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Abstract: In this work, gold-photo-catalyzed CO, transformation was conducted and the effect of
three variables with two levels was investigated: support (TiO, and hydroxyapatite from bovine
bone (BB)), Au content (5 and 10%) and activation wavelength (254 and 380-700 nm). Reactions
were conducted in a stirred tank reactor by bubbling CO, (9 x 10~3 dm®/min) in 0.1 dm® of 0.5 M
NaOH solution. The catalysts were synthesized using AuCl;z, TiO, and BB. Au nanoparticles were
obtained by reduction with Hetheroteca inuloides, thus eliminating calcination and hydrogenation to
reduce the gold species. By TEM, the particle size distribution was determined, and the synthesized
nanoparticle sizes varied in the range of 9 to 19 nm, depending on the support and Au content. By
UV-Vis spectroscopy, the energy band gaps of the prepared materials were 2.18 eV (10% Au/BB),
2.38 eV (5% Au/BB), 2.42 eV (BB), 3.39 eV (5% Au/TiOy), 3.41 eV (10% Au/TiO,) and 3.43 eV for pure
TiO,. Methanol and formic and acetic acids were identified during the process. Selectivity toward
methanol was found to be improved with the 10% Au/BB catalytic system.

Keywords: carbon dioxide; CO, photoreduction; hydroxyapatite; gold photocatalysis; Au/TiOy;
methanol production; formic acid; acetic acid; plasmon-driven photocatalysis

1. Introduction

In the last decade, Carbon dioxide (CO,) chemical reduction has been increasingly
studied as a response to mitigate CO, emissions, and thus, their inherent anthropogenic
effect. This can be conducted by different means, i.e., thermochemical, electrochemical,
photochemical or by their combination. By any of these, the outcome is molecules that serve
either as fuels (methanol, ethanol, formic acid) or as feed stock molecules, i.e., acetic acid. A
common challenge is the selectivity and yield of any of these. This challenge, in the context
of the photochemical transformation of CO;, has been extensively addressed, mainly by
modifying the photocatalyst surface with transition metals. The preferred photocatalyst, as
in many other applications, is TiO,. Nevertheless, the scientific community has dedicated
special effort to finding alternative catalytic systems to improve the yield and selectivity
toward added-value chemicals. In this sense, hydroxyapatite (HAP) has been recently
reported [1-3] to be an interesting support and catalyst to aid the CO, conversion driven
by light.

HAP, Ca5(PO4)3(OH), is a material that can be either synthesized in the laboratory or
can be found as a main component of biomaterials, such as bovine bones. An important
characteristic of this material for its use as a catalytic support is that the functional groups
attract and anchor the metallic ions to the surface. This characteristic has been used in
photocatalysis to make HAP active in the visible spectrum with the addition of metals
like Fe, Cu and Co [4-7]. In the area of photocatalysis, HAP has been mainly used for
organics oxidation.
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In the conversion of CO,, the catalytic activity of HAP-based catalysts has been demon-
strated in hydrogenation reactions [8] and the photocatalytic activity of HAP and polarized
HAP has been recently demonstrated alone and by supporting TiO, nanoparticles [9] and
metallic particles [10]. So far, the aspects that have been found relevant for the use of HAP
in the conversion of CO, are its selectivity, its high degree of -OH functionalization and that
it is a naturally occurring mineral [1,2]. These works, which are very recent, however, were
performed in the gas phase, with UV light, using a moderate temperature (95 °C) and some
with polarized synthetic (not natural) HAP. The procedure to polarize HAP implies the use
of electrical discharges and high temperatures (1000 °C) [2], which might compromise the
sustainability of the process. Based on the existing related literature, Scheme 1 summarizes
the different organic compounds obtained by performing the conversion of CO, with
p-HAP.

No products detected.
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Scheme 1. Reported [1] added-value chemical compounds in the transformation of CO, aided by
hydroxyapatite. HAP: hydroxyapatite, s-HAP: sintered HAP, p-HAP: polarized HAP.

It is worth noticing that the addition of TiO, nanoparticles to HAP shifted the selec-
tivity from ethanol to acetic acid [1]. The effect of adding other nanoparticles to HAP in
the conversion of CO, driven by light has not been unveiled. Moreover, the addition of
metallic nanoparticles to HAP, albeit for other applications, was conducted via typical
methods like impregnation [11,12]. The applications of HAP with nanoparticles include
syngas production from dry reforming methane [12,13], selective production of alcohols
from ethanol [14], lignin valorization [15] and environmental decontamination [4,5,16-21].

It was the objective of this manuscript to present the results obtained from performing
the CO; conversion in aqueous solution, driven by light and catalytic systems constituted
by gold supported on TiO, and HAP derived from BB, with the purpose of the comparison
and elucidation of the effect of the support on the concentration and selectivity toward
methanol, formic acid and acetic acid. It is important to note that bovine bone (BB) was
used as the source of HAP.

To obtain nanometric systems, several methodologies have been used, such as the
sol-gel method, co-precipitation, chemical methods, the Stober method, the acid oxidative
process, the thermal decomposition method and spray pyrolysis [22-25]. In recent years,
special attention has been given to green synthesis methods because they are environmen-
tally friendly, as they do not generate toxic by-products, and have certain components
that improve specific properties in nanocomposites; these green methods can include
bioreductors, such as fungi, plants and microorganisms [26-28]. Thus, in this work, gold
nanoparticles in both systems were obtained via the chemical reduction of the gold precur-
sor with Hetheroteca inuloides, thus eliminating the calcination and hydrogenation stages
typically associated with the production of metallic nanoparticles. Besides the effect of the
support, the effect of the light wavelength and the gold content are also presented.
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Some works have been reported where bovine bone powder, mainly constituted by
hydroxyapatite, was used as a support for metallic nanoparticles due to the high electronic
attraction produced by its functional groups (OH~ and PO, ~3) [29]; for example, silver
was synthesized and its bactericidal properties were evaluated [30], and platinum was
synthesized and its catalytic properties were evaluated [31].

Regarding metals and in the context of CO, photocatalyzed chemical reduction, the
most assessed have been copper and gold [32]. What makes gold a very interesting material
in photocatalysis is its surface plasmon resonance, which allows for the production of hot
carriers. Such carriers can be electrons that can directly intervene in the chemical reduction
of COy,, for instance, in [33]. Plasmon hot electrons can present energies above the Fermi
level of the metal [34] and this makes relevant the use of Au, as well as other plasmonic
materials, like silver and copper. The use of the referred carriers to drive chemical reactions
falls into a relatively new field known as plasmonic photocatalysis [33].

2. Results and Discussion
2.1. Catalysts Characterization
2.1.1. Crystallographic Structure

Figure 1 compares the patterns of BB (green), 5% Au/BB (black) and 10% Au/BB (red).
In the case of bovine bone, the pattern showed signals at 20 values of 22.88°, 25.89°,29.17°,
32°,33.19°, 40.14°, 46.99° and 49.66° that could be correlated with the following planes of
hexagonal hydroxyapatite: (111), (002), (210), (211), (300), (130), (222) and (213), respectively
(ICDD card: 00-086-0740). Likewise, the Au-NPs showed signals at 20 value of 38.41°, 44.47°,
64.71° and 77.79° that could be correlated with the following planes of FCC Au: (111), (200),
(202) and (311), respectively (ICDD card: 00-004-0783). The reflections associated with FCC Au
in the BB sample were absent. However, for the 10% Au/BB sample, the reflections reached
their maximum intensity, indicating a higher gold content in the sample.
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200 —10% Au/BB
1200 - (1) BB
¥ Au
1000 4 v HAP
3 (200)
o 800 | (213) (202) (311)
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E 9-1!,’” 1“\4”{)"‘ "';‘,_w\r\,dr”’('f{”u \1‘
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Figure 1. XRD patterns of pure BB (green), 5% Au-NPs supported on BB (black) and 10% Au-NPs
supported on BB (red).
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Figure 2 depicts the patterns of 5% Au/TiO; (blue) and 10% Au/TiO; (red). In the
case of the support (TiO,), the pattern showed signals at 26 values of 25.33°, 37.82°, 48.09°,
53.93°,55.12°, 46.99°, 68.82° and 75.12° that could be correlated with the following planes
of tetragonal TiO, (anatase): (101), (004), (200), (105), (211), (116) and (215), respectively
(ICDD card: 00-084-1286). Likewise, the Au-NPs showed signals at 20 value of 38.41°,
44.47°, 64.71° and 77.79° that could be correlated with the following planes of FCC Au:
(111), (200), (202) and (311), respectively (ICDD card: 00-004-0783). Signals of FCC Au
could be observed in the 5% Au/BB sample and showed the highest peak for 10% Au/BB,
showing a higher amount of gold in the sample.
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Figure 2. XRD patterns of 5% Au/TiO; (blue) and 10% Au/TiO, (red).

2.1.2. Optical Characteristics

UV-Vis spectroscopy was used to characterize the optical response of the prepared
composites. Figure Sla (Supplementary Materials) shows the absorption band of 5% Au/BB
(blue) being higher than the pure BB (violet) band, and the 10% Au/BB absorption band
was even higher. This difference could be attributed to the presence of gold nanoparticles
on the sample and their strong surface plasmon absorption. Furthermore, to determine the
band gap of prepared materials, a Tauc model was used (Figure S1b,c in Supplementary
Material). The 5% Au/BB band gap value was 2.38 eV (522 nm), the 10% Au/BB had 2.18 eV
(570 nm) and the pure BB had 2.42 eV (513 nm); this difference meant that less energy was
required to pass an electron from the valance band to the conduction band in the Au-NPs
nanocomposite. It is worth noticing that these values were lower than those reported for
synthetic HAP doped with Zn and Cu, for instance. In such a case, the reported value
was not that different (3.3 eV) from P25 [35]. The values obtained in this work, however,
are of similar magnitude to those reported for HAP doped with iron [10]. Figure S2a
(Supplementary Materials) shows that the absorption band of 5% Au/TiO; (blue) was
higher than the pure TiO; (violet) band and the 10% Au/TiO, absorption band. In a similar
way than with BB, this difference could be attributed to the presence of gold nanoparticles
on the sample and their surface plasmon resonance (SPR). Furthermore, to determine
the band gap of the Au-NPs, the Tauc model was used (Figure S2b,c in Supplementary
Material). The 5% Au/TiO, band gap value was 3.39 eV (366 nm), the 10% Au/TiO; had
3.43 eV (362 nm) and the pure TiO; had 3.41 eV (364 nm). It has been reported that a
decrease in the band gap leads to an improvement in its photocatalytic activity [36,37].
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2.1.3. Electronic Transmission Microscopy (TEM)

Figure 3 shows the chemical mapping for Au in the different systems: (a) 5% Au/BB,
(b) 10% Au/BB, (c) 5% Au/TiO; and (d) 10% Au/TiO,. The complete chemical mappings
(not included here) show the composition of the systems. The BB support was basically
composed of hydroxyapatite (Cas(PO4)3(OH);) (calcium, phosphorus, oxygen and carbon)
and TiO, was composed of titanium and oxygen. The chemical mapping in Figure 3 shows
the dispersion of gold on the support, with significant differences between supports; while
the system that used bovine bone powder as a support showed a homogeneous distribution
over the support, in the case of TiO,, the presence of gold was concentrated in certain areas.

re

-
Oh 0 St e e

Figure 3. EDS elemental mapping of TEM of (a) 5% Au/BB, (b) 10% Au/BB, (c) 5% Au/TiO, and
(d) 10% Au/TiO,.
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Transmission electron microscopy images (Figure 4a,b) correspond to 5% Au/BB.
The support can be observed (lighter area) and over it the gold NPs (darker area), the
gold particles show a good polydispersity with a size range between 4-53 nm and quasi-
spherical shape. An histogram at the end of this section shows an average size of Au-NPs
of 9.77 nm by the measurement of approximately 750 particles. Selected area electron
diffraction (SAED) of 5% Au/BB (Figure 4d) was analyzed by measuring the interplanar
distance between the atoms, the patterns corresponded to (111), (200) and (202) FCC Au
lattice planes (ICDD pattern: 00-004-0784) and (002), (211) and (222) for hexagonal structure
of hydroxyapatite (ICDD pattern: 00-086-0740).

HA[222)— M
g A—HUfL

|
a-Au(111)

HA 02
HA 111

HA 211]_,,

Figure 4. (a,b) TEM micrographs of 5% Au-NPs supported on BB, (¢) Au nanoparticle on BB and
(d) SAED pattern.

With respect to the 10% Au/BB powder system, Figure 5a,b show TEM micrographs,
where the bovine bone powder (lighter area) and over it the gold NPs (darker area) are
observed. The gold particles showed a good polydispersity with a size ranging between 3
and 51 nm and a quasi-spherical shape with an average size of Au-NPs of 17.96 nm. Selected
area electron diffraction (SAED) of 10% Au/BB (Figure 5d) shows patterns corresponding
to (111), (200) and (202) FCC Au lattice planes (ICDD pattern: 00-004-0784) and (111), (002)
and (213) for the hexagonal structure of hydroxyapatite (ICDD pattern: 00-086-0740).

Regarding the system of 5% Au/TiO,, TEM micrographs (Figure 6a,b) showed the
support TiO, (lighter), and over it, the gold NPs (darker). The micrographs showed
that approximately 5% of the particles were larger than 60 nm, up to 238 nm in size; the
remaining particles showed a quasi-spherical shape with an average of 13.65 nm, where
722 particles were measured. The selected area electron diffraction (SAED) of the 5%
Au/TiO, (Figure 6d) showed patterns correspondence to (111), (200) and (202) FCC Au
lattice planes (ICDD pattern: 00-004-0784) and (111), (004), (105) and (204) anatase TiO,
lattice planes according to a tetragonal structure (ICDD pattern: 00-084-1286).
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Figure 6. (a—c) TEM micrographs of 5% Au/TiO; and (d) SAED pattern.
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Figure 7a,b show the TEM micrographs of 10% Au/TiO,, with the support TiO,
(brighter), and over it, the gold NPs (darker); the micrographs show that approximately
14% of the particles were larger than 60 nm, up to 302 nm in size, and the remaining
particles showed a quasi-spherical shape with an average of 13.49 nm (Figure 8d), where
544 particles were measured. The selected area electron diffraction (SAED) of 10% Au/TiO,
(Figure 7d) showed patterns corresponding to (111), (200) and (202) FCC Au lattice planes
(ICDD pattern: 00-004-0784) and (111), (200), (105) and (204) anatase TiO; lattice planes
according to a tetragonal structure (ICDD pattern: 00-084-1286).
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Figure 8. Size distribution histogram of Au nanoparticles for (a) 5% Au/BB, (b) 10% Au/BB, (c) 5%
Au/TiO; and (d) 10% Au/TiO; from TEM observations.
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The Au-NPs remained supported on the bovine bone and TiO, matrices even after
being sonicated for a period of 5 h. The results obtained through the TEM technique showed
a significant difference in the sizes of Au-NPs on the different supports. While in BB, the
Au-NPs did not reach a size larger than 60 nm, in TiO,, a percentage of the particles showed
particle sizes larger than 60 nm, reaching sizes up to 60 nm. Using TiO,, a percentage of the
particles showed larger particle sizes measuring as large as 302 nm. These differences may
have been due to the support’s texture, with the bovine bone powder having a mesoporous
surface [38], which may have limited the growth of the supported nanoparticles and gave
them a good polydispersity. At this point, it is important to remember that TiO, P25 is a
non-porous solid [39].

The characterization results confirmed that the synthesis of Au nanoparticles sup-
ported on bovine bone powder and TiO, using Heterotheca inuloides infusion is a viable
solution; the XRD, UV-Vis and TEM techniques demonstrated the presence of Au-NPs
supported over BB and TiO,. The Au-NPs supported on BB showed a decrease in the band
gap (2.38 eV for 5% Au and 2.18 eV for 10% Au) compared with pure BB (2.42 eV) (UV-Vis),
while for TiO,, the value did not change significantly. The crystal size obtained using the
Scherrer equation, elemental mapping of TEM and TEM micrographs show that the particle
sizes of the particles supported on TiO, were significantly larger than those supported
on BB.

2.1.4. N Physisorption

This analysis was conducted on two of the synthesized materials, 5% Au/BB and 5%
Au/TiO;, and the calculated specific areas by the Brunauer—-Emmett-Teller (BET) method
were 80.9 and 28.2 m? /g, respectively. The typical values reported within the literature are
~50 m? /g for TiO, Degussa P25, while the surface area for a bovine bone varies between
36 and 100 m? /g, depending on different factors like the animal age, treatment (chemical
or thermal) and even the part of the animal where the bone was extracted. Nevertheless,
from the obtained results, it can be concluded that BB exhibited a higher specific surface
area to disperse the metal and for light (photon) absorption.

2.2. Photo-Catalyzed CO, Chemical Reduction

Figure 9a—f depicts the effect of the three assessed variables on the methanol, formic
acid and acetic acid temporal concentration profiles. It is worth clarifying that in Figure 9a,b,
the green line is the only one plotted with respect to the primary Y-axis, while the other ones
were plotted with respect to the secondary Y-axis. This was because of the scale difference,
i.e., the production with the 5% Au/TiO; catalytic system was one order of magnitude
higher than with the others. It can be observed that there was a maximum for all cases at
relatively short reaction times (within the first 10 min of reaction). Regarding methanol, the
highest concentration (24 mmol-g_,}) was found with the 5% Au/TiO, and UV light system
(Figure 9b). This value was followed by 20 mmol-g_} obtained with the same catalytic
system under visible light (Figure 9a), albeit with a shorter reaction time (2 min). The same
catalytic system provided the highest concentration (~500 umol-g~!) of formic acid, also
under visible light (Figure 9c). By contrasting Figure 9ef, it can be observed that when
using UV light, the concentration of acetic acid was the highest (~40 umol-g~!) when using
the 5% Au/BB system.



Catalysts 2024, 14, 417

10 of 19

25 77 T T T T T 5 30 T T T T T 8
—v—5% AU/TIO, Vis —v—5% AulTiO, UV
—A—5% AuBB Vis o5 | |4 5% AuBB UV L7
< 204 —e— 10% Au/TiO, Vis L4 7 |- 10% Au/TiO, UV
8 /\ —=—10% AuBB Vis & —=— 10% AuBB _UV| /'\ L e
> %
S / & 207 / \ g
E 15+ -3 ° /
E E \
é é 15 \\ La
= ) \
g 10 Lo e / \ .
o £ 104 /
= < |
= -2
=
* B 5 v
*~— ) r
/ /’VJ\A
04 o 0 -0
T T T T T
0 2 4 6 8 10
Time (min) Time (min)
(a) (b)
500 T T v— ,I T 350 T T T T
’ v = 10% Au/BB UV
U i A 300 - e 10% AU/TIO, UV
£ 400~ v"/ i = - —4—5% AuBB UV |
e y T \ v 5% AUTIO, UV
> & 250-
S = 10% AUBB Vis s
E 3004 e 10% AUITIO, Vis| £ i
g —A—5% AuBB Vis s
5 v 5% AUTIO, Vis S
© ©
2 T L 1
E E
w 2
Time (min) Time (min)
(c) (d)
20 T T T T 50 T T T T
= 10% AuBB  Vis —=—10% AuBB UV
e 10% Au/TIO, Vis —e— 10% AuITIO, UV
P —A—5% AuBB Vis| | 204 N A 5% AuBB ULV ]
"% 15 —v— 5% AU/TIO, Vis| - [T —v—5% AuTIO, UV
g z /
> "5
2 I _
= S
5 10 E
o =
< i o
9 P g
b=}
g 8
< g
- g -

Time (min)

(e)

Time (min)

()

Figure 9. Effect of radiation wavelength, support (BB or TiO,), and gold content on temporal

concentration profiles of methanol, formic acid and acetic acid. (a) Temporal concentration profiles of
methanol under visible light (green line was plotted on the primary Y-axis); (b) temporal concentration
profile of methanol under UV light (green line was plotted on the primary Y-axis). (c) Temporal
concentration profiles of formic acid under visible light and (d) UV light. (e) Temporal concentration
profiles of formic acid under visible light and (f) UV light. T =298 K, W, =0.055g/L, V=0.1L,
Qcoz =9 x 1073 L/min and [NaOH] = 0.5 M.
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H* + OH-

'OHads

-0, + H,0

H* + *COy

“CO-

HCHO

(11)

For TiO,, it has been acknowledged for a long time that the first step on photocatalyzed
CO; chemical reduction is the activation of the molecule through electrons transfer on the
semiconductor surface, thus forming the carboxylate radical (Equation (1)) [40]:

CO, & +CO; €]

This step was suggested to be followed by protonation and then electron transfer
and protonation. Equation (1) does not seem plausible to proceed on bare TiO; due to
the hydrophilic character of these materials. It was recently claimed, however, that the
CO; molecule is activated by protons first [41], where such protons likely come from water
oxidation onto the photo-generated holes on the semiconductor surface. At this point, it
is important to recall the process in this work was conducted under alkaline conditions
because the initial reaction solution was 0.5 M NaOH. Under these conditions, upon CO,
absorption in the alkaline solution, the following reactions proceed and HCO3~ and CO3%~
ions are produced [42]:

CO, +OH™ = HCO; )
HCO; +OH™ = CO3%~ 3)
CO, + H,O = HCO; + H* (4)

Thus, carbonates and bicarbonates become the reacting species in the studied system.
In addition, oxidant species, like hydroxyl radicals, the superoxide radical and hydrogen
peroxide, are produced. Hydroxyl radicals are expected to be produced by different means,
mainly by the oxidation of water and hydroxyl anions in the generated valence band holes
(h‘J;B) reactions (5) and (6) in Scheme 2.

H,0 .
(5) (14
OH-
ol HCOO" + OH-
H,0, HCOO" + OH-
20H-
(7)
h+
VB HCOOH >
H;:og,- MO | wcoor QH_ -
(8) (17) (18)
2.
€0, HCHO “COH
(9) *COH HOCCOH
(19) (20)
HCOOH
HOCCOH HOSCHOH

(10)

(21) H*
H* €'ca |
Hy"COH ——— 2
(12) & cH,0H CH;COOH ) HY(22)

o

Scheme 2. Plausible reaction pathways to produce methanol, acetic acid and formic acid on TiO,
surface.

Initially, the hydroxyl anions in reaction 6 might come from the NaOH solution; how-
ever, as the process proceeds, these anions are expected to be produced when bicarbonate
anions and/ or carbonic acid capture a conduction band electron (e~ B) (Equations (15) and (16))
or react with hydroxyl radicals (reactions (23) and (24)). Hydroxyl radicals react with car-
bonates and bicarbonates by reactions (23) and (24) [43] to produce the carbonate radical
(*COy3), which is a strong oxidative radical:

HCO3™ +-OH — °CO; + HO (23)
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COs*” +-OH — *CO; +OH™ (24)

Although the first produced species is bicarbonate by reaction (2), reaction (3) is
relatively instantaneous, and therefore, the main species during the first minutes of the
reaction will be carbonates [42], thus favoring reaction (24) instead of (23). In addition, the
former has been documented to proceed about 40 times faster than the latter [43].

Reaction Scheme 2 depicts not only the plausible reactions to produce the oxidant and
reductor species but also shows a proposed path to produce methanol, formic acid and
acetic acid via reactions (11), (12), (15) and (17)—(22) on TiO,. This is expected [44] for TiOy;
nevertheless, a similar path might be postulated for BB, albeit with some differences.

HAP [Ca10(POy4)s(OH),], which is the main compound in BB, is recognized as a
catalyst for acid-base reactions due to the presence of both acidic and basic adsorption
sites [45]. Regarding its photoactivity, this can be associated with the defects (OH™/O7) in
the HAP structure, specifically in the POi_ groups, originated by light irradiation. This
was demonstrated under UV light [46,47] and based on the results shown in Figure 9; this
might also be the case with visible light. In any case, gold is playing an important role
because it improves photon absorption in a wide range of the electromagnetic spectrum
(see Figure Sla, Supplementary Materials).

The few related manuscripts reporting the CO, photoconversion with HAP consider
polarized HAP and explain the production of acetic acid and formic acid with the formation
of carbon monoxide on the surface, followed by dimerization in the case of acetic acid
production [1,4]. In other cases, when polarized HAP was not used, albeit with CO; in
gas phase, it was demonstrated that carbonates were formed upon CO, adsorption on
the O~ ions of phosphates and OH~ [10,48]. This step is unlikely to occur in this case
because there was no molecular CO; in the solution in the first minutes of the reaction;
see Figures S3 and S4 (Supplementary Materials) (CO; species diagram distribution and
temporal pH profiles, respectively). Since the main species was carbonate, and this is
a moderately strong base, this could be chemisorbed onto Ca™ and/or activate via reac-
tion (9) on the photo-generated holes in the valence band (POi*) [10]. At the working
pH, the presence of bicarbonates was also expected but to a much lower extent (Figure S3,
Supplementary Materials), and thus, reactions (8) and (15) cannot be disregarded.

If hydrogen is being produced via reactions (13) and (14), this can be oxidized at the
photo-generated holes in the valence band of either TiO, or (POi_) [37]. It must be kept in
mind that these holes also participate in the oxidation of water (reaction (5)) and organic
molecules. This might be the reason for the decrease in the production rate after, in most of
the cases, two minutes of reaction. Nevertheless, methanol is well known as a hydroxyl
radical scavenger [49]. Hydroxyl radicals are readily produced by reactions 5 and 6. Thus,
the oxidation of methanol, formic acid and acetic acid by hydroxyl radicals is more likely to
be responsible for its rapid disappearance within the first minutes of reaction. In addition,
it was shown that phosphate ions (Bronsted acid /base sites) enhance the formation of free
hydroxyl radicals [50].

It can be observed in Figure 9 that regardless of the Au content, methanol, formic acid
and acetic acid were produced. The temporal concentration profiles of each compound,
however, were indeed affected by all the assessed variables. In the case of the methanol
concentration (Figure 9a,b), the effect of the gold content was positive when BB was used
as the support, either under UV or Vis light. This can be ascribed to the BB’s ability of
absorbing photons in both wavelength ranges (see Figure S1a, Supplementary Materials)
and to the gold plasmonic band [51].

Figure 10 depicts the plausible electronic phenomena on the gold and BB surfaces
when irradiated by visible light. According to Figure S1 (Supplementary Materials), the
BB absorbs the energy of a wide wavelength range in the electromagnetic spectrum. This
includes visible light. In the same Figure S1 (Supplementary Materials), for the gold-
loaded BB, an absorption peak was observed between 538 and 550 nm. This peak was
observed with 5% and 10% gold contents and could be ascribed to the surface plasmon
resonance absorption inherent to gold nanoparticles [51]. This characteristic allowed us to
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presume that when the Au/BB materials were irradiated by visible light, this was energetic
enough to generate electrons that were able to migrate to the support conduction band or
to participate in the reactions depicted in Scheme 2. It is worth noticing that under visible
light, the photo-generation of the hole—electron pair (h*—e™) is expected to also occur on
the BB surface.

A

Figure 10. Effect of visible light on gold (black sphere in the image) and bovine bone powder
electronic surface phenomena.

Conversely, when titania is part of the catalytic system, visible light will only induce
the surface plasmon absorption of gold nanoparticles, and thus, the available electrons
for chemical reduction are only those produced in the metal, whilst UV light will photo-
generate hole—electron pairs in the TiO, and will also activate gold. It can be observed that
when using Au/TiO,, the gold content did not favor the methanol concentration. It only
favored the acetic acid concentration under visible light and formic acid under UV light. In
both cases and in comparison, with the other catalytic systems, the following maximum
concentrations were found: 15 umol-g~! for the acetic acid and around 280 pmol-g~! in
the case of formic acid.

Although still debatable [33] and as referred in the Introduction, in this case, the
electrons intervening in the CO, chemical reduction might be plasmon hot electrons, which
are those from the decay of the surface plasmon [34]. It was claimed that such carriers
exhibit a Fermi level above that of the metal, which was gold in this case [34].

Figure 11 shows the effect of the catalytic system composition and applied radiation
on selectivity toward methanol after 10 min of reaction, as calculated by the following
equation:

C
5_ CH30H 100
Ccuzon Crcoon CcHacoon
where

Cchson : methanol concentration (mol-g~1);
Crcoon : formic acid concentration (mol-g~1);
Ccuscoon : formic acid concentration (mol-g~1).

It can be observed in Figure 11 that the selectivity toward methanol was a function of
the assessed variables and was the best (100%) when the catalytic system was 10% Au/BB
under visible light. This could be attributed to plasmon-driven photocatalysis (PDP)
dominating instead of the normal photocatalysis. This could be inferred from the effect of
the metal loading and average particle size [52], which was almost double (18.09 £ 9.3 nm)
for the 10% Au/BB system than for the 5% Au/BB system (9.8 £ 7.8 nm). In PDP, hot
electrons are injected into the semi-conductor surface. Such electrons are produced in the
decay of the surface plasmon. Thus, due to the surface plasmon being the main source of
electrons for the whole reduction process, i.e., water and organics, the larger the particle
and the higher the metal content, the higher the activity [52,53]. It is worth highlighting that
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this was the only system able to sustain methanol production in the studied reaction time.
In photocatalysis, it was demonstrated, albeit with water reduction [52], that the smaller
the metal particle and content, the better the photo-activity because the main role of gold
would be helping the charge separation at the semi-conductor surface. In the case of TiO,
the molecule that was favored by the PDP was acetic acid (see Figure %), which might also
suggest that water reduction is also favored under such conditions, thus generating more
hydrogen and/or protons that allow for obtaining a further reduced organic molecule, such
as acetic acid.

/\ : 100%
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Figure 11. Effects of catalytic system composition and radiation wavelength on selectivity toward
methanol. T =298 K, Wt =0.055 g/L, V=0.1L, Qcop =9 x 10~3 L/min, [NaOH] = 0.5 M and
trxn = 10 min.

3. Materials and Methods
3.1. Catalysts Synthesis

In this work, the studied catalytic system was constituted by gold and the support.
Two variables were assessed: one was the type of support, and the second one was
the gold content in the nanocomposite. Two types of support were used: the typical
photocatalyst Degussa P25 (TiO,), and the other one was a bio-support, bovine bone
powder (BB), which is a renewable and biodegradable waste material. The first step in
obtaining the bovine bone powder was cleaning the organic residues; then, the BB was
placed in contact with 1 x 10~2 M HCl solution, and the BB was pulverized and sieved at
150 mesh. Bionanocomposites, Au/BB and Au/TiO,, were synthesized with 5% and 10%
Au by weight.

Gold nanoparticle synthesis was carried out by bioreduction using an infusion of
Heterotheca inuloides. For this purpose, 1.5 g of Heterotheca inuloides leaves and flowers
(purchased in the local market of Metepec, Edo. Mex.) were added in 250 mL of boiling



Catalysts 2024, 14, 417

15 of 19

water for 1 h. H AuCl; (Meyer, Mexico City, Mexico) solution was prepared at a concentra-
tion of 1 x 1073 M in deionized water. A total of 1 g of bovine bone powder or TiO, was
immersed in different volumes of AuClj solution for 30 s and then filtered. Bovine bone
was purchased in a local store located at Plan de Agua Prieta, La Magadalena, 50190, Toluca,
Edo. de Mexico, Mexico). Subsequently, Au*! ions were reduced by adding Heterotheca
inuloides infusions for 1 h under stirring at room temperature and then filtered. The final
biocomposites were dried at room temperature. This synthesis was based on previous work
carried out by our research group [30,31]. The produced materials are described in Table 1.

Table 1. Synthesized catalysts.

Name % Au Support Immersion Time
BB 0 Bovine bone powder
5% Au/BB 5 Bovine bone powder
10% Au/BB 10 Bovine bone powder 30s
5% Au/TiO, 5 Titanium dioxide
10% Au/TiO, 10 Titanium dioxide

3.2. Catalyst Characterization

To establish the crystal structure of the composites, X-ray diffraction (XRD) was
conducted in a Bruker D8 Advance diffractometer with Bragg—Brentano geometry using Cu
Ka radiation and a Linxeye detector. Optical characterization was carried out by UV-Vis
diffuse reflectance spectroscopy in an Ocean Optics DT-1000 CE UV-Vis spectrophotometer.
The optical band gap, E,, was determined using Tauc’s expression [54,55]. The Tauc model

was plotted based on direct semiconductor using an absorption coefficient (zx)l/ ", where
r=1/2[56,57]. Scanning electron microscopy (SEM) was used to analyze the morphology
and topography; the samples were analyzed in JEOL JSM-6510LV equipment, coupled with
an energy dispersive X-ray spectroscopy (EDS) detector from Oxford for the elemental
analysis. This equipment was manufactured by JEOL and is located at CCIQS UAEM-
UNAM, Toluca, Mexico. The size and shape of Au particles were analyzed by electronic
transmission microscopy (TEM) in a JEOL JEM-2100 microscope operated at 200 kV with
a LaBg¢ filament. This equipment was manufactured by JEOL and is located at CCIQS
UAEM-UNAM, Toluca, Mexico. The samples were suspended in 2-propanol and then
ultrasonically dispersed for 5 h at room temperature. A drop of this suspension was then
placed on a Cu grid coated with a holey carbon film.

N, physisorption analyses were conducted for two materials, 5% Au/BB and 5%
Au/TiO;. These materials were elected because, as observed in Section 2, they led to the
highest methanol and formic acid concentrations. This analysis was carried out in a Micro
200C equipment. This equipment was manufactured by 3P Instruments and is located at
UAM Iztapalapa, Mexico City, Mexico. Samples were degassed for 3 h at 300 °C prior to
the analysis.

3.3. Photocatalyzed CO, Chemical Reduction

Every catalyst presented in Table 1 was tested in the photo-reduction of CO, that was
carried out in a Pyrex glass batch photoreactor. The reactor had an inner diameter of 2.5 cm
and a height of 20 cm. A 5.5-watt mercury UV Pen-Ray lamp was placed at the reactor
center. This lamp required a 115 V/60 Hz power supply and emitted primary radiation
at 254 nm with a typical intensity of 4400 uW/cm?. Every experiment was carried out
under constant stirring while a cooling jacket maintained the temperature at 298 K. For the
reactions, 100 mL of a 0.5 M NaOH solution and a catalyst loading of 55 mg/L were added
to the photoreactor. CO, was fed (9.0 x 1072 dm?®/min) to the reactor through a diffusor
placed at the bottom of the reactor, and the experiments were conducted at atmospheric
pressure. The lamp was then turned on. Another assessed variable was the radiation
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wavelength. For this purpose, a set of three lamps that emitted visible light were placed
around the reactor. The response variables were the methanol, formic acid and acetic acid
concentrations, and the produced amounts of organic compounds (total organic carbon).

3.4. Analytical Methods

Samples were taken during the photoreduction reaction, passed across a nylon mem-
brane (0.2 um) to filter out any solid particles (catalysts) and then examined using ultra-
high-performance liquid chromatography (UHPLC). A Vanquish system (Thermo Scientific)
with refraction index detectors and a diode array (DAD) was utilized for this purpose. With
a flow rate of 0.6 mL/min and a mobile phase consisting of 3 mM H;SQOy, the injection vol-
ume was 20 pL. An Aminex HPX-87H BioRad column (9 pm, 7.8 x 300 mm) that operated
at a constant temperature of 35 °C was used to achieve separation. This method allowed
for the identification and measurement of acetic and formic acids.

In addition, a GC SCION 456 gas chromatograph (GC) with a flame ionization detector
(FID) was used to identify and quantify the methanol. The chromatographic column was
an Equity TM-1 fused silica capillary with a length of 30 m, diameter of 0.25 mm and a film
thickness of 1.0 um. The analysis conditions were an oven temperature of 35 °C for 2 min,
with a temperature ramp of 4 °C/min, 100 °C for 2 min, detector temperature of 250 °C
and injector temperature of 250 °C, and a 1 pL injection volume.

4. Conclusions

Gold nanocomposites with 5 and 10% gold contents were synthesized using differ-
ent supports, BB (bovine bone powder) and TiO,, by bioreduction using an infusion of
Heterotheca inuloides. All synthesized materials presented photo-activity in the UV and
Vis spectra and could be used as catalysts in the photo-chemical reduction of CO, toward
methanol, acetic acid and formic acid. The assessed variables (support, gold content
and radiation wavelength) were found to exert important effects on the concentrations of
the above-said organic compounds. The maximum produced amount of methanol was
24 mmol-g_,} with the catalytic system of 5% Au/TiO, under UV light after six minutes of
reaction, followed by the same catalytic system, albeit under visible light. The latter also
favored formic acid production, and a maximum of nearly 500 umol-g_,! was observed.
The acetic acid concentration was favored by using the 5% Au/BB catalytic system under
UV light, and a maximum concentration of 40 pmol-g_,! was quantified. It was concluded
that under visible light, plasmon-driven photocatalysis dominated the process.

Finally, it could be concluded that selectivity toward methanol was also affected by all
the assessed variables, and at ten minutes of reaction, the highest (100%) was found with
10% Au/BB under visible light. This makes bovine bone powder an interesting material
with potential application in the selective reduction of CO; in the liquid phase toward
methanol under visible light.

Supplementary Materials: The following supporting information can be downloaded from https:
//www.mdpi.com/article/10.3390/catal14070417 /s1: Figure S1: (a) UV-Vis DRS spectra of Au-NPs
supported on a BB (5% blue and 10% red) sample, as well as the bare BB (violet). Tauc plot of (b) 5%
Au-NPs and (c) 10% Au-NPs supported on BB samples for band gap value determination; Figure S2:
(a) Absorption UV-Vis spectra of Au-NPs supported on a TiO, (5% red and 10% blue) sample, as well
as the bare BB (black). Tauc plot of (b) 5% Au-NPs and (c) 10% Au-NPs supported on TiO, samples
for band gap value determination; Figure S3: CO, species distribution diagram as function of pH
at 295 K. Figure S4: pH temporary profiles: effect of radiation wavelength, gold content and type
of support.
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