab of HAP; Fig. S12a). In comparison, the simulations indicate 
that CoxHAP should exhibit several additional states within the band gap 
(Fig. S12b),[33] allowing for specific electronic transitions. There are 
five new states (both occupied and empty) localized within 2 eV from 
the valence band maximum. In fact, Co5HAP shows a continuous 
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absorption decreasing in intensity from the UV towards the NIR zone, 
and a broad and low intensity band in the region from 1000 to 1800 nm 
with relative maxima at 1330 and 1500 nm. Interestingly, further in
crease in Co2+ content promotes a drastic change in the diffuse reflec
tance absorption spectra. A strong band in the visible region with three 
maxima at 518, 581 and 624 nm, together with two shoulders at about 
412 and 748 nm were recorded in the absorption spectra of Co10HAP, 
Co15HAP and Co20HAP. In addition, the intensity of the visible and NIR 
bands increased with Co2+ content. The shoulders observed at 412 and 
748 nm were attributed to surface-anchored band gap energy transitions 
in Co3O4, as reported previously,[34] while the main absorption feature 
in the visible region, centered at 581 nm, could be due to new transitions 
in HAP upon Co2+ substitution. It is worth noting that this absorption 
band, which lacks noticeable shoulders, can also be observed in CoxHAP 
samples before calcination (Fig. S11b), suggesting that this absorption 
band originates from Co2+ ions in HAP structure, while calcination 
could promote the formation of Co3O4 nanoparticles from the Co2+

excess and migration from the HAP lattice in the sample surface. 
Further confirmation of Co3O4 nanoparticle formation in the CoxHAP 

surface can be provided by XPS. The high-resolution XPS Co 2p spectrum 
of Co15HAP and the best fit to individual components is shown in 
Fig. S13a. As can be seen there, the XPS Co 2p spectrum shows two major 
components at 782.2 eV and 798.0 eV, together with their correspond
ing satellite peaks at 785.8 and 803.3 eV assigned to Co2+, and two 
minor components at 780.9 eV and 796.7 eV assigned to Co3+ species. 
[35–37] These data confirm the presence of Co3O4 in the CoxHAP sur
face, in good agreement with the diffuse reflectance UV-Vis-NIR ab
sorption and Raman spectroscopy experiments (vide infra). 

Overall, the characterization data support the complete incorpora
tion of Co2+ into the HAP lattice in Co5HAP and the coexistence of Co2+

in the HAP and Co oxide nanoparticles, the latter increasing in density as 
the Co loading in the material increases. Sample activation causes a 
partial migration of Co2+ from the HAP structure to extra-framework 
positions. 

3.2. Photo-assisted CO2 hydrogenation 

Photo-assisted CO2 hydrogenation reactions were carried out in 

Fig. 2. HRTEM images of CaHAP (a and b), Co5HAP (c and d), Co10HAP (e and f), Co15HAP (g and h) and Co20HAP (i and j). (Red arrows points to the amorphous 
area). The histograms of nanoparticle size distribution in Co10HAP (k), Co15HAP (l) and Co20HAP (m) are also shown. Images from n to r are the EDX mapping of 
Co15HAP sample. 
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continuous flow using a customized glass reactor with a thin circular 
(2.5 cm diameter) photocatalyst bed deposited on a porous quartz frit 
through which the gas flows from the bottom. The photocatalyst is 
illuminated from above by a quartz optical fiber inserted into the reactor 
(see Fig. S14 for details of the reaction setup and conditions). The 
temperature of the photocatalyst bed was measured under illumination 
and equilibrated to the desired value prior to photocatalytic hydroge
nation. Irradiation was performed using the collimated output beam of a 
150 W Xe lamp at 1080 W⋅m− 2, which resulted in a steady temperature 
of 156 ◦C without any external heating. Higher temperatures were 
achieved using an electric heater controlled by a thermocouple placed 
on the photocatalyst bed. 

Prior to starting the photocatalytic reactions, the CoxHAP samples 
were activated in situ in the reactor at 400 ◦C for 2 h in H2 flow. This 
temperature was chosen based on the thermo-programmed reduction 
(TPR) data shown in Fig. S15. In these TPR measurements, CoxHAP 
samples exhibit weak reduction peaks at temperatures below 400 ◦C, 
while more pronounced reduction peaks appear at temperatures be
tween 600 and 700 ◦C. Since the maximum reaction temperature in this 
study is 400 ◦C, no significant structural changes in the samples are 
expected under reaction conditions after their prior activation. 

To investigate the structural changes that occur during the activation 
step in Co15HAP, quasi-in situ XPS studies were performed to determine 
the changes in the XPS Co spectra. The high-resolution XPS Co 2p 
spectrum of activated Co15HAP shows no components attributable to 
Co3+, while typical components of Co2+ and Co0 were recorded at 
782.2 eV and 778.0 eV, respectively (Fig. S12a). These data would 
indicate a reduction of Co3O4 nanoparticles to Co2+ and metallic Co0. 
Our DFT simulations for CoO show that its hydrogenation to metallic Co 
is extremely favorable with ΔG = − 3.21 eV, suggesting that the hy
drogenation of Co3O4 should also be favorable. However, it is worth 
noting that the Co2+/Co ratio at the Co15HAP surface is still as high as 
3.4, indicating that the Co2+ species in the HAP lattice remain un
changed during the treatment. These results are in good agreement with 
the TPR data (Fig. S15), where the reduction peaks in Co15HAP below 
400 ◦C (attributed to Co3O4 reduction) are much smaller than those at 
about 650 ◦C, which are attributed to the massive Co2+ reduction to 

metallic Co. The high-resolution O 1 s spectra of activated and non- 
activated Co15HAP do provide a complementary information. They are 
shown in Fig. S13b. As can be observed there, the high-resolution XPS O 
1 s spectrum of Co15HAP shows three main components centered at 
528.8, 531.5 and 533.5 eV due to Co oxides (Co3O4), phosphate oxygen 
or hydroxide, and adsorbed water, respectively.[38,39] However, only 
one component at 531.3 eV can be observed upon activation, confirming 
the partial reduction of Co species. No changes in the XPS Ca 2p and P 2p 
spectra (Fig. S13c and d) indicate that the CoxHAP structure was pre
served upon activation. On the other hand, according to the diffuse 
reflectance UV–vis–NIR spectra, the visible absorption band derived 
from Co2+-doping of HAP was preserved upon activation, while the 
features assigned to Co3O4 have disappeared after the activation pro
cess, in good agreement with the XPS results (Fig. S16). 

Further evidence for the reduction of Co3O4 nanoparticles upon 
activation is provided by in-situ Raman experiments. Fig. S17 shows 
several Raman spectra of Co15HAP under H2 flow at different temper
atures. At room temperature, five Raman modes at 688, 617, 522, 479 
and 192 cm− 1 are observed, all of which are attributed to Co3O4, along 
with a weak peak at 955 cm− 1 attributed to phosphate.[40,41] The 
vibrational peaks attributed to Co3O4 gradually disappear when the 
temperature reaches 300 ◦C, indicating Co3O4 reduction. On the con
trary, the phosphate peak at 955 cm− 1 remained unchanged during the 
in-situ H2 treatment, demonstrating that the Co15HAP structure is pre
served after activation. 

The photocatalytic activity of CoxHAP samples was first evaluated at 
250 ◦C, either in the dark or under 1080 W/m2 light irradiation. The 
results are summarized in Fig. 3a. As shown in Fig. 3a, the CO2 con
version at 250 ◦C in the dark and after 1 sun irradiation using Co5HAP 
was of 0.40% and 0.75%, respectively, with full (100%) selectivity to
ward CO. The small activity increase in light for the Co5HAP system can 
be attributed to a photocatalytic enhancement of H2 dissociation on Co- 
doped HAP (vide infra). The CO2 conversion increases with the Co 
loading up to a maximum conversion of 4.73% under 1 sun illumination, 
with CO selectivity above 99%, for Co15HAP. However, only 1.1% 
conversion and 93% CO selectivity were achieved under dark conditions 
for this sample. HAP was also tested under dark and light conditions for 

Fig. 3. (a) CO2 conversion (black squares) and 
CO selectivity (red circles) of the samples 
studied at 250 ◦C under light illumination 
(empty circles and squares) and dark (filled 
circles and squares). (b) CO (green and purple 
columns) and CH4 (orange and blue columns) 
production rates under light irradiation (green 
and orange) and dark (purple and blue) condi
tions, respectively, using Co15HAP at different 
temperatures. The inset shows magnification of 
the production rates at 156, 165 and 200 ◦C. 
Arrhenius plots of CO formation under light 
(green) and dark (purple) and CH4 formation 
under light (orange) and dark (blue), respec
tively, obtained from the CO and CH4 produc
tion rates at different temperatures using 
Co15HAP (c) and Co5HAP (d). Reaction condi
tions: CO2 13 mL/min + H2 13 mL/min; 
100 mg catalysts, 1080 W/m2 light intensity.   
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CO2 hydrogenation, but negligible amounts of CO or CH4 were detected. 
Therefore, the Co species present in CoxHAP appear to be responsible for 
the photocatalytic activity. 

Co15HAP was then tested at different reaction temperatures, both 
under dark and one sun irradiation. As shown in Fig. 3b, CO evolution 
starts at 1080 W⋅m− 2 light irradiation without external heating 
(T = 156 ◦C) and reaches 0.5 mmol⋅g− 1⋅h− 1 (0.14% CO2 conversion). In 
the dark at 156 ◦C, CO levels were below the detectable limit, and even 
at 200 ◦C under dark conditions, the CO production rate obtained 
(0.1 mmol⋅g− 1⋅h− 1) was still lower than that under irradiation without 
external heating, indicating that light effectively assists the reaction. 
The CO production rate increased exponentially with temperature, 
reaching 62 mmol of CO⋅g− 1⋅h− 1 and 12.6 mmol of CH4⋅g− 1⋅h− 1 at 
400 ◦C under one sun irradiation, corresponding to 17.8% CO2 con
version. This CO2 conversion is among the highest conversions in 
continuous flow operation at atmospheric pressure and light intensity of 
1 sun using earth-abundant transition metal-based catalysts (see 
Table S3 for a comparison of the photocatalytic activity of Co15HAP with 
current state-of-the-art photocatalysts). It is worth noting that light 
irradiation resulted in an 11-fold increase in CO production under irra
diation at 200 ◦C, while this factor decreases with temperature to ~1.2 
at 400 ◦C. This trend can be rationalized by considering the operation of 
two different mechanisms. While the photocatalytic CO2-based mecha
nism should predominate at low temperatures (< 250 ◦C) due to the 
negligible production rates of the purely thermo-catalytic mechanism at 
low temperatures, the thermo-catalytic CO production should dominate 
at higher temperatures, according to the Arrhenius theory. Additional 
experiments using isotopically labelled 13CO2 were performed in order 
to rule out any carbon contamination as a source of the carbon products. 
The results are shown in Fig. S18. As can be seen there, only 13CO was 
detected, confirming 13CO2 as the main reagent and the presence of 
13CH4 was also confirmed. 

Regarding the product distribution, it appears that small Co loadings 
favor CO selectivity, but an increase in Co content results in lower CO 
selectivity (up to ~70%), obtaining CH4 as a co-product. The occurrence 
of an optimal Co loading could be justified by the occurrence of two 
opposing factors: (1) the increase in Co loading should lead to an in
crease in the number of active sites, resulting in higher activity, but (2) 
high Co loadings should also lead to larger average nanoparticle size and 
wider size distribution, as observed in Fig. 2, resulting in a decrease in 
photocatalytic activity. 

The influence of temperature under light and dark conditions was 
further investigated. Arrhenius plots of CO and CH4, under one sun and 
dark conditions, in Co15HAP and Co5HAP are shown in Fig. 3c and d, 
respectively. The activation energies (Ea, app) for CO and CH4 production 
under dark and light irradiation were calculated according to the 
Arrhenius equation and are summarized in Table S4. In all cases, the Ea, 

app for CO formation is lower than that of CH4, both under illuminated 
and dark conditions, in good agreement with the obtained production 
rates (Fig. 3b). On the other hand, the obtained Ea, app for CO and CH4 
formation is higher for Co5HAP than for Co15HAP under 1080 W⋅m− 2 

illumination, while Ea, app values remain almost coincident in the dark. 
Furthermore, small differences in Ea, app can be found for Co5HAP under 
illuminated and dark conditions, while in the Co15HAP sample the Ea, app 
under illumination is approximately half of the Ea, app in the dark for 
both CO and CH4. These results indicate a greater influence of light 
irradiation in Co15HAP than in Co5HAP. The significant activity 
enhancement of light in the Co15HAP system can be attributed to the 
metallic Co nanoparticles absorbing light through the localized surface 
plasmon resonance (LSPR). This happens via two mechanisms: (1) hot 
carrier generation by intra/interband excitation and (2) local tempera
ture increase.[42] The temperature increase was calculated according to 
ref. [43,44] and was found to be less than 1 μK. This leaves the 
plasmon-induced hot electron activation as the main contribution to the 
increased activity under illumination. 

We were also interested in investigating which frequencies of the 

electromagnetic spectrum contribute to the photo-assisted CO2 hydro
genation. To obtain this information, the CO production rate with 
Co15HAP and Co5HAP was measured either with filtered light irradia
tion using different cut-off filters or in the dark, keeping constant the 
temperature at the catalyst bed at 250 ◦C. The results are shown in 
Fig. S19 a and b. As can be seen, both CoxHAP samples behave similarly. 
UV light (λ < 380 nm) does not contribute significantly to the light- 
enhanced CO production, and the CO production rate is similar to that 
under dark conditions. Similarly, NIR light (λ > 830 nm) does not pro
mote significant CO production enhancement upon irradiation. There
fore, the main contributor to the light-enhanced CO production rate 
appears to be the visible region. In fact, wavelengths below 455 nm only 
contribute a 8.9% of the total enhancement, while the remaining 90% of 
the light enhancement comes from the range of wavelengths between 
455 and 750 nm. We have measured the UV–vis–NIR diffuse reflectance 
spectrum of activated Co15HAP (Co15HAP-R) and compared it with the 
spectrum of the sample before activation (Fig. S16). As can be observed, 
the activated sample shows a narrower spectrum with a prominent band 
centered at 581 nm, but lacking the shoulders and the NIR band present 
in the Co15HAP sample before activation. These spectral changes may 
reflect the disappearance of the Co oxides detected in the sample prior to 
activation. Nevertheless, the absorption band between 450 and 750 nm 
in the visible region of the Co15HAP-R spectrum is in perfect agreement 
with the photocatalytic activity as determined with filtered light illu
mination, indicating that this band in the visible region is uniquely 
responsible for the CoxHAP photo-response. 

3.3. Reaction mechanism 

To gain additional insight into the reaction mechanism, operando 
Raman measurements were performed under reaction conditions. 
Fig. S20 shows the Raman spectra collected from the in situ activated 
Co15HAP sample under the reactant gas mixture (CO2 at 10 mL⋅min− 1 +

H2 at 10 mL⋅min− 1) at 250 ◦C under light irradiation and dark condi
tions. It can be observed that several vibrational bands are present only 
under light irradiation. The peaks centered at 1581 and 1414 cm− 1 can 
be assigned to polydentate/bidentate carbonate species,[45] while the 
bands at 1698 and 1834 cm− 1 can be assigned to CO adsorbed on 
metallic Co (1735 cm− 1 by DFT) and CO2 adsorbed on HAP at a surface 
oxygen site (1855 cm− 1 by DFT), respectively. The detected species 
suggest that the CO2 is bound to the catalyst surface via *O, forming 
carbonate species, which are later probably reduced by hydrogen spill
over from the Co nanoparticles, forming formate species, which finally 
decompose to CO (Fig. S21).[46] This is in agreement with the 
adsorption energies obtained by DFT simulations, which show that H2 
preferentially adsorbs to metallic Co, while CO2 adsorbs to the HAP 
surface oxygen (Fig. 4). Additional bands at 680 and 610 cm− 1 were 
assigned to Co3O4, indicating partial reoxidation of the metallic Co 
nanoparticles under the reaction conditions, which could be attributed 
to oxidation by CO2 or the evolved H2O product. 

As noted above, the Ea, app for Co15HAP, obtained from the Arrhenius 
plot (Fig. 3c), show different values under illuminated and dark condi
tions, i.e., they are lower under light illumination. These differences in 
Ea, app indicate differences in the rate-determining step for this reaction 
under light irradiation and dark conditions. Ea, app was derived from 
temperature measurements at the catalysts bed surface. Although it has 
been reported that the local temperature at the nanoscale on the active 
sites could be higher,[47] no direct evidences has been provided. 
Moreover, our theoretical simulations indicate a negligible change in the 
local temperature, and therefore it may be reasonable to draw conclu
sions based on these Ea values only. 

Therefore, the partial reaction orders of H2 and CO2 under dark and 
light illumination were estimated for Co15HAP and Co5HAP, since this 
parameter is measured at a constant temperature, and is generally in
dependent of the reaction temperature. As shown in Fig. 5, the CO2 
reaction orders in Co15HAP under dark and light conditions were 0.55 
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and 0.64, respectively. These values are similar, indicating no significant 
effect of light on CO2 activation. Similarly, Co5HAP presents CO2 reac
tion order values under dark and light conditions of 1.15 and 1.09, 
respectively. The DFT simulations show that CO2 binds to HAP (ΔG =
− 0.16 eV; step 1 in Fig. 4) rather than to Co nanoparticles (ΔG =

+1.15 eV; Table S5), and preferentially to the pristine material than to 
the Co-doped material (ΔG = +0.54 eV for the Co-doped HAP; 
Table S5). This implies that in the real system, CO2 tends to adsorb on 
the HAP surface oxygen atoms far from the Co site, so that the adsorbed 
CO2 and the reaction intermediates derived from it are not directly 
affected by the photoexcitation. On the contrary, the H2 reaction order 
in Co15HAP changes from 0.13 to − 0.51 with illumination, while the 
values obtained for Co5HAP do not change much (0.31 and 0.10 in dark 
and light, respectively). This is consistent with the fact that H2 prefer
entially adsorbs on metallic Co (ΔG = − 0.24 eV; step 2a) rather than on 
Co-doped HAP (ΔG = +0.23 eV; step 2b) and is thus affected by the 
LSPR induced by light on metallic Co in the Co15HAP system. The more 
exergonic and dissociative adsorption of H2 on metallic Co also ratio
nalizes the higher CO2 hydrogenation activity on Co15HAP compared to 
Co5HAP. The negative reaction order measured for Co15HAP can be 
understood as dissociative H2 adsorption competing with CO2 adsorp
tion and decreasing the reaction rate. 

In addition, an estimate of the CO2 and H2 reaction orders of the Co 
nanoparticles can be obtained by subtracting the values obtained from 
Co15HAP from those the ones obtained from Co5HAP. As can be seen in 
Fig. S22, the CO2 reaction order remained very similar in light and dark 
conditions with values close to 1, while the H2 reaction order was 
negative in both dark and light conditions. This indicates that the H2 
dissociatively adsorbed on the Co nanoparticles spills over to all the sites 
and competes with CO2 adsorption and activation. 

The tendency of CO2 and H2 to adsorb to different sites in both 
Co5HAP and Co15HAP keeps the adsorbed reactants spatially separated, 
but for the reaction to occur, they must clearly come close together. This 
can occur if the H2 molecule dissociates and the individual proton atoms 
migrate to the CO2 adsorption sites by hopping over oxygen atoms 
across the HAP surface. To investigate the feasibility of this process, the 
dissociation of H2 on Co-doped HAP was modeled so that a single H atom 
leaves the Co site and adsorbs on a distant oxygen. In the dark, H2 was 
first molecularly adsorbed (+0.23 eV; step 2b) and then partially 
dissociated (+0.26 eV; step 3b) by an H atom moving to one of the three 
nearby oxygen atoms in the form of a hydroxyl group. With light, H2 is 
directly adsorbed in the partially dissociated state (step 2b*) because it is 

Fig. 4. CO2 hydrogenation reaction pathway on Co15HAP (left) and Co5HAP 
(right), with and without light, along with Gibbs free energy changes for 
selected processes. Visualized with VESTA.[48] Color code: Ca green; Co 
(ground state) blue; Co (excited state) pink; P yellow; O red; H white. 

Fig. 5. Dependence of the CO production rate at 250 ◦C with the CO2 partial pressure in dark (black) and light irradiation (red) (a and c) and H2 partial pressure in 
dark (black) and light irradiation (red) (b and d) in Co15HAP (a and b) and Co5HAP (c and d). 
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more stable than the molecularly adsorbed state (Table S6), indicating 
that irradiation facilitates H2 dissociation. This result illustrates the 
photocatalytic potential of Co-doped HAP. 

After the formation of the partially dissociated state, ΔG for further 
(complete) dissociation was found to be + 0.78 eV (step 4b), which is a 
rather high barrier. However, this barrier does not take into account the 
configurational entropy of the dissociated state which consists of many 
possible microstates, since there are many surface oxygens to which the 
hydrogen can jump. The high dissociation entropy would make the 
process feasible at the temperatures at which the reaction is performed. 
It is important to note that while the entropic effects promote H2 
dissociation, they also tend to make H2 and CO2 adsorption less 
favorable. 

Having justified the transfer of protons between different sites, the 
transfer of electrons between the sites still remains to be explained. The 
intragap states introduced by the Co doping of HAP (Fig. S11) allow an 
enhanced electron transfer, especially during photoexcitation. In the 
case of Co15HAP, photoexcitation allows for improved hot-electron 
transfer from the Co nanoparticle to the HAP phase by LSPR.[49] 
Another way to improve light absorption and charge transfer in a 
semiconductor is through oxygen vacancy formation,[50] which can be 
facilitated by doping with transition metals.[51] Our simulations show 
that the Gibbs energy required to form the oxygen vacancy by the 
oxidation of H2 to H2O in Co-doped HAP is 1.1 eV, compared to 2.1 eV 
for the pristine HAP. 

Another point to note is that the calculated energies of CO2 adsorp
tion on HAP refer to the systems where H2O is adsorbed on the surface 
metal atom (left undercoordinated by the surface cleavage), as seen in 
Fig. 4. In the absence of water molecules, the adsorption is ~1 eV less 
favorable (in both pristine and Co-doped HAP), even though the 
adsorbed CO2 does not directly interact with H2O or the metal on which 
H2O is adsorbed. This is feasible in the real system, since water 
adsorption is favorable for HAP even at working temperatures (ΔG =
− 0.23 eV; Table S5). On the other hand, H2 does not adsorb on Co of Co- 
doped HAP when water already adsorbed. However, since the Gibbs free 
energy change of water adsorption on Co-doped HAP is not too low (ΔG 
= − 0.26 eV), a significant number of Co sites should be left uncoordi
nated by water, allowing H2 adsorption. All the computed structures can 
be obtained in ref. [52]. 

3.4. Stability 

The stability of Co15HAP as a selective photocatalyst for CO2 hy
drogenation was evaluated by performing the CO2 hydrogenation re
action continuously for 90 h at the highest temperature (400 ◦C) under 
light irradiation. As shown in Fig. S23, Co15HAP exhibited high stability 
under these conditions, with only a 5% activity decrease in the CO 
formation rate after 90 h of reaction (from 73 mmol⋅g− 1⋅h− 1 to 
69.3 mmol⋅g− 1⋅h− 1). The XRD pattern of Co15HAP after continuous re
action for 90 h at 400 ◦C shows the same amorphous structure, with no 
evidence of agglomerated Co species (Fig. S24). The high dispersity and 
size of Co nanoparticles in Co15HAP after 90 h reaction was also 
confirmed by HR-TEM images (Fig. S25). The high stability of the sup
ported nanoparticles could be attributed to a strong interaction with the 
support as a consequence of their growth from metal excess from the 
lattice upon thermal treatment, as reported previously.[53] Moreover, 
the porous structure, morphology and surface composition of Co15HAP 
remained unchanged as evidenced by HR-FESEM images (Fig. S26) and 
XPS measurements (Fig. S27). 

These results are particularly interesting for potential industrial ap
plications. The characterization after 90 h of reaction at the highest 
temperature does not suggest any structural or morphological changes, 
and therefore, it can assumed that this material could work continuously 
for even longer period, especially using lower temperatures. 

4. Conclusion 

It has been shown that the combination of framework and non- 
framework Co atoms in the hydroxyapatite structure renders a photo
catalyst efficient to promote the light-assisted reverse water gas shift 
with a very high CO selectivity, which depends on the Co loading of the 
photocatalyst and the operating conditions. Sample characterization 
after the reductive H2 activation pretreatment shows that the fine cobalt 
oxide nanoparticles present in CoxHAP samples at Co loading > 5% are 
converted to metallic cobalt, while a significant percentage of Co+2 re
mains in the hydroxyapatite framework positions. The most active 
sample, Co15HAP, is able to achieve 21.4% conversion under continuous 
flow and one sun illumination at 400 ◦C, which compares favorably with 
previously reported photocatalysts. At 300 ◦C and ambient pressure, CO 
formation rates up to 30 mmolCO gcatalyst

− 1 h− 1 are achieved under one sun 
illumination, which is more than a 3-fold increase compared to the same 
process in the dark. The photocatalytic activity results from light ab
sorption in the visible region and has been correlated with the presence 
of Co in the samples. The Co15HAP photocatalyst is remarkably stable, 
with only a 5% decrease in the CO formation rate after 90 h of operation 
and no observable changes in the physicochemical properties of the 
material. On the way to industrial application of photocatalytic pro
cesses, especially for solar fuels production, the present results show that 
it is possible to operate photocatalytic processes under continuous flow 
with high CO2 conversions and remarkable photocatalytic activity at 
moderate temperatures. 
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