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Abstract

The photocatalytic conversion of carbon dioxide (CO;) into methanol represents a promis-
ing strategy for both greenhouse gas mitigation and renewable fuel production. In this
study, a niobium-based metal-organic gel (Nb-MOG) was employed as a photocatalyst
for the reduction of CO; to methanol under UV irradiation in a batch photoreactor. A
two-factor experimental design was conducted to evaluate the effects of sodium carbonate
concentration and catalyst loading on methanol production. The Nb-MOG catalyst was
dispersed in the reaction medium and irradiated with UV light for four hours. During the
photocatalytic experiments, samples were periodically collected and analyzed by headspace
gas chromatography coupled with flame ionization detection (HS-GC-FID) to quantify
methanol production. The results showed that both the Na,CO3 concentration and catalyst
loading exerted significant positive effects on methanol formation. The highest methanol
yield was achieved at a Na,COj3 concentration of 0.10 mol-L~! and a catalyst loading of
0.50 g-L 1. The experimental design results demonstrated a good fit of the statistical model
to the experimental data, highlighting its predictive capability and confirming the relia-
bility of the obtained results. Furthermore, Nb-MOG exhibited enhanced light-harvesting
and charge-transfer properties, leading to measurable methanol production under the
investigated conditions. These findings contribute to a better understanding of Nb-MOG's
photocatalytic behavior and demonstrate its potential for application in a sustainable CO,
reduction system.

Keywords: MOG; methanol production; sodium carbonate influence

1. Introduction

The rising levels of atmospheric carbon dioxide (CO,) represent one of the most signif-
icant environmental challenges, directly linked to global warming and climate change [1].
The development of sustainable fuels capable of mitigating this problem is a central strategy
in the energy transition. For example, converting CO; into value-added compounds, such
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as methanol, not only reduces emissions but also enables the production of renewable fuels
or chemical intermediates [1,2]. Recent overviews detail multiple pathways, photocatalytic,
electrochemical, and thermocatalytic, for converting CO; into methanol, showing their
potential for carbon mitigation with energy production [2].

It is important to note that CO; reduction can be carried out in both the liquid and
gas phases [3]. In the liquid-phase reaction, CO; reduction is performed in an aqueous
solution saturated with CO,. However, the limited solubility of CO, in water represents a
critical challenge for achieving efficient photocatalytic CO, reduction. Nevertheless, the
solubility of CO, in water can be enhanced by the use of additives such as NaOH, NaHCOs,
or NayCOs. These additives increase CO; solubility; however, reducing bicarbonate and
carbonate species is more difficult [4].

CO; is thermodynamically stable and kinetically inert, but side reactions often reduce
selectivity. In addition, achieving efficient light absorption, charge separation, and catalyst
stability under reaction conditions is difficult [5,6].

Several parameters influence the photocatalytic reduction of CO,, including the com-
position and structure of the photocatalyst, its morphology, the exposed crystal facets,
particle size, surface vacancies, and the operating conditions (pH, pressure, temperature,
and reducing agent) [4]. An increase in pH enhances the reaction rate.

Metal-Organic Frameworks (MOFs) are promising materials for CO, capture and cat-
alytic conversion. MOFs are porous materials, built from metal centers and organic linkers,
offering high surface areas and modular functionalization options [7,8]. Their structure
allows a good link between adsorbed CO, molecules and catalytic sites, and the frame-
work can be built to provide the desired electronic properties and light absorption [9,10].
Some recent reviews have specifically highlighted progress in functionalized MOFs for
photocatalytic CO;, reduction and strategies to overcome stability and recombination
challenges [7,11]. Recent studies have reported interesting results on the application of
MOFs and MOF-derived materials in CO; reduction. Wu et al. [12] reported the use of a
MOF@COF hybrid material in CO, reduction, where COF means Covalent Organic Frame-
work. The authors achieved a CHy yield rate of 21.27 umol g’l h—1. Zhang et al. [13], in
turn, achieved a CO production rate of 263.63 pmol g~ h~! using a 2D MOF/COF hetero-
junction. Liu et al. [14] prepared a MOF-on-MOF-derived CuO@In,O3 material, reaching
190.32 umol g~! h~! and 500.46 pmol g~ h~! production rates for CHy and CO, respec-
tively. Another MOF-on-MOF-derived material (Co304/InyO3) was reported by Han [15]
and applied to CO, reduction, resulting in a CO yield of 4828 & 570 pmol h—1 g~ 1.

Despite the use of MOFs, a significant challenge lies in overcoming their poor macro-
formability and low hydrostability, which hinder their application as industrial adsorbents
and catalysts. In this context, metal-organic gels (MOGs) have been reported as a promis-
ing alternative to MOFs. The morphology and chemical characteristics of an amorphous
framework have been demonstrated to be advantageous for electrocatalytic carbon dioxide
(CO,) reduction [16]. These characteristics include larger pores that accommodate most
of the confined fluid phase, with porous networks interconnected with semi-fluid or flex-
ible structures that facilitate faster analyte diffusion, easier functionalization, and better
processability in films, coatings, and monoliths [17]. These characteristics are particularly
advantageous for gas separation processes, where efficient adsorption and desorption are
essential. Furthermore, another application within the same context, already reported in
the literature, is the synthesis and characterization of metal-organic gels for CO, capture
applications [18].

Moreover, amorphous materials are metastable, and the structural disorder in their
framework results in a higher density of active sites during electrochemical testing, such as
in supercapacitor applications [19].
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Despite its promising characteristics, reports of MOG’s applications remain scarce. A
Co/Fe-Metal-Organic Xerogel was described by Yang et al. [20], achieving a CO yield of
67 umol g~! h~1. Verma et al. [21] prepared a Metal-Organic “Soft” Coordination Polymer
Gel. They applied it to the photoreduction of CO, to CO, yielding 3.5 mmolg~! h~!,
and to the conversion of CO, to CHy, yielding 6.7 mmolg~! h~!, under the studied
conditions. Furthermore, promising results were reported for visible-light-driven processes.
For example, a Ti(VI)-based Metal-Organic Aerogel (MOA) described by Angulo-Ibéfiez
et al. [22] achieved a 221-786 umol- g_1 -h1 yield of methanol from CO, under visible-light
irradiation. An MOA modified with copper (II)-metalated porphyrin was synthesized and
applied by Perfecto-Irigaray et al. [23] in visible-light-driven conversion of CO, to alcohols
(methanol and ethanol), up to a production rate of 356-642 umol- g_1 h L

In this study, niobium is employed as the metal center in the synthesis of metal-organic
gels (MOGs) and applied to CO; reduction, representing an unprecedented strategy accord-
ing to the literature surveyed. Niobium pentoxide has emerged as a transition-metal oxide
of significant scientific and technological interest due to its physicochemical properties,
including chemical and thermal stability, corrosion resistance, and low toxicity [24]. A
niobium-based metal-organic gel (MOG) derived from the MIL-125 (Ti-based) framework
was investigated for the photocatalytic reduction of CO; to methanol.

2. Materials and Methods
2.1. Chemicals

All reagents used were of analytical grade, including sodium carbonate (Na,COj3,
Synth, Sao Paulo, Brazil), dimethylformamide (DMF, Synth), methanol for GC (Sigma-
Aldrich, Taufkirchen, Germany), 2-aminoterephthalic acid (Sigma-Aldrich, Germany),
isopropyl alcohol P.A. A.C.S. 99.5% (Synth, Brazil), and niobium pentachloride (NbCls,
Companhia Brasileira de Metalurgia e Mineragago—CBMM, Arax4, Brazil). CO, gas with
99.9% purity was supplied by White Martins (Araucdria, Brazil). Deionized water was
used in all solution preparations.

2.2. Catalyst Synthesis

The Nb-MOG was synthesized by adapting the procedure originally proposed for
MIL-125-NHj; [25]. Niobium isopropoxide was prepared in situ through a reaction between
NbCls and isopropyl alcohol under an inert atmosphere. The procedure was carried out
at a molar ratio of 1:5 (NbCls—isopropanol) under constant stirring for 60 min to ensure
complete dissolution of the salt, as described by Castro et al. [26]. Subsequently, 0.35 mmol
of niobium isopropoxide and 0.98 mmol of 2-aminoterephthalic acid were mixed in a
solvent system composed of 8 mL of DMF and 2 mL of methanol. The resulting mixture
was transferred to a Schlenk flask immersed in a glycerin bath and maintained at 373 K for
72 h. The obtained solid was washed sequentially with DMF and methanol and then dried
at70 °C for 12 h.

2.3. Catalyst Characterization

The catalyst used in this work was previously characterized by [27], using the fol-
lowing techniques: Scanning Electron Microscopy—Energy Dispersive X-ray Spectroscopy
(SEM-EDS): Analysis was performed using VEGA3 TESCAN equipment (SEM/EDS, TES-
CAN, microscope model VEGAS3, Brno, Czech Republic). Point zero charge (PZC) determi-
nation: The determination of the point of zero charge was performed using the method
known as the “11-point experiment”. The procedure consists of mixing 50 mg of the catalyst
in 50 mL of aqueous solution under 11 different initial pH conditions (2, 3,4, 5, 6,7, 8,9, 10,
11, and 12), adjusted with solutions of HCI or NaOH 0.1 mol-L~1, and measuring the pH
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after 24 h [28]. Fourier Transform Infrared Spectroscopy (FTIR): The spectra were obtained
using a Perkin Elmer Frontier instrument (Beaconsfield, Buckinghamshire, UK) in the
wavenumber range of 4000 to 400 cm ™!, with a resolution of 1 cm ! and 32 accumulations.
X-ray diffraction (XRD): Analysis of the samples was performed using a Rigaku MiniFlex
600 diffractometer (Rigaku Corporation, Tokyo, Japan), 40 kV and 15 mA, with Cu Ko
radiation (A = 1.5406 A), at a scan interval of 26 = 3-90°, in step scan mode, with a step of
0.02° and a time per step of 2 s. Thermogravimetric analysis (TG): Curves were obtained
using a simultaneous thermal analysis system, model SDT 2960, from TA Instruments
(SDT 2960, TA Instruments, New Castle, DE, USA). The analysis was performed under a
flow of dry air or nitrogen at 100 mL min~! and a heating rate of 10 °C min~!. Diffuse
Reflectance Spectroscopy (DRS): The band gap was obtained on a Varian Cary 500 Scan
spectrophotometer (UV-VIS-NIR Spectrophotometer, Palo Alto, CA, USA).

2.4. CO; Reduction Tests

The tests were performed in a batch borosilicate glass photoreactor with a capacity of
1000 mL, equipped with a water-cooled jacket to maintain the reaction temperature near
290 K, in a photocatalytic chamber. A 250 W Hg vapor lamp was used as the radiation
source (light intensity 13.55 mW-cm~2). Initially, an aqueous solution of sodium carbonate
was prepared at a known concentration. CO; was continuously bubbled through the solu-
tion for 1 h at constant flow to ensure complete saturation (Figure 1). After this period, a
known mass of the Nb-MOG catalyst (indicated in Table 1) was added, and the system was
stirred under irradiation. During the experiments, variations in the catalyst and sodium car-
bonate concentrations were studied to determine the optimal conditions for converting CO,
to methanol. The reaction proceeded for four hours, and 8 mL aliquots were collected every
hour. For analysis, 3 mL of each withdrawn aliquot was first filtered through a 0.22 um
syringe filter to remove suspended catalyst particles. Then, 5 mL of the filtered sample was
transferred into 20 mL headspace vials and sealed with aluminum/silicone septa.

Figure 1. Schematic illustration of the CO, photoreduction reaction system.
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Table 1. Results of the experimental design.
Factors Responses
Run Na;CO3 Catalyst * Methanol Methanol
Conc. (mol-L-1)  Concentration (g-L—1) (ppm) (umol-gcat—1-h—1)
1 0.010 0.100 4.32 1.59
2 0.010 0.300 19.65 2.42
3 0.010 0.500 56.67 4.19
4 0.055 0.100 7.16 2.64
5 0.055 0.300 51.22 6.32
6 0.055 0.500 90.52 6.70
7 0.100 0.100 48.84 18.07
8 0.100 0.300 95.51 11.78
9 0.100 0.500 189.20 14.01

* Concentration in the reaction solution.

2.5. Methanol Quantification

The method was based on the work of Ndikumana et al. [29]. Before injection, the
vials were equilibrated at 100 °C for 10 min. The samples were analyzed using a gas
chromatograph (YL Clarity, Anyang-si, Gyeonggi-do, Republic of Korea) equipped with a
headspace autosampler and a flame ionization detector (FID). Headspace sampling was
performed using an HTA HT200H autosampler configured with a 2 mL sample volume
and a 1 s equilibration delay before injection. One injection was performed per vial. The
autosampler oven, syringe, and transfer line were maintained at 100 °C. Electrovalve
flushing was carried out for 2 min to prevent carryover. GC analysis was performed on
a YL 6000 Series GC (GC, Yongin-si, Gyeonggi-do, Republic of Korea) equipped with a
capillary column of 30 m x 0.25 mm x 0.25 pm. The injector operated in split mode
at a 1:10 split ratio, with a split flow of 18 mL-min~! and a total flow of 23 mL-min~!.
The injector temperature was set to 250 °C. The oven program was as follows: initial
temperature of 30 °C with 2.5 min hold, followed by a ramp of 60 °C-min~" to 380 °C
with a final 2.0 min hold, resulting in a total run time of approximately 6.7 min. The FID
operated at 250 °C, with airflow at 400 mL-min~!, hydrogen at 40 mL-min~!, and makeup
gas (N) at 10 mL-min~!. The detector range was set to 10,000 mV with a sampling rate
of 10 Hz. Chromatographic peaks were integrated according to standard FID integration
parameters, and methanol concentrations were determined from calibration curves (see
Appendix A Calibration Curve) constructed from external standards treated under the
same headspace conditions.

3. Results
3.1. Nb-MOG Catalyst

The Nb-MOG catalyst was characterized in detail by Abreu et al. (2026) [27]. The
X-ray diffractogram indicates that the synthesized Nb-MOG exhibited a broad diffraction
band centered between 20° and 35° (26), indicating its predominantly amorphous nature
(Figure 2a). The absence of sharp diffraction peaks suggests a low degree of crystallinity,
which is commonly observed in non-calcined materials. A weak diffraction feature around
27° (26) may indicate the presence of small crystalline domains embedded within the
amorphous matrix. The morphology is characterized by a wrinkled, non-porous surface,
similar to that observed in catalysts prepared by the chemical mixing method (sol-gel), a
characteristic commonly reported in the literature for sol-gel-derived materials (Figure 2b).
MOGs are described as an additional class of larger pores that accommodate most of the
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solvent phase [3]. Energy Dispersive X-ray Spectroscopy (EDS) revealed a significant
amount of niobium (Figure 2c), chlorine (Figure 2d), and oxygen (Figure 2e) on the surface.
At the same time, the EDS spectrum indicated Nb, Cl, and O contents of 47.7%, 41.4%, and
10.9%, respectively (Figure 2e).

Electron Image 1
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Figure 2. (a) X-ray diffraction; (b) SEM micrograph; (c) EDS elemental mapping of Nb (Nb Lal);
(d) EDS elemental mapping of Cl (Cl K«1); (e) EDS elemental mapping of O (O Kal); and (f) EDS
spectrum showing the elemental composition of the sample.

The band gap energy of Nb-MOG was estimated to be 1.88 eV using photoacous-
tic spectroscopy (Figure 3a). The point of zero charge (PZC) was determined to be 4.6
(Figure 3b). The infrared spectrum shows characteristic bands of amorphous niobium
oxide (Figure 4a).
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Figure 3. Characterization results: (a) band gap and (b) PCZ.
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Figure 4. Characterization results: (a) Infrared spectra and (b) TGA/DTGA profile.

Figure 4a shows the FTIR spectrum of the Nb-MOG sample, which exhibits absorption
bands characteristic of amorphous niobium oxide. Other studies have reported that a

-1

band near 621 cm™" is indicative of amorphous niobium oxide materials. The absorption

observed around 850 cm~! can be attributed to the symmetric stretching vibration of
the Nb-O bonds. The bands at approximately 1626 and 3380 cm~! are attributed to
bending and stretching vibrations of hydroxyl groups and water molecules adsorbed on
the material’s surface, respectively [30]. The band detected at 1233 cm ™! corresponds to the
stretching vibration of the C-NH, group. This attribution is consistent with the theoretical
and experimental FTIR analyses reported by Karabacak et al. (2010), who associated this
absorption with amino group vibrations coupled to aromatic ring modes [31].

The thermogravimetric analysis (TG) (Figure 4b) reveals a multi-stage mass-loss
profile, typical of metal-organic gels (Figure 4b). In the first stage, a mass loss of 10.12%
was observed below 124 °C, attributed to the removal of adsorbed water and solvent
molecules from the gel. In the second stage, the most significant mass loss of 18.22%
occurred between 124 and 303 °C, resulting from the release of strongly retained solvent
and the partial decomposition of organic components. Subsequently, a gradual mass loss
of 14.11% occurred from 303 to 600 °C, resulting from the progressive decomposition of
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organic binders and the disruption of metal-ligand interactions. Finally, a major mass loss
of 20.32% occurred between 600 and 700 °C, associated with the combustion of residual
carbonaceous species and the formation of the metal oxide.

3.2. Experimental Design Results

A two-factor experimental design was established to evaluate the influence of the
sodium carbonate concentration and catalyst loading on the photocatalytic conversion of
CO; to methanol. The factors and their respective levels were defined as follows: Na,COs3
concentration at 0.010, 0.055, and 0.100 mol-L~1, and catalyst concentration at 0.1, 0.3, and
0.5 g-L~1. A full factorial arrangement (32) was employed, resulting in nine experimental
runs, each corresponding to a unique combination of the two variables. This design allowed
the systematic assessment of both the individual effects of each factor and their potential
interaction on methanol production. Table 1 summarizes all experiments conducted during
the final 4 h of methanol production, and Figure 5 presents the kinetic curves for CO,
photoreduction (MeOH (ppm) vs. time (h)). The amount of methanol formed, under
the experimental conditions studied, is directly influenced by the amounts of catalyst
and NayCOs. All experiments indicated that the greater the catalyst amount, the greater
the methanol production. The same trend occurred for NayCOs. This behavior can be
explained by the number of available active sites and the solubility of CO, in water. The
literature describes CO; as having limited solubility in water, which is a problem for the
effectiveness of the reduction process using a saturated aqueous solution of CO,. However,
the solubility of CO, in aqueous medium can be improved with the use of additives such as
NaOH, NaHCO,, or NayCO, [4]. These additives increase the solubility of CO,, although
reducing bicarbonate and carbonate species is more difficult. In this sense, Tseng et al.
observed that an alkaline medium was beneficial in the photoreduction of CO,. They
observed a substantial increase in the rate of methanol formation with the addition of
NaOH, which they attributed to two factors: (1) the strong hole-capturing capacity of OH—
ions in aqueous solution, which helps to reduce the electron-hole recombination rate and
maximizes the lifetime of free electrons, and (2) the greater solubility of CO; in aqueous
NaOH solution than in pure water [32].

70
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Figure 5. Cont.
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Figure 5. Methanol amount vs. time.

Figure 6 a and b show the fitted surface plots and response surface, respectively, for
the experimental design, and Figure 7 shows the observed vs. predicted values.

The ANOVA shows that the model adequately describes the experimental data
(Table 2), with R? = 0.9257 and an adjusted R? of 0.8513, indicating that most of the vari-
ability in methanol production is explained by the fitted quadratic model. Among the
evaluated factors, the linear effect of sodium carbonate concentration was statistically
significant (p = 0.0097), confirming that increasing the Na,COj3; concentration positively
influenced methanol formation. The linear effect of catalyst concentration was also signifi-
cant (p = 0.0373), indicating that the catalyst loading contributed to the enhancement of the
photocatalytic conversion.

Quadratic terms for both variables were included in the model to account for curvature
in the response surface. However, neither the quadratic effect of Na,CO3 (p = 0.2843)
nor that of catalyst concentration (p = 0.5900) reached statistical significance at the 95%
confidence level. This suggests that, within the studied range, the primary contribution to
methanol production arises predominantly from the linear increase in both factors rather
than strong curvature in their individual effects.
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Figure 6. (a) Contour plots and (b) response surface for the experimental design. Blue points represent
the experimental data.

Overall, the ANOVA confirms that both sodium carbonate concentration and catalyst
loading exert significant linear effects on methanol production, and the response surface
indicates that higher levels of both factors favor greater methanol production.

The agreement between the experimental and model-predicted methanol concentra-
tions was evaluated using an observed-versus-predicted plot (Figure 3). The data points
were distributed closely around the diagonal reference line, indicating that the quadratic
model adequately represented the experimental system. No systematic deviations were ob-
served, such as curvature, clustering, or bias toward over- or under-prediction, confirming
the fit within the studied domain.

The results obtained in the present work reveal a clear and consistent positive ef-
fect of both Nap,CO3 concentration and catalyst loading on the photocatalytic produc-
tion of methanol. Under the most favorable conditions tested (0.10 mol-L~! Na,CO;
and 0.50 g-L~! of the Nb-MOG catalyst), the system produced 189.20 ppm of methanol
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(~14.01 pmol-gcat~1-h~! over four hours). These values demonstrate that, even in a simple
aqueous carbonate medium and without the use of sacrificial agents or noble-metal cocat-
alysts, the system is capable of generating quantifiable amounts of methanol, a relevant
result considering that many photocatalytic CO; reduction studies report only trace or
negligible methanol under comparable conditions.

Observed vs. Predicted Values
2 3-level fators, 1 Block, 9 Runs; MS Residual = 500.1726
DV: Methanol (ppm)

1 b .. - P i B ,, e
1 B 4 » -

12 , ;

1 / >

Predicted Values
Q

20 o

-20 0 20 40 60 80 100 120 140 160 180 200 220
Observed Values

Figure 7. Observed vs. predicted values.

Table 2. ANOVA results from the experimental design.

Source ss@ dfb MS ¢ Fd pe
(1) NapCO3 Conc. (mol/L) (L)  10,817.96 1 10,817.96 21.62845 0.009657
Na,CO;5 Conc. (mol/L) (Q) 763.23 1 763.23 1.52594 0.284318
(2) Catalyst Conc. (g/L) (L) 4716.33 1 4716.33 9.42940 0.037266
Catalyst Conc. (g/L) (Q) 171.13 1 171.13 0.34213 0.590006
Error 2000.69 4 500.17
Total SS 26,907.55 8

a quadratic effect; ® degrees of freedom; ¢ mean square; ¢ F-value; ® probability value.

When placed in the context of the recent literature, the performance achieved here
is modest in terms of rate per mass of catalyst. Still, it remains notable given the sim-
plicity of the catalytic system. For instance, metal-decorated MOF systems frequently
exhibit higher methanol productivities: Cu SAs/UiO-66-NH, has been reported to reach
5.33 pmol-g’l-h’l [33], and Zn,GeO,/ZIF-67 produces 5.18 pmol~g’1~h’1 [34]. More
sophisticated catalysts, such as Ni/Zr-CU-BDC, can reach even higher values, such as
41.05 umol~g’1 -h [35]. The study by Elsafi et al. [36], which describes MOF-based photo-
catalysts (ZIF-8 decorated with metal nanoparticles such as Au or Cu), reported methanol
production rates that are significantly higher (up to 2650 umol-gcat~!-h~! for Au/ZIF-8
under UV-visible irradiation).

Nevertheless, these literature examples typically rely on noble metals, advanced
engineered structures, sacrificial electron donors, or non-aqueous media, which strongly
enhance charge separation and CO; activation. In contrast, the present study demonstrates
that significant methanol accumulation can be achieved in a purely aqueous carbonate
environment using a single Nb-MOG photocatalyst. These results highlight the system’s
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potential as a simpler, more sustainable alternative, even if its productivity per gram of
catalyst remains lower than that of highly engineered materials.

The experimental and model-predicted methanol concentrations exhibit minimal
dispersion, indicating that the model closely tracks the experimental data. This behavior
reinforces the regression model’s reliability in describing the effects of sodium carbonate
and catalyst concentrations on methanol formation.

Regarding the pathway for CO, reduction to methanol, a plausible literature-based
reaction mechanism is proposed in Figure 8, based on the works [37-39], to provide a con-
ceptual interpretation of the photocatalytic process. Although control experiments such as
dark, catalyst-free, and CO,-free tests were not performed in this study, the photocatalytic
mechanism proposed herein is consistent with the current understanding of CO, photore-
duction, which requires light-induced charge carriers for CO, activation and conversion.

Schematic representation of photocatalytic reduction of

CO, to methanol over Nb-MOG

T i - R Adsorption and First hydrogenation ’
/ﬂ S % o activation of CO, > step  (carboxyl — @ Reduction to adsorbed CO,
7 N \g C0,-> *CO, formation) *COOH + H* + efp > *CO + H,0
e 3 5 s
.. o & 6«1---"*"“ . *CO, + H* + e;; > *COOH
ISR SN Y X Hydrogenation of adsorbed
i g‘ . ole hv = X
JP P Nb-MOG — hip + ey N @ CO, (formyl formation)
. v - » . N
1R e Nt ) Nb-MOG 4 ¢g4 *CO+ H* +ejy > *CHO
“ )

e
Rz S
¢, te!

= .

AN Schematic representation of the Nb-MOG
N

g UV-light l *CHO + H* + e;; > *CH,0

90
T Formation of adsorbed
methoxy(s)

v Band gap (E;)

ho-E 0 O 0 O
uQ_b

*OH + H* Methanol desorption 9 —
CH3OH* > CH;OH

o ! v o,
4
/ MM Formation of adsorbed
,'/ formaldehyde
? CB e e e 9 CH;0H
hi

*CH,0 + H* + €73 > *CH30

Formation of methanol
*CH;0 + H* + e7; = CH;OH

Figure 8. Suggested reaction mechanism for the photoreduction of CO; to generate methanol.

Chen et al. [3] conducted control and isotope experiments using *CO,. They con-
firmed that the CO originated from the photocatalytic reduction of CO;. The same study
found that the apparent quantum yield (AQY) of the TiO, /BiVO4-4 catalyst decreased with
increasing irradiation wavelength, suggesting that photogenerated carriers were primarily
responsible for CO production. A possible explanation is that slower electron transport
met the two-electron requirement, yielding a single product: CO.

4. Conclusions

This study demonstrates that an Nb-MOG-based photocatalyst can promote the re-
duction and recycling of CO, into methanol in a simple aqueous carbonate medium. Both
sodium carbonate concentration and catalyst loading showed significant positive linear
effects on methanol production, with the highest yield obtained at 0.10 mol-L~! Na,CO;
and 0.50 g-L~! catalyst loading. It was observed that adding NayCOj increased the solu-
bility of CO, in water, thereby influencing process performance. Furthermore, a higher
concentration of the Nb-MOG catalyst led to a greater number of active sites, thereby
increasing the amount of methanol. The statistical model adequately described the system,
confirming the reliability of the experimental results.
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Although the methanol production rate of the proposed photocatalyst is lower than
that reported for advanced MOF-based photocatalysts using noble metals or sacrificial
agents, its performance is notable given the system’s simplicity and the absence of co-
catalysts or sacrificial donors. These findings highlight the potential of Nb-MOG as a
sustainable and low-complexity material for photocatalytic CO, valorization and provide a
basis for further optimization.
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Appendix A
Calibration Curve

The calibration curve for methanol quantification was prepared using GC-grade
methanol. Six standard solutions were prepared by transferring 5 mL of aqueous solutions
containing 167, 333, 667, 1000, 1333, and 1667 ppm of methanol into 20 mL headspace vials,
which were then sealed with aluminum/silicone septa. All standards were analyzed under
the same headspace and chromatographic conditions used for the samples, ensuring full
methodological equivalence between calibration and analytical runs. The results can be
found in Table A1, and the curve in Figure Al.
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Figure A1. Calibration curve for methanol.
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Table Al. Results from the calibration curve.

Methanol (ppm) Signal (A.U)
0 43
167 165.3
333 304.6
667 633.4
1000 912.6
1333 1179.3
1667 1478.5

The calibration curve for methanol showed excellent linearity over the evaluated
concentration range, with a linear regression equation of y = 0.88058x + 18.29363 and a
correlation coefficient (R?) of 0.99905. The method showed adequate sensitivity, yielding
a limit of detection (LOD) of 12.6 ppm and a limit of quantification (LOQ) of 38.3 ppm,
calculated from the standard deviation of the response and the slope of the calibration
curve. Precision was evaluated in triplicate, yielding coefficients of variation (CVs) of 1.24%
at 167 ppm, 0.97% at 667 ppm, and 1.19% at 1667 ppm, demonstrating good repeatability
across the analytical range. The chromatograms are shown in Figure A2.

500 + =0 ppm
=333 ppm
i = 1000 ppm
= 1667 ppm
400
© .
e 300
2
%) ]
200
100 +
0
T T - T . T T 1T
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Figure A2. Chromatograms from the calibration curve.
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