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Improved conversion of

carbon dioxide to methane

via photohydrogenation using
Gd,NiMnO, with a dendritic fibrous
architecture
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The conversion of diluted CO, into high-energy fuels is increasingly central to renewable energy
research. This study investigates the efficacy of a Gd,NiMnOg dendritic nanofibrous (DNF)
photocatalyst in transforming carbon dioxide to methane through photoreduction. Gd,NiMnOg DNF
was found to provide active adsorption sites and control the strand dimensions for metal groups,
facilitating the chemical absorption of CO,. The light-driven photoreduction of CO, to CH,, through
biomass valorization has become a sustainable focus area, with photocatalytic CO, reduction
recognized as a key strategy to mitigate greenhouse gases and achieve carbon neutrality. However,
designing active sites with enhanced selectivity and efficiency for CO, photoreduction remains
challenging. Reducing carbon dioxide is especially crucial in the era of petroleum refineries. This work
introduces a reusable, magnetically responsive nanocatalyst for the targeted light reduction of CO,
to CH,, utilizing eco-friendly methods, mild thermal conditions, ambient pressure, and sustainable
dehydrating agents. This approach provides significant economic benefits and compatibility with
functional groups, highlighting the potential of combining 3D nanoparticle structures with sustainable
chemistry to create highly efficient catalytic systems for CO, to CH,, conversion.

Keywords Nanocatalyst, Green chemistry, GdzNiMnO6, Nanoceramic, Dendritic nanofibrous, UV-Vis
irradiation

Abbreviations

DNF  Dendritic Nanofibrous

CO, Carbon dioxide

CH, Methane

XRD  X-ray diffraction

TEM  Transmission electron microscopy
SEM Scanning electron microscope
EDX Energy-dispersive X-ray

BET Brunauer-Emmett-Teller

TPC Transient photocurrent
PL Photoluminescence
EIS Electrochemical impedance spectroscopy

Global energy demands and the pressing issue of climate change have driven significant interest in the sustainable
conversion of CO, into valuable carbon-based products like CO and hydrocarbon fuels'. Photocatalytic CO,
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reduction is a crucial pathway for converting solar energy into chemical energy, inspired by the natural process of
photosynthesis. Considerable efforts have been made to develop photocatalysts capable of capturing and reducing
CO, effectively”. However, the efficiency of existing photocatalysts remains inadequate due to challenges such
as limited surface area, restricted active sites, and rapid recombination of photogenerated electron-hole pairs>.
Photocatalysts, when exposed to light, generate electron-hole pairs that must separate and transfer to specific
sites to facilitate redox reactions. The efficiency of charge separation and the directed movement of excitons are
critical factors influencing catalytic performance?. Enhancing the CO, adsorption capacity of photocatalysts is
a promising approach to boost CO, conversion efficiency, as stable and effective binding interactions with CO,
molecules are essential for efficient electron transfer from active catalytic sites’.

Gd,NiMnO,, a member of the bismuth-based semiconductor family, has shown promising potential in
photocatalysts and gas sensors due to its unique pyrochlore architecture and suitable energy band of 2.6-2.9
eVe. The GdzNiMnO6 octahedron structure, which consists of a six O and single Mn, is interconnected by
shared vertices’™®. This interconnected vertex arrangement enhances the conveyance and segregation of photo-
induced carriers, making Gd,NiMnO, a promising material for efficient visible-light photocatalysis'®!!. Since
the photocatalytic reaction primarily takes place on the surface, the photocatalyst’s surface and morphology
microstructure significantly influence the photocatalytic kinetics, making the surface morphology control of
Gd,NiMnOj a research focus.

In recent years, there has been a strong emphasis on sustainable and eco-friendly development, particularly
in aligning energy and environmental needs'2. Various approaches have been thoroughly explored, including
emission reduction, chemical degradation, pollutant removal, and energy conservation'*-!°. Converting
carbon dioxide to methane has emerged as a strategy that not only aids energy conservation but also helps to
mitigate greenhouse gas effects both crucial for addressing energy shortages and environmental pollution!”-%.
Consequently, finding the optimal photocatalyst has become a significant focus, with prior studies examining
materials like ZnO, SnO,, and Ce0,2!28, The demand for new, resilient photocatalysts that are highly active,
cost-effective, and easy to synthesize for gas-phase reduction of low-concentration CO, with water vapor
remains high*-3!. Efficient photocatalysts capable of directly using low-concentration CO, from gas sources
offer practical advantages such as energy and cost savings, as well as simplified processing®*-*¢.

This research presents the first reported fabrication of Gd,NiMnOs dendritic nanofiber (DNF) photocatalysts
using a simple hydrothermal synthesis combined with stir-assisted techniques. These samples were engineered
specifically to target CO, as a primary pollutant, with their adsorption and photocatalytic activity under visible
light thoroughly evaluated. Advanced characterization methods, including XRD, TEM, and UV-Vis, were used
to analyze the microscopic structure and photocatalytic properties of the synthesized samples. The study aims to
develop Gd,NiMnOs DNF for the photoreduction of CO, to CH,, induced by UV light, offering an innovative
and eco-friendly approach that exhibits high efficiency and selectivity. UV-Vis irradiation was applied to reduce
CO;, levels and mitigate H, stress, aligning the process with European environmental standards.

Experimental

Synthesis of Gd2NiMnO6 DNF

The Gd,NiMnOs DNF was synthesized via a microwave radiation technique. In this process, a solution
containing 0.8 mmol of Mn(NO3),-4 H,0, 1.2 mmol of Gd(NOs);, and 1.2 mmol of Ni(NO;), was prepared in
40 ml of 1-pentanol and 180 ml of cyclohexane solution and thoroughly stirred. Ascorbic acid (2 ml, 0.05 M) and
cetylpyridinium bromide (1.2 g) were then added to maintain a pH level of 10. The resulting precipitates were
separated by centrifugation, washed multiple times with methanol, and subsequently dried at 165 °C.

Catalytic hydrogenation of CO2

In this procedure, a stainless-steel reactor with a 100 mL capacity and high-pressure capabilities was loaded
with 8 mg of catalyst and 10 mL of a 2 M potassium hydroxide solution. Prior to initiating the reaction, nitrogen
gas was used to purge the vessel, ensuring the removal of any residual air. A 1:1 mixture of carbon dioxide and
hydrogen gas was introduced into the reactor at room temperature, with stirring maintained at 250 rpm. After a
reaction time of 30 min, the heating mantle was removed, and the reactor was allowed to cool gradually to room
temperature. Once cooled, the pressure in the reactor was lowered, and the reaction mixture was transferred to
a sample container. This mixture was then centrifuged to separate the Gd,NiMnOs DNE

Results and discussion
The Gd,NiMnOs DNF compound was synthesized using an efficient bifurcated approach, designed to integrate
Gd,NiMnOs DNF as a supportive component within the nanofiber structure. In this configuration, Gd,NiMnOs
DNF acted as focal sites for catalytic enhancement on its external surface. To understand the mechanisms
involved, SEM and TEM analyses were conducted on the cells. As illustrated in Fig. 1, the Gd,NiMnOs DNF
appeared as three-dimensional dendritic fibers, forming structural walls that increased the available surface area.
X-ray diffraction (XRD) analysis was performed to examine the crystalline structure of the Gd,NiMnOs
DNF composite photocatalyst. In Fig. 2, distinctive peaks at 20 =57.02°, 48.13°, 33.56°, and 28.92° are observed,
corresponding to the (622), (440), (400), and (222) planes of Gd,NiMnOs DNE, in alignment with JCPDS
No.87-0284. These results confirm the successful synthesis of the composite photocatalyst. The EDS spectrum in
Fig. 3 illustrates the elemental composition and chemical analysis, revealing the presence of Gd, Ni, Mn, and O
in the Gd,NiMnOs DNE The XPS spectrum shown in Fig. 4 provides an overview of the elemental composition
and chemical makeup. The comprehensive survey of Gd,NiMnOs DNF confirms the presence of Gd, Ni, Mn,
and O elements.
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Fig. 1. FESEM images of Gd,NiMnO, DNF (a); and TEM of Gd,NiMnO, DNF (b).
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Fig. 2. XRD of filamentary Gd,NiMnO, DNE.
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Fig. 3. EDS gamut of Gd,NiMnO, DNE

Nitrogen adsorption analysis revealed that the specific BET surface area of Gd,NiMnOs DNF was
approximately 674 m?*/g. The Gd,NiMnOs DNF exhibited a type IV isotherm with H1-type hysteresis, indicating
the existence of a mesoporous nanostructure, as shown in Fig. 5. The pore size was estimated to be around
11 nm, determined from the desorption segment of the nitrogen isotherm and calculated using the BJH method
(Table 1).

To further verify the changes in the electrochemical and photochemical properties of these samples, transient
photocurrent (TPC), photoluminescence (PL), and electrochemical impedance spectroscopy (EIS) were utilized
to evaluate charge carrier separation efficiency (Fig. 6a-c). The Gd,NiMnO, DNF exhibited reduced fluorescence
intensity, increased photocurrent intensity, and a smaller radius of curvature, indicating that it performed better
in photocatalysis compared to the monomer. We used DMPO to detect sOH and +O,", and found that the
Gd,NiMnO, DNF did not reveal any related signals in the dark; however, the expected characteristic peaks
appeared after exposure to light (Fig. 6d). In understanding the electron transfer pathway between the two
photocatalysts, the work function was crucial. Electrons typically moved from the photocatalyst with a lower
work function to the one with a higher work function to achieve a uniform Fermi level.

Asdepicted in Fig. 7a, the positive slope of the graph confirms that Gd,NiMnOjs exhibits n-type semiconductor
properties. The flat band potential (E;) of Gd,NiMnOs, determined from the intercept on the potential axis, is
-0.23 V versus NHE. Typically, the E, closely correlates with the conduction band minimum (E ) and for many
n-type semiconductors is approximately 0.1 V lower than E . Thus, the E; of Gd,NiMnOs is estimated to be
-0.89 V vs. NHE, while its valence band (E,, ) is calculated at around 2.41 eV vs. NHE based on its band gap. As
shown in Fig. 7b, the conduction and valence band edges align with the redox potentials for CO, reduction and
water oxidation, supporting the potential for CO, photoreduction in Gd,NiMnOs atomic layers.

This research investigated the various factors influencing the photo-activated CO, reduction process,
including catalyst quantity and solvent type. The findings showed that increasing the amount of Gd,NiMnO,
DNF positively affected CO, reduction, with CH, yield rising as catalyst loading reached up to 8 mg (Fig. 8a).
Regarding the influence of the reaction medium on the photoreaction, polar solvents were found to be effective
in promoting CO, reduction, as shown in Fig. 8b, with H,O proving to be the most effective solvent in the study.
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Fig. 4. XPS gamut of Gd,NiMnO, DNE.

0/3

(a) (b) 2000

1800

_ s T 1600
a0 £

T o § 1400

S 2 1200

E 0/15 % 1000
>

3 5 800

> 0/1 2 600
= []

& 2 400

0/05 < 200

5 0

0 5 10 15 20 25 30 2 2 Bis 0/6 0/8

Pore Diameter (nm) Relative pressure (P/P,)

Fig. 5. The adsorption-desorption isotherms of the Gd,NiMnO, DNF (a); and BJH pore size distributions of
the Gd,NiMnO, DNF (b).
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Table 1. Structural parameters of Gd,NiMnO, DNE
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Fig. 6. (a) Photoluminescence spectra, (b) Electrochemical impedance spectroscopy, (¢) Photocurrent spectra,
and (d) Electron Spin Resonance spectra of Gd,NiMnOy in a water-based dispersion for DMPO--O,~ and -OH.

Additionally, a decline in productivity was noted when the pressure of H, gas was lowered. As demonstrated in
Fig. 8¢, the starting materials were completely converted into their respective products within 30 min.

To reduce turbidity and assess the effect of Gd,NiMnO, dosage on CO, reduction under UV light, the mixing
variable was removed by turning off the magnetic mixer during the introduction of nano-catalysts into the UV
setup. The results indicated that the increase in the percentage of reduction with higher Gd,NiMnO, DNF dosage
was minimal compared to the results obtained with the mixing factor in the UV system. This observation was
attributed to the fact that the nanocatalyst approach achieved a maximum CO, reduction of 98%, as indicated by
the yield measurements. The difference in efficiency was evident in the absence of mixing, as illustrated in Fig. 9.

Computational analyses of the CO, conversion mechanism to Gd,NiMnO, DNF reveal that the most
thermodynamically favorable pathway involves breaking the second C—O bond at a later stage in the process,
as depicted in Scheme 1. Initially, CO is formed, followed by successive hydrogenation steps producing HCO,
H,CO, and H,CO. The resulting methoxy intermediate is subsequently reduced to form CH, and O. Finally, the
O atom is reduced to H,O, completing the reaction sequence.

In engineering applications, catalysts must demonstrate stability and reproducibility. As illustrated in Fig. 10,
the Gd,NiMnO, DNF catalysts exhibited outstanding and consistent performance in CO, reduction after
synthesis. Notably, even after 10 cycles, the Gd,NiMnO, DNF catalysts maintained a yield exceeding 95%. Our
research aimed to preserve the catalyst structure during CO, reduction. Following the 10th cycle, we investigated
this by employing various methods, as shown in Fig. 11. The XRD patterns of the regenerated catalyst (Fig. 11a)
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Fig. 8. Various Influences on CO, Reduction: (a) Quantity of Catalyst, (b) Different Solvents, and (c)
Duration.

confirmed that the catalyst structure was entirely retained throughout the reprocessing procedure. Additionally,
the TEM images of the recovered catalyst (Fig. 11b) revealed no significant changes in the nanocatalysts
morphology. The catalytic performance of Gd;NiMnOs DNF was evaluated against other reported catalysts for
photocatalytic CO, reduction (Table 2). The results demonstrated that Gd,NiMnOs DNF exhibited superior
product yield, affirming its higher activity compared to other catalysts.

Conclusions

We have created a series of fibers composed of Gd,NiMnO DNF that exhibit a distinct filamentous structure.
These nanofibers feature impressive attributes, including numerous reactive sites, a large external surface area,
and exceptional resistance to thermal and mechanical stress. The extensive external surface area, facilitated
by the incorporation of interconnected channels and dendrimer-like plate nanocatalysts, makes Gd,NiMnO,
nanofibers a valuable choice for various scientific applications. As a result, they can be utilized in a wide array
of reactions due to their outstanding properties. Furthermore, we have successfully designed a nanocatalyst that
allows for precise customization of CO, photoreduction functionality. This enhancement was evident in the
areas of H, evolution and CO, photoreduction, particularly in the selectivity for converting CO, into methane.
Notably, the developed catalyst maintained over 94% of its activity after 10 independent cycles, demonstrating
its reliable performance and reusability.
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Fig. 11. (a) X-Ray diffraction analysis, and (b) transmission electron microscopy of the recycled Gd,NiMnOy
DNF post the 10th cycle of CO, reduction.
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Catalyst Solvent Light Source Time (h) | Productyield | Ref
Cu,(BTC),@TiO, Water UV irradiation 4 10.56 pmolg™! | ¥7
Cu,0@Cu@UiO-66-NH, | glass fiber film | 300 W Xe lamp (A >400 nm) 5 41.5 pmolg™! | 38
V,-CulnS, Water Visible light 24 208.8 umolg~! | %
(Au/Cu)/TiO, Water Simulated solar light 46 1400 pmolg™! | 4
Bi,WO, Water UV-Vis lamp 29.7 umolg™! | 4!
N, O, P containing polymer | Water 300 W Xe lamp (A >420 nm) 12 278 umolg™! | 2
Cds-Wo, Water 300 W Xe lamp (A >420 nm) 1.02 pmolg™! | #
MOEF-525-Co MeCN 300 W Xe lamp (400 nm <\ <800 nm) | 6 210 pmolg™! | #
MIL-101(Cr) - Ag Glass fiber film | 300 W Xe lamp (400 nm <\ <780 nm) | 18 4275 umolg™! |
Gd,NiMnO, DNF Water UV irradiation 0.5 24.7 mmolg™! | This Work

Table 2. Comparison of the catalytic efficiency of Gd,NiMnOs DNF with various catalysts.
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