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Abstract: Photocatalytic carbon dioxide conversion is a promising method for generating carbon fuels,
in which the most important thing is to adjust the catalyst material to improve the photocatalytic
efficiency and selectivity to conversion products, but it is still very challenging. In order to enhance
the efficiency of CO, photoreduction, it is important to develop an appropriate photocatalyst. The
present study focuses on developing a simple and effective hydrothermal reaction treatment to
improve the catalytic efficiency of transition metal cobalt (Co) and organophosphonates. Photoexcited
charge carriers are separated and transferred efficiently during this treatment, which enhances
CO; chemisorption. Under visible light exposure, the best performing catalyst, CoP-4, showed
2.4 times higher activity than Co3Oy4 (19.90 umol h-1 gfl) for reducing CO, into CO, with rates
up to 47.16 umol h~! g=1. This approach provides a viable route to enhancing the efficiency of
CO; photoreduction.

Keywords: cobalt-based catalyst; organophosphonic acid; photocatalytic; CO, reduction

1. Introduction

Carbon dioxide has been released into the atmosphere by fossil fuels, posing an immi-
nent threat to the current energy system, as well as causing environmental problems [1-4].
In theory, transforming CO, into fuel or chemical feedstock compounds could decrease
the use of fossil fuels, alleviate atmospheric CO; levels, and mitigate the greenhouse ef-
fect [5-7]. Efficient and selective photocatalytic CO, conversion into valuable carbon-based
fuels and chemicals, such as CO, HCOOH, CH30H, and CHy, is a promising solution
to environmental issues and the energy crisis. Despite the challenges posed by the high
thermodynamic stability of the stable C-O double bond (750 k] /mol) and the inefficient
transportation of photoinduced carriers during photocatalysis, we are confident in our abil-
ity to achieve highly active and selective photocatalytic CO;, conversion, even in a diluted
CO, atmosphere. To overcome these bottlenecks, we have developed various strategies
such as atom doping, designing peculiar nanoarchitecture, constructing heterojunctions,
and defect engineering. These strategies aim to significantly enhance the adsorption and
activation capability of CO,, enhance the accessibility of active sites, and shorten the charge

C 2024, 10, 12. https:/ /doi.org/10.3390/c10010012

https:/ /www.mdpi.com/journal/carbon


https://doi.org/10.3390/c10010012
https://doi.org/10.3390/c10010012
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/carbon
https://www.mdpi.com
https://orcid.org/0000-0002-0034-7341
https://doi.org/10.3390/c10010012
https://www.mdpi.com/journal/carbon
https://www.mdpi.com/article/10.3390/c10010012?type=check_update&version=1

C 2024, 10,12

20f13

transfer distances. Furthermore, the photocatalytic reduction of CO, into CO offers a
promising avenue for the efficient utilization of this greenhouse gas [8]. In addition to
reducing atmospheric CO, levels, photocatalytic CO, reduction also provides a clean fuel
source [9]. Among the existing CO, conversion technologies, photocatalysis is highly
advanced in converting CO; into valuable solar fuels [10].

Because photocatalytic carbon dioxide reduction is a complex process and produces
many kinds of products, it is important to study the reaction mechanism. The reaction
pathway has a significant impact on the selectivity of the reduction products, especially for
multi-carbon products [11,12]. The photocatalytic CO; reduction pathways involve a series
of elementary steps, including electron/proton transfer, C-O bond breaking, intermediate
formation, and new bond formation [13,14]. Understanding the basic principle of the photo-
catalytic CO, reduction reaction is of great importance to the development of photocatalysts.
The mechanism of photocatalytic CO, reduction can be summarized in three basic steps:
(1) When the semiconductor is exposed to light, the absorbed energy triggers the excitation
of electrons within the valence band, creating photogenerated electron (e~ )-hole (h*) pairs;
(2) The photogenerated electrons and holes are separated and transferred to the conduction
band.; (3) There is a redox reaction between the photogenerated charge and the reactants
adsorbed on the surface of the semiconductor [15,16]. By nature, the process of CO, pho-
toreduction is a multifaceted reaction that involves the coupled electron transfer of multiple
protons, resulting in a range of potential products, including CO, CHy, HCHO, CH;0H,
HCOOH, and compounds with multiple carbon atoms [17-19]. Specifically, CO serves as a
crucial starting material for the production of a wide array of chemical compounds [20,21].
Therefore, it becomes extremely difficult to control the harvest of carbonaceous products.
However, CO, molecules are inert due to their inert chemistry [22], and the conversion
efficiency of photocatalytic CO, reduction has so far remained low. Therefore, the efficiency
and selectivity of CO, reduction using photocatalysts should be investigated.

So far, although numerous photocatalysts have been developed for CO, reduction,
such as TiO; [23], Bi;MoOg [24], g-C3Ny [25], CulnsSg [26], metal oxide, and carbide-
surface-supported metal nanoparticles (NPs) [27], many still face challenges such as low
generation rates, poor selectivity, and high costs. Cobalt-based [28,29] composites, includ-
ing small atomic clusters [30], oxides, hydroxides [31], nitrides [32], and fractional complex
fractions [33], are currently effective catalysts for CO, reduction. Wang and colleagues re-
ported cobalt-containing benzimidazole metal-organic frameworks (MOFs) as co-catalysts
for enhanced CO, capture and conversion. Out of the numerous options available, Co
compounds stand out as one of the most promising catalysts. Li et al. [34] reported devel-
oping a new approach: using MOF-templated methods, they have designed innovative
Fe-doped CoP hierarchical double-shelled nanocages for the highly effective reduction
of CO; using visible light. The distinctive double-shell hollow structure with layers can
significantly decrease the charge transport distance and offer numerous reaction sites. Ad-
ditionally, the incorporation of iron atom doping can decrease the activation energy of the
CO;, by stabilizing the *COOH intermediate and facilitate CO, desorption by disrupting
the stability of the CO* adduct. Wang et al. [35,36] have created hierarchical N-doped
carbon@NiCo,0, nanoboxes using a multistep strategy involving a sacrificial template
of Fe;O3 nanocubes. This unique architecture exhibited significantly improved activity
and stability in the photocatalytic reduction of CO,. Hierarchical hollow heterostructures
with ultrathin 2D nanosheet subunits are designed and synthesized for the photocatalytic
reduction of carbon dioxide and water separation in suspension systems. This innovative
material combines the structural and compositional benefits of hollow structures, ultrathin
2D nanosheets, and heterojunctions, resulting in significant performance enhancements for
semiconductor photocatalysts in catalytic solar fuel production through CO, conversion
and water separation. However, the synthesis process reported above is divided into multi-
ple steps, which is cumbersome, and the temperature requirement for synthesis is relatively
high. Therefore, there is a requirement to discover a more straightforward approach for
producing effective and durable catalysts for CO, reduction.
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Organophosphonic acid compounds are a class of compounds containing one or more
methylphosphonic acid groups, and some studies have confirmed that organophosphonic
acid compounds can be used to chelate and solidify heavy metal ions [37]. In transition-
metal-catalyzed reactions, organophosphines serve primarily as ligands. Metal centers
can be changed by altering the density of the electron clouds and the spatial distribution
of the surrounding groups through the coordination of phosphine with the metal. As a
result, the catalytic properties of the metal can be adjusted. Therefore, in transition-metal-
catalyzed reactions, organophosphine ligands play a critical role and can be a decisive
factor in determining the success or failure of the reaction or the selectivity of the product.
Catalysts for CO, reduction have been the subject of extensive research, involving the use
of transition metal complexes modified with diverse ligands [38]. According to reports,
tris(trimethylsilyl)phosphine is widely considered an efficient and stable Co catalyst for hy-
drogen precipitation, particularly for Ni,P, CoP, FeP, and MoP transition metal phosphides,
due to its low potential and good electrical conductivity [39-42]. Inorganic-organic hybrid
materials, known as metal phosphonates, have attracted great interest in coordination
chemistry due to their versatility, exhibition of high stability, and potential applications
in catalysis, adsorption, magnetic systems, and more. Their unique structural flexibility
is particularly beneficial for promoting the formation of active catalytic sites in various
reactions, including the notoriously difficult CO; reduction process [43]. Cobalt phosphide
(CoP) shows significant promise for enhancing CO, photoreduction; it is characterized
by high electrical conductivity and abundant redox-active sites. Fu et al. efficiently cat-
alyzed the conversion of CO, into CO using pure CoP, hybrid CoP/CNTs, and CoP/rGO
in mixed aqueous solutions containing a Ru-based photosensitizer under visible light
irradiation. The hybrid catalysts CoP/CNT and CoP/rGO show excellent catalytic activity
in the reduction of CO; into CO. The strong interactions between CoP and the carbon-
supported materials as well as the partially adsorbed H,O molecules on the catalyst surface
significantly increase the rates of CO generation [44,45].

In this study, a novel amorphous metal-organophosphonate photocatalyst (CoP-4)
was successfully obtained using a simple solvent reaction in which the solvent was replaced
with dimethylformamide (DMF). When exposed to visible light with [Ru(bpy)3]** as a
photosensitizer, the resulting CoP-4 showed an excellent photocatalytic performance to
promote CO; reduction. We introduced a mechanism for CO, reduction through photo-
catalysis. The selectivity and the entire process of photocatalytic CO, reduction could be
better understood. Physicochemical characterization showed that CoP-4 accelerated the
photo-induced charge separation and migration, and the activity of the CoP-4 catalyst was
increased 2.4-fold compared to that of Co30O4, and the rate of the reduction of CO; into CO
could reach 47.16 umol h~! ¢~1. This study opens up new possibilities for the synthesis
of high-surface-area metal phosphonates using simple solvent reactions for catalysis and
other applications.

2. Experimental
2.1. Materials

No additional purification was necessary since all chemicals were analytical-grade.
The Co(NOj3),-6H0 and acetonitrile were purchased from Macklin Biochemical Co., Ltd.
(Shanghai, China). The 3-phosphonopropionic acid (3-PPA), [Ru(bpy)3]Cl,-6H,0, and
triethanolamine were bought from Aladdin Co., Ltd. (Shanghai, China). The N, N-
dimethylformamide (DMF) was purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).

2.2. Preparation of CoP-N and Co304

The CoP photocatalysts were synthesized using the hydrothermal method. As a first
step, 10.0 mL of DMF was dissolved with 2.0 mmol of Co(NOs3),-6H,O as solution A, while
solution B was made by dissolving 2.0 mmol of 3-PPA in 20.0 mL of DMF. Subsequently,
the aforementioned solutions were combined and stirred for 30 min. They were then
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heated at 180° for 2 h, 4 h, 8 h, and 12 h in a 100 mL Teflon-sealed autoclave, respectively,
labeled as CoP-N (CoP-2, CoP-4, CoP-8, and CoP-12). Upon cooling the products to room
temperature, following three rounds of washing with deionized water and ethanol, the final
products were dried at 600 °C for 12 h. Co3O, was obtained by directly heating 2 mmol
Co(NO3),-6H,0 in a muffle furnace at 400 °C for 2 h at 2 °C per minute.

2.3. Material Characterization

To determine the crystal structure of the material, X-ray diffraction (XRD) analysis of
the material was conducted using an X-ray powder diffractor (XRD-6100, Shimadzu, Kyoto,
Japan) with a scanning rate of 5°/min. Furthermore, transmission electron microscopy
(TEM, Hitachi, Tokyo, Japan, H-8100) and scanning electron microscopy (SEM, S-4800,
Hitachi, Tokyo, Japan) were used to observe the morphology and dimensions of the
materials. So as to determine the chemical state and elemental composition of the surface
of the material, we conducted an analysis using the X-ray photoelectron spectra (XPS),
carried out on an ESCALAB 250Xi spectrometer (Thermo Scientific Inc., Waltham, MA,
USA). Fourier transform infrared spectroscopy (FT-IR, Avatar 360, Nicole, Brunswick, NC,
USA) was used to identify the functional groups in the samples, ranging from 400 to
4000 cm~!. Additionally, an electrochemical workstation was utilized with a standard
three-electrode system; the electrochemical impedance spectra (EIS) were examined along
with photocurrents.

2.4. Characterization of CO;’s Photocatalytic Properties

In order to evaluate the catalyst’s photocatalytic CO, reduction activity, the following
steps were followed: firstly, 2 mg of the photocatalyst, 10 umol of [Ru(bpy);]CL,-6H,O,
3 mL of acetonitrile, 2 mL of deionized water, and 1 mL of sacrificial agent were mixed
thoroughly via sonication. CO; was introduced into the sealed vessel, and other gases
were purged to ensure continuous CO filling for 30 min. Subsequently, the sealed vessel
was exposed to a 300 W Xenon lamp for 2 h. Gas chromatography (GC-7920) was used to
measure the amount of photocatalysis products on the catalyst.

3. Discussion and Results
3.1. Morphology and Structure Characteristics

The XRD patterns of the prepared CoP-N (N = 2, 4, 8, 12) and the type of photocatalyst
Co30y are shown in Figure 1a. Based on the diffraction patterns observed from the CozOy4
samples., the peaks appearing at 19.0°, 31.3°, 36.9°, 59.5°, and 65.4° correspond to the
(111), (220), (311), (511), and (440) crystal planes of CozO4, which are consistent with
the standard phase Co3O4 (PDF No. 43-1003) [46]. The almost featureless XRD patterns
of CoP synthesized in DMF demonstrate its amorphous nature (Figure 1a). By using
DMEF as a solvent instead of water, the growth of the compound was disrupted [47], and
after hydrothermal treatment, the Co structure was destroyed, resulting in a decrease
in crystallinity and the near-complete disappearance of the diffraction peaks, exhibiting
an amorphous nature. Figure 1b shows the results of the FT-IR analysis of the prepared
catalysts. The broad peak at 3460 cm ™! is associated with the O-H bond vibrations present
in the OH functional group on the catalyst surface and in the adsorbed interlayer water
molecules. The peak at 1633 cm~! corresponds to the bending mode of the water molecules.
The tensile vibration in the P=O bond and the vibration and bending modes in the CO32~
are represented by peaks at 1073 cm ™! and 1462 cm ™!, respectively. In the case of metal-
oxygen (Co-O), the 576 cm ! peak can be attributed to the stretching and bending vibrations,
respectively. This phenomenon indicates that the CoP photocatalysts were successfully
prepared in the absence of other impurities.
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Figure 1. XRD patterns (a) and FT-IR spectra (b) of CoP-N and CozOy.

The preparation of the photocatalysts and their morphological properties were investi-
gated by hand using SEM and TEM. According to Figure 2a, the SEM images show that
the CoP-4 photocatalyst exhibited an irregular particle structure and a high utilization rate
due to its large specific surface area. Further details of the photocatalyst structure were
observed in the TEM images. As shown in Figure 2b, the CoP-4 exhibits an ultrathin and
nearly transparent morphology.

Figure 2. SEM (a) and TEM (b) image of CoP-4 sample, respectively.

X-ray photoelectron spectra (XPS) were used to investigate the CoP nanophotocatalysts’
surface structure and chemical state. As shown in Figure 3a, the measured spectra proved
the presence of Co, P, C, and O in the CoP-4 nanophotocatalyst. As presented in Figure 2a,
the high-resolution XPS of Co 2p in CoP@C can be separated into four peaks: the main
peaks at 780.6 and 796.4 eV in the spectrum of Co 2p’s XPS of CoP correspond to Co
2p3/2 and Co 2p1/2 of CoP, respectively, while the oscillatory satellite peak is attributed to
786.5 and 801.6 eV [48]. It can be seen from Figure 3b that the low-energy peak of CoP-4,
with a binding energy of 782.8 eV, is positively shifted compared to that of metallic Co
(778.1-778.2 eV) [49], indicating that the Co-to-P charge transfer is reduced, aligned with
Co 2p3/2, and the higher-energy peak at 796.4 eV represents the Co 2p1/2 electron [50].
Furthermore, the two remaining peaks at 782.8 and 796.4 eV are associated with the Co-O
species, which could result from the partial oxidation of the surface CoP-4 when exposed
to air [51]. Accordingly, the binding energies of the P 2p XPS spectra at 133.0 and 131.9 eV
correspond to the P-O and P-C bonds in organophosphine ligands (Figure 3c) [52]. This
can be further demonstrated by the Ols spectra (Figure 3d): the P-O bonds are represented
by the peak at 532.0 eV. Furthermore, H,O and O-H are responsible for the binding energy
at 534.2 eV.
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Figure 3. Photocatalyst XPS spectra (a) and as-prepared XPS spectra of Co 2p (b), P 2p (c), and O
1s (d).

3.2. Photocatalytic Activity Investigation

The catalytic activity of the CoP-4 catalyst for CO; reduction was assessed under
visible light and mild reaction conditions. A solution of H;O/acetonitrile and TEOA
were used as the reaction solvent and photoactivator, respectively, for the reaction of
[Ru(bpy)3]2+, H,0, and TEOA. CO was produced without measurable hydrocarbons from
the CO; photoreduction system (Figure 4a,b), in line with previous findings in compara-
ble systems [45]. This is due to the fact that the CoP-4 sample produces the highest CO
release rate of 47.16 umol h™! g~!, which is about 2.4 times higher than that of Co30s4.
Based on these results, we conclude that CoP catalysts are effective and selective in reduc-
ing CO, and can be significantly improved after long-term high-temperature treatment.
The reaction mixture was repeatedly cycled with dispersed catalysts as a cycling test,
thereby exposing fewer catalytically active sites in the redox reaction [53]. The introduc-
tion of phosphonates led to a further enhancement in photocatalytic performance. To
check the stability of the CoP-4 catalyst for the CO, reduction reaction, the reaction mix-
ture was cycled repeatedly with dispersed catalysts as a cycling test. The performance
of CoP-4 in reducing CO; emissions did not decrease significantly in five consecutive
runs (Figure 4c), demonstrating the excellent continuity of CoP-4 in the photo-oxidation
system for reduction. It is noteworthy that CoP contributes to considerable CO production
(47.16 pmol h~'g~1), which is superior to the reported multiphase catalysts under com-
parable conditions (Figure 4d and Table 1). The CO; reduction reaction was then studied
without [Ru(bpy)3]**. The findings revealed that the rate of CO precipitation decreased in
the absence of the photosensitizer (Figure S1), suggesting that the CO; reduction catalysis
is a visible-light-excited dye sensitization process. Only adding [Ru(bpy)3]>*, the efficiency
of CO is close to 0, indicating that Ru plays a small role in CO; reduction. Moreover,
the rate of CO production increased upon the addition of CoP-4, emphasizing the crucial
role of transition metal phosphide co-catalysts in promoting efficient CO, reduction. We



C 2024, 10,12

70f13

synthesized organophosphate photocatalysts for catalytic carbon dioxide reduction using
the hydrothermal method to form CoP photocatalysts in the complexes. The prepared
CoP exhibited a good photocatalytic performance for carbon dioxide reduction. Among
the Co304 and CoP-4 photocatalysts, CoP-4 obtained excellent photoactivity. A series of
characterizations showed that the introduction of organophosphates enhanced the active
site, as well as the charge separation/transfer; resulted in the outstanding photoreduction
of CO,; and effectively lowered the energy barrier for the formation of the intermediates
required for CO, adsorption.
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Figure 4. (a) Photocatalytic CO, reduction CO yield, (b) photocatalytic CO; reduction production
rate, (¢) CO production rate in stability testing of CoP-4, (d) comparison of CO, photoreduction
performance between the CoP and previously reported photocatalysts.

Table 1. Comparison of CO; photoreduction performance between the CoP-4 and previously reported
photocatalysts.

Catalysts Sacrificial Agent (Egoli‘;:’,lﬁ‘;‘j‘}) Reference
1 CoP-4 TEOA 47.16 This work
2 CoAI-LDH-BCQDs - 4.10 [54]
3 CoPPA TEOA 2.95 [55]
4 Bi3O4C1/200/og-C3N4 - 6.60 [56]
5 ZnO@Co30,4 - 5.56 [57]
6 Co-Al LDH-C TEOA 5.84 [58]
7 CoAIl-LDH/BiOBr - 4.10 [59]
8 CsPbBr3—Co304 - 35.40 [60]
9 CoOx/BiVOy - 2.50 [61]

3.3. Electrocatalytic Activity Investigation

Generally speaking, the higher the photocurrent, the higher the electron-hole separa-
tion efficiency and the higher the photocatalytic activity. To investigate the migration and
separation behavior, as well as to verify the photoreactivity, we measured the photocurrent
in CoP-4 and Co304 with photogenic supports and holes. CoP-4 and Co30y4 in response
to visible light irradiation are shown in Figure 5a under four intermittent photocurrent
response cycles. As the photocurrent increases, the separation efficiency increases [62].
In terms of the photocurrent response, CoP-4 shows a greater response: CoP-4 exhibited
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a current density as high as ca. 3.2 pA/cm? under visible light irradiation, outperform-
ing the other counterparts, which indicates a lower carrier complexation rate, enhancing
photocatalysis greatly [63]. This result indicated the effective transport of light-induced
charge carriers, which is also highly consistent with the PL measurements. CoP-4 displays
a good photophysical stability after several cycles, indicating its stability. Electrochemical
impedance spectroscopy (EIS) was employed to examine the photocatalyst’s charge transfer
capacity. From Figure 5b, it can be concluded that CoP-4 has a small arc radius, which
indicates a low carrier complexation rate. This may be due to the fact that organophos-
phorides act as effective electron transfer channels in the CoP-4 nanoparticles, promoting
charge separation and thus significantly reducing the carrier complexation rate to improve
the photocatalytic performance. Among the comparison samples, CoP-4 has the smallest
semicircle diameter, indicating the lowest charge transfer resistance. The above results
confirm that the successful recombination of transition metals and organic phosphonates
can promote the separation and transfer of photogenerated carriers. As photogenerated
electrons and holes complex in the photoluminescence (PL) spectra, photoluminescence
analysis reveals how charge carriers trap, transfer, and separate, as well as revealing the
lifetime of the charge carriers in the samples. Conversely, the lower photoluminescence in-
tensity implies that more carriers are involved in the process of photocatalysis. In Figure 5c,
the CoP-4 and Co304 photoluminescence spectra are shown. The photoluminescence inten-
sity of CoP-4 is lower than that of Co304, with the peak concentrated at 430 nm. Lower
electron-hole complexation results in weaker PL emission, so photoexcited electrons can be
transferred faster at the interface, inhibiting the complexation of electrons and holes. CoP-4
exhibits a significantly smaller photoluminescence strength compared to individual CozOy,
indicating that the fabrication of photocatalysts can effectively reduce the recombination of
photogenerated charge carriers during photochemical reactions.
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Figure 5. (a) Photocurrent response images, (b) electrochemical impedance spectra images, and (c) PL
spectra of CoP and Co304 samples, respectively.

3.4. Mechanism of the Photocatalytic Reduction of CO;

For Co304 and CoP-4, the VB values are determined to be 1.28 eV and 1.04 eV for
the XPS valence band (VB) spectra in Figure 6a. According to the Kubelka-Munk func-
tion (ahv)? against Eg, Co304 and CoP have Eg values of 1.78 and 1.62 eV, respectively
(Figure 6b).

Last but not least, we measured the flat band potential of CoP-4 in order to better
understand how the reaction occurs. To evaluate the potential of Co-based materials for
the photocatalytic reduction of CO,, Mott-Schottky tests were performed. Mott-Schottky
analysis reveals that the flat band potential for the CoP-4 photocatalyst is —0.56 V (relative
to NHE at pH 7.0, Figure 7a), which is appropriate for accepting electrons from the Ru
complex in order to drive the CO,-to-CO conversion reaction (Equations (2) and (3)), as
seen in Figure 7b [64]. shows the schematic of the band structure. This indicates that the
CoP-4 catalysts have the appropriate potential to accept the photogenerated electrons of the
excited photosensitizer and thus facilitate the catalytic reduction of CO, into CO. As shown
in Figure 7a, the measured flat band potential of CoP-4 is about —0.56 V (versus the normal
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Ag/AgCl electrode, NHE), which is more negative than the reduction potential of CO,
into CO (—0.53 V) on the part of the NHE [65]. In contrast to Co3O4, CoP-4 has a negative
CB, indicating a strong photocatalytic CO, reduction capability. The porous nanomaterials
are beneficial to the adsorption of CO, [66]. Photoinduced electrons were transferred
to the CoP-4 cocatalyst following the visible light irradiation of the Ru photosensitizer
(Equation (1)). The CoP-4 solid is then reduced into CO by the CO, molecules adsorbed on
the surface (Equations (2) and (3)). Photocatalysis is completed by quenching the oxidized
Ru dye with TEOA, which serves as an electron donor (Equation (4)).

Ru(bpy)s*" +ho = Ru(bpy)s** (1)
Ru(bpy);*** — Ru(bpy);® +e” @)
CO, +2H' +2¢~ — CO + Hy,O ®)
Ru(bpy)3" + TEOA — Ru(bpy);' + TEOA™ (4)

(b)
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Figure 6. (a) VB XPS spectra and (b) Kubelka-Munk plots of the Co3O4 and CoP-4.
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Figure 7. (a) Mott-Schottky plots and (b) band structure diagrams of CoP-4 and Co3O;.

Hence, we propose a potential mechanism for photosensitized CO, reduction
(Figure 8). Photoinduced energy transfer occurs when the photosensitizer [Ru(bpy)s;]** is
exposed to visible light and is then reduced by TEOA to generate [Ru(bpy)s]*, the reduced
photosensitizer. Subsequently, electrons from the 7t orbital of [Ru(bpy)s] * are transferred
to CoP-4 and rapidly move to the Co site within CoP, facilitated by the space charge region.
Electrophilic CO; is activated by accepting electrons from high-electron-density Co sites
and subsequently reduced into CO through an electron transfer process [67]. Additionally,
the desorption of products from the active site is a crucial characteristic of catalytically
active materials.



C 2024, 10,12

10 of 13

Figure 8. Schematic diagram of the process mechanism of photodecomposition of CO, into CO using
CoP catalyst.

4. Conclusions

In conclusion, we synthesized organophosphate photocatalysts for catalytic carbon
dioxide reduction using the hydrothermal method to form CoP photocatalysts in com-
plexes. The prepared CoP exhibited a good photocatalytic performance for carbon dioxide
reduction. Among the Co3O,4 and CoP-4 photocatalysts, CoP-4 obtained an excellent pho-
toactivity with a CO release rate of 47.16 umol ! h~!g. A series of characterizations showed
that the introduction of organophosphates enhanced the active site, as well as the charge
separation/transfer; resulted in the outstanding photoreduction of CO,; and effectively
lowered the energy barrier for the formation of the intermediates required for CO, adsorp-
tion. This study may offer innovative concepts for the advancement of novel composite
photocatalysts for the photocatalytic reduction of CO,. The photocatalytic reduction of
carbon dioxide into fuel products may not only reduce carbon dioxide emissions but also
allow clean solar energy to be used to provide green chemical energy and to achieve a high
catalytic efficiency and high selectivity toward high value-added products. A lot of effort
needs to be invested for the exploration and fulfillment of these four points. This work may
shed some light on the precise modulation of catalytic materials for CO, reduction in order
to achieve high efficiency in the production of carbon fuels.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/c10010012/s1, Figure S1: Photocatalytic CO, performance under
different conditions.
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