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Abstract— This research is aimed at producing Metal Organic
Frameworks (MOFs) for the conversion of CO; to value-added
chemicals using two organic linkers namely; Terephthalic acid
and Triazole. Two different MOFs materials were produced
via solvent-free and solvothermal synthesis. The MOFs
materials were impregnated with Ni** to produce their
respective Ni-based catalysts. Fourie-Transform Infrared
(FTIR) characterization of MOFs and Ni-catalyst prepared via
solvothermal synthesis shows absorption bands in the range of
628cm*-689cm™ corresponding to O-Ni-O and Ni-N
vibration, indicating the formation of coordinate bond between
—~COOH, -NH groups and Ni?*. X-Ray diffractograms (XRD)
of the prepared MOFs revealed crystalinity with different
average crystallite sizes; MOF-terephthalic acid (137.9nm),
catalyst-terephthalic acid (149.9nm), MOF-triazole (155.3nm)
and catalyst-triazole (2.200nm) at 26 values of 8.616550,
8.988520, 10.51650, and 33.24290 respectively. The
morphologies and particle sizes of the materials were
evaluated by scanning electron microscope (SEM) which
reveals the flake-like shape (MOF-terephthalic acid), cuboid
shape (catalyst-terephthalic acid) and rhombohedral shape for
mof-triazole and  catalyst-triazole  respectively.  The
terephthalic-based materials are found to exhibit less particle
sizes (213.651-228.242nm) relative to triazole-based materials
(242.591-683.093nm). It was observed that the crystalinity,
crystallite size and particle size of the materials increases with
the impregnation of Ni?* into the frameworks. In conclusion,
the solvothermal synthesis approach adopted in this study
proved to be more efficient than the solvent-free synthesis in
producing materials with excellent properties for the
conversion of CO; to value-added chemicals.

Keywords — : MOFs, Triazole, Catalyst, CO,, Terephthalic
acid

l. INTRODUCTION
Anthropogenic activities have resulted in the accumulation of
high concentration of carbon dioxide into the atmosphere
amounting to 405ppm in 2017 and projected to rise to
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~570ppm by the end of the century if appropriate measures are
not taken [1]. Carbondioxide being one of the major gas
responsible for climate change is believed to contributes more
than 70% to the global mix of greenhouse gases [2].
Consequently, global warming, a direct result of the increased
concentration of carbon dioxide, is negatively affecting the
global ecosystem, leading to consequences such as drought,
flooding, and rising sea levels [3].

To address the aforementioned challenges, scientists and
engineers accross the globe focuses on three main strategic
solutions that includes; reducing the amount of CO; produced,
storage of CO,, and utilization of CO,. Out of these three
strategies, utilization of CO; is more promising due to its
cheap and attractive carbon source, and its ability to produce
wide range of raw materials that can be further processed to
value added chemicals and fuels [1]. The utilization of CO,
could either be by direct usage such as in microalgae
production or conversion to value-added chemicals that
includes methane, methanol, urea and formic acid [4].

Various utilization approaches for CO, such as
electrochemical, thermal, photocatalytic, biochemical and
chemo-enzymatic have been investigated [5][6][7][8].
However, processes such as economic feasibility, catalysts life
span, low product selectivity, less yield and need for
specialized reactor are reported to be a major setbacks to these
approaches [2].

Recently, hydrogenation of CO, is proved to be more effective
in addressing some of those challenges mentioned especially
when hydrogen was obtained via eco-friendly source such as
electrolytic splitting of water molecules instead of methane
reforming process. For instance, methanol selectivity was
enhanced to about 71.8% by CO, hydrogenation using solid
solution, and zeolite membrane as catalysts [9][10]. Similarly,
an excellent CO. conversion rate of about 85% was exhibited
by Ru/MgAI catalyst [11]. Nonetheless, these catalysts are
expensive, energy intensive, and have recyclability issue.

The use of metal-organic frameworks (MOFs) in converting
atmospheric carbon dioxide to useful chemicals and fuels is
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gaining more attention in scientific domain [12][13]. This is
due to their reproducible and facile synthesis, high porosity,
chemical modification, high surface area and amenability [14].
MOFs are usually produced by linking inorganic nodes which
are metal ion or metallic clustes and organic linkers that are
mostly carboxylates or heterocycles through coordination
bonds [15]. The chemical stability of MOFs is determined by
the inorganic node. Consequently, wide range of monovalent
(Ag*, Cu"), divalent (Fe?*, Cd?*, Ni?*), trivalent (Ga®*, Sc*),
and tetravalent (Zr**, Ce*) metals have been extensively
studied [16][17][18][19]. Despite their several advantages over
other groups, applications of divalent metal-based MOFs are
hindered by their instability under hash conditions. [15].
However, this can be leverage by impregnating the metal into
the frameworks structure [20]. For instance, Rungtaweevoranit
[21] combined Cu nanoparticles with UiO66 for CO;
Hydrogenation to get the dual advantage of the MOF
protecting the chemically sensitive Cu nanoparticles, and a
synergistically enhanced activity with 100% selectivity for
methanol over CO.

Ni-based catalysts being divalent metal catalysts are
advantageous in the hydrogenation process due to their high
activity, low cost, and abundance in the earth’s crust.
Additionally, they have been known for their ability to
produce smaller nanoparticles with many active sites for the
reaction which makes them favourable for CO, methanation.
Furthermore, Ni-based catalysts have been found to be
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effective for CO, methanation due to their ability to accelerate
the reaction and overcome the Kkinetic barrier [20]. This
research seminar aimed at assesment of Ni-based catalysts
supported on metal organic frameworks as potential catalyst
for CO; conversion to value-added chemicals.

Il. MATERIALS AND METHODS

A. Materials

The materials and chemicals used in this research includes;
Autoclave, weighing balance, centrifuge, oven, magnetic
stirrer, heating mantle, furnace, 1,4-benzenedicarboxylic acid
(H2BDC), triazole, Deionized water, N-hexane, N,N-
dimethylformamide (DMF), nickel nitrate hexahydrate
(Ni(NOs)2.6H20), and Nitrogen gas (N2).

B. Methods

1. Solvent-free syntheses of Terephthalic acid and triazole
based supports

The MOFs materials were synthesized without the addition of
solvent by mechanically grinding a mixture of terephthalic
acid (1.3g) and nickel nitrate hexahydrate (Ni(NOg3)2.6H20)
(1.89) (1:0.78) in a pestle and mortar for 30min. The product
was then allowed to dry overnight in an oven at 150°C. This
same procedure was repeated with triazole (0.869) (1:0.5) as
organic linker.

HO O

Mechanical Grinding

+ Ni(NO3)».6H,0

HO o

Terephthalic Acid

150°C, 30min

HO o)

Terephthalic Acid

N /N e
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+ Ni(NO3),.6H,0
_ 150°C, 30min —_—
Triazole
Triazole

Scheme 1: Solvent-free synthesis of Metal Organic Frameworks

2. Solvothermal Syntheses of Terephthalic acid and triazole
based supports

The terephthalic acid-based MOF was synthesized via the
solvothermal method, following the procedure reported by Hu
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[22].  In  this method, terephthalic acid (1,4-
benzenedicarboxylic acid) (1.3g) and nickel nitrate
hexahydrate (Ni(NOs3)2.6H.0) (1.8g) (1:0.78) were added to
deionized water (30 cm®) and the mixture was stirred for 5
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minutes. The solution was then transferred into a 50 cm3
autoclave and placed in an oven at 150°C for 3 days. The
mixture was allowed to cool and the product washed with
distilled water and dimethylformamide (DMF) which was then
activated in a boiling DMF as solvent for 5h at 165°C and

HO (0]

+ Ni(NO3),.6H,0
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dried overnight in an oven at 50°C. The final product was then
calcined at 200°C for 6 hours to remove any residual solvents.
This same procedure was repeated with triazole (0.2159) as
organic linker

OH

HO o

Terephthalic Acid

HO o-: - O,
Solvothermal Synthesis \ /
DMF, Temp. Ni
HO o/ \-o OH

MOFs
P K
TNGENN ) Solvothermal synthesis N N
+ Ni(NO3),.6H,0 DM Temp \ ]i‘/\u‘\“ /
\——/ , . o
Triazole MOFs

Scheme 2: Solvothermal synthesis of terephthalic acid based Mof

C. Preparation of Nickel solution (0.5M)
The nickel solution was prepared by dissolving nickel nitrate
hexahydrate (3.64q) in distilled water (25cm?).

D. Synthesis of Ni- supported catalysts

Encapsulation of Ni(ll) precursors on the MOFs materials was
carried out in accordance with the procedure reported by Zhen
[23]. The calcined MOF sample (800mg) was suspended in
dry n-hexane (100cm?) and stirred for 30min using magnetic

HO. o] O, OH
OH

igv%
LAX

stirrer. Aqueos solution of Ni(Il) (6.4cm?) was added dropwise
to the mixture with constant stirring. The resulting solution
was continuosly stirred for 3h after which the solid sample
was decanted, filtered and dried at room temperature. The
sample was then further dried at 150°C for 12h and calcined
under inert condition of N, at 250°C for 5h. This same
procedure was repeated for all the synthesized MOF samples.

N
T—

e
Ni&~

Ni-MOFs Catalyst

MOFs
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Ni

Q\”y\”(” )

Ni-MOFs Catalyst

Scheme 3: Synthesis of Ni-MOF supported catalyst
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E. CHARACTERIZATION OF THE SUPPORTS AND
CATALYSTS

1. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR analysis was conducted using Agilent Cary 630
spectrometer in conjunction with a 5 bounce diamond ATR
sampling accessories of internal reflection element (IRE)
crystal. The analysis was in the transmittance mode and the
signal was collected within the range 650-4000 cm™
wavenumber.

2. X-ray Diffraction (XRD)

The powder x-ray diffraction (PXRD) analysis was performed
using a Rigaku Miniflex 6G equipped with the Rigaku
smartlab software operating at 40kV and 15mA with a Cu Ka
as X-ray source. The powder samples were loaded onto a
sample holder and scanned in the 20 range of 3° to 90° at a
scan rate of 10%min.

Crystallite size was computed using scherrer equation as
shown in equation 1.

D = KA/BCOS6 (1)
Where;

D = Average crystallite size

K = Scherrer constant

A = Wavelenght of radiation
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B = Full width half maxima

0 = Peak position

3. Scanning Electron Microscopy (SEM)

The SEM analysis was carried out using a thermofisher
scientific phenom prox desktop SEM equipped with phenom
prosuite software. The sample was mounted on a sample
holder and coated with a thin layer of gold using a sputter
coater at a resolution of 6nm SED and 8nm BSD. Surface
morphology of the sample was observed by capturing various
magnifications of the images.

I1l. RESULTS AND DISCUSSION

Figure 1 shows absorption spectra of four different materials
used in this work. Figure 1a is the spectra of Pure Terephthalic
acid as obtained from the recorgnized chemical vendor, Figure
1b is the spectra of MOF synthesized from terephthalic acid
without the use of any solvent. Figure 1c spectra is for the
MOF synthesized from terephthalic acid via solvothermal
method whereas Figure 1d is the spectra of Ni-catalyst
supported on the prepared MOFs (Figure 1c)
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Figure 1: FTIR Spectra of (a) Pure terephthalic acid (b) Solvent-free synthesized MOF-terephthalic acid (c) Solvothermal
synthesized MOF-terephthalic acid (d) Catalyst terephthalic acid

Figure la, shows a more intense sharp absorption peaks
confirming the purity of the terephthalic acid used as ligand.
The absorption observed at 1673cm™ could be ascribed to C-C
stretching vibration from the aromatic structure

Whereas the peaks at 918 cm?, 1424 cm, 1276 cm™, and 725
cm* corresponds to O-H bending vibrations of the carboxylic
(OOH) group, C-H bending, C-O stretching and C-H rocking
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respectively [24][25]. Solvent-free synthesis was employed to
test its efficacy in the synthesis of MOFs-catalysts that could
be used in the production of sustainable products from
carbondioxide. For the solvent-free synthesis of MOFs-
terephthalic acid, four major absorption peaks that were due to
the O-H stretching of interlayer water (3595-3352 cm™),
symmetric and assymetric stretching of carboxylate group
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(1541 and 1444 cm™) were observed as shown in Figure 1b.
However, in all the solvent-free syntheses (Figures 1b and 2b),
no any peak relating to Ni absorption was observed. This is an
indication that solvothermal synthesis is the most suitable
method to be employed for the synthesis of the desired
products. However, in all the MOFs-terephthalic acid and
catalysts-terephthalic acid synthesized via solvothermal,
absoption peaks (682 cm™ and 689cm™) corresponding to O-
Ni-O vibration, indicating the formation of the coordination
bonding among the ~COOH groups and Ni?* were observed as
shown in Figures 1c and 1d respectively [26]. Also, the
appearance of the absorption peaks at 1575 and

J.Sani M.L. Mohammed A.M. Sokoto A.S. Sambo
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1384cm! corroborates to the asymmetric and symmetric
vibrations of the coordinated carboxyl (—COO-) group,
respectively. These peaks confirm that —COO- of terephthalic
acid is coordinated with metal in a bidentate mode [27][28].
Figure 2 shows absorption spectra of four different materials
used in this work. Figure 2a is the spectra of Pure triazole,
Figure 2b is the spectra of MOF synthesized from triazole via
solvent-free synthesis. Figure 2c spectra is for the MOF
synthesized from triazole via solvothermal method whereas
Figure 2d is the spectra of Ni-catalyst supported on the
prepared MOFs (Figure 2c)
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Figure 2: FTIR Spectra of (a) Pure Triazole (b) Solvent-free synthesized MOF-Triazole (c) Solvothermal synthesized MOF-
Triazole (d) Catalyst Triazole

The spectra in Figure 2a shows a sharp absorptions at 3119
cm?, 1763 cmt, 1479 cm?, 1268 cm™, and 875 cm™ indicating
the purity of the triazole used as a ligand. The absorptions at
3119 cm? and 1763 cm™? were due to N-H and -N=N
stretching vibrations respectively while absorption at 1479
corresponds to C=C stretching for aromatic compounds [26].
Major absoption peaks observed in solvent-free synthesis of
triazole MOFs were; 3119 cm™, 2980-2817 cm™, 1394 cm™,
and 1062 cm® as shown in Figure 2b. These peaks
corresponds to N-H stretching vibration (3119cm®), O-H
stretching vibration due to crystal water from metal precursor
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(2980-2817 cm™) and C-H stretching vibration (1062 cm).
Similarly, in Figures 2c and 2d, noticeable absorption
vibrations (674cm™ and 669 cm?) that were due to N-Ni have
been seen, confirming the formation of N-Ni linkage. The
absorption bands at 1506 cm™* and 1502 cm™ in Figures 2¢ and
2d are due to the stretching vibrations of the para-aromatic C—
H group in the heterocycles [28][29].

Figure 3 shows the X-ray diffractogram patterns of four
different materials synthesized (MOF-triazole, MOF-
terephthalic acid, catalyst triazole and catalyst terephthalic
acid).
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Figure 3: XRD patterns of MOF-triazole, MOF-terephthalic acid, catalyst triazole and catalyst terephthalic acid

The XRD patterns of the synthesized materials are in
conformity with the well-matched diffractograms reported by
Heidary [30] confirming the crystallinity of the synthesized
materials. Noticeably, the main differences observed between
the spectra was slightly sharp peaks in the spectra of MOF-
terephthalic and MOF-triazole which were shifted to higher
degree of crystallinity and large unit cell [30]. This might be
attributed to the intense treatment encountered during metal-
impregnation process [31]. Table 1 shows a gradual increase
in the crystallite size (D) of terephthalic acid based materials.
This might be due to the impregnation of metal (Ni) into the
frameworks which increases the number of metal (Ni) sites
[32]. However, this is in contrast to the result obtained for the
triazole-based materials where a significant decrease in the
crystallite size (D) was observed from MOF-triazole
(155.3nm) to cat-triazole (2.20nm) respectively. This
incompatibility might be due to inherent limitations in the
peak profile analysis of the XRD data with the use of a width
of the peak at the half of its maximum, excluding small
crystallites from XRD data analysis [33].

Journal of Science
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Table 1:Crystallite size of the synthesized materials

Sample 20 (% K A B(O (n?n)
MOF-tereph  8.61655 0.94 15406 0.41680 137.9
Cat tereph 8.98852 0.94 1.5406 0.55501 149.9
MOF-triazol  10.5165 0.94 15406 0.53654 155.3
Cat triazol 33.2429 0.94 15406 39.4599 2.200
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Figure 4 shows the SEM images of the MOFs and catalysts used in this research.

Figure 4: SEM images of (2) MOF-terephthalic acid (b) catalyst-terephthalic acid (c) MOF-triazole and (d) catalyst triazole

Scanning Electron Microscopy (SEM) was used to evaluate
the morphology and average particle size as seen in Figure 4
and Table 2 respectively. The morphologies and average
particle sizes of the materials were revealed depending on their
different synthetic procedures. The flake-like shape was
observed for MOF-terephthalic acid with less particle size
(213.651nm) as compared to the cuboid shape of catalyst-
terephthalic acid with high particle size (228.242nm).
Similarly, the same trend in particle size (243.591nm and
683.093nm) was observed for the rhombohedral shapes of
MOF-triazole and catalyst-triazole. These results corroborates
with the findings of Rashed [34]. Particle size of MOF was
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reported to have a significant impact on its activity. For
instance, study on MIL-101 MOFs investigated the effect of
particle size on the catalytic activity for the conversion of CO;
to methanol. It was observed that smaller particle sizes
resulted in higher methanol production rates due to increased
surface area and improved mass transfer of reactants [35].
Similarly, in the conversion of CO, to formic acid, it was
found that reducing the particle size of HKUST-1 resulted in
increased catalytic activity, attributed to the higher surface
area and improved diffusion of reactants within the smaller
particles [35].
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Table 2: Particle size of the synthesized materials

Std

Sample  Area(m?) Dev Angle(®) Lenght(nm)
MOF 214.375 26.455 -11.961 213.651
tereph
Cat 229.036 26.436 16.454 228.242
tereph
MOF 44550 23668 -9.588  243.501
triazole
.Cat 684.000 18.375 -38.636 683.093
triazole

IV. CONCLUSION

In this research, solvent-free and solvothermal syntheses
routes were employed in the synthesis of different MOFs and
catalysts materials using terephthalic acid and triazole as
ligands. FTIR results showed that solvothermal route is the
most suitable method in the synthesis of MOFs material.
Furthermore, FTIR characterization confirms the formation of
Ni-based MOFs and catalysts. Conclusively, flake-like,
cuboid, and rhombohedral shaped materials were successfully
synthesized with appreciable crystallites and particle sizes for
CO, conversion to value-added chemicals.
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