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Abstract

A novel Cu-MOF was synthesized at room temperature from commercially available and inexpensive reagents. The pre-
catalyst was characterized using X-ray photoelectron spectroscopy, high-resolution transmission electron microscopy, induc-
tively coupled plasma-optical emission spectroscopy, Fourier transform-infrared spectroscopy, powder X-ray diffraction,
Brunauer-Emmet-Teller (BET) and scanning electron microscopy-energy dispersive X-ray spectroscopy. The Cu-MOF was
characterized as microporous material with BET surface area and pore volume of 7.47 m*/g and 0.27 cm®/g, respectively, and
is stable in most solvents. The MOF was evaluated as a heterogeneous catalyst for the hydrogenation of furfural to furfuryl
alcohol (FA). Cu-MOF exhibited a high conversion of FF (76%) with selectivity towards FA (100%) at 140 °C, 50 bar for
24 h. The MOF was reused four consecutive times with a loss in catalytic performance. The decrease in catalytic activity
could be attributed to the formation of inactive Cu(0) as revealed by HR-TEM and XPS studies. The HR-TEM of spent Cu-
MOF showed a uniform particle size diameter of 3.5 nm. This work is significant in providing new strategies for the design

and fabrication of highly selective MOF catalysts for the FF upgrading.
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1 Introduction

Efforts are being made to minimize the negative environ-
mental impact caused by using fossil fuels, such as coal,
natural gas and petroleum, that often emit gases [like SOx,
PFAS (per-and polyfluoroalkyl substances) and NOx] dur-
ing processing [1, 2]. Lignocellulosic biomass has emerged
as a viable substitution for fossil fuels in addressing these
environmental concerns. It is found in plants and consists
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of cellulose, lignin and hemicellulose [3]. Hemicellulose
can be depolymerized to produce xylose through hydroly-
sis using an acid catalyst. Several strategies for converting
xylose into FF using both homogenous and heterogeneous
catalysts have been extensively explored in the published
literature [4, 5].

In 1921, industrial production of furfural (FF) was
established by Quaker Oats technology [6]. FF is produced
from oats hulls by employing high pressure, temperature
and H,SO, in a batch mode [7]. However, drawbacks such
as high maintenance costs and low yield suggest that the
reaction conditions must be optimized. China is the major
producer and exporter of FF and furfuryl alcohol (FA) from
corncobs [8]. South Africa is the third largest producer
of FF from sugarcane bagasse and the production plant is
owned by Illovo Sugar in Durban. Sappi in South Africa
has also developed technology for the production of FF
using hemicellulose extracted from the Pulp and Paper Mill
in Ngodwana, outside of Mbombela. The U.S. Department
of Energy, listed FF as one of the top 30 building blocks
in 2004 [9]. FF can be further converted into useful down-
stream products such as furfuryl alcohol (FA), furan, tet-
rahydrofurfuryl alcohol (THFA), 2-methylfuran (MF),
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tetrahydrofuran (THF) and cyclopentanone and ring-opened
products such as ethyl levulinate (EL), levulinic acid (LA),
pentanediols (Fig. 1). FA is an important chemical interme-
diate for the production of chemical products, such as lysine,
lubricant, aroma fragrance, plasticizer, dispersing agents,
perfumes, resins and so on [10].

It is claimed that 62% of the total FF manufactured
worldwide each year is processed into FA. FF is currently
hydrogenated commercially in the vapour or liquid
phase over a Cu-Cr catalyst [4, 5]. However, the severe
and extensive impact of using chromium-based catalyst
on human health and the environment has paved the
way for exploring new catalysts. Cu-based catalysts
are often employed for FF hydrogenation because of
their excellent catalytic performance [11]. Various
Cu-based catalysts such as Cu/TiO, and Cu/SiO, have
been reported in the literature [12, 13]. Furthermore,
metal-organic frameworks (MOFs) have been utilized
for FF hydrogenation due to their unique characteristics
such as chemical stability, tenability and high porosity
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[14]. Co/Cu MOF-74, Cu/CuFe,0,@C, Cu-BTCNi@C
and Co-doped Cu-BTC (Cu-BTC, BTC =1,3,5-benzene
tricarboxylate) are among the MOFs employed in
the conversion of FF [15-17]. However, most of the
catalysts reported in the literature yield high amounts of
by-products. Consequently, there is a need to design highly
efficient catalytic systems for FF upgrading featuring high
stability as well as enhanced activity and selectivity. In
this study, the synthesis and characterization of Cu-MOF
for the selective hydrogenation of FF to FA is presented.

2 Experimental
2.1 Materials and Chemicals
The chemicals; 4-aminobenzoic acid, isophthaloyl chlo-

ride and copper(Il) nitrate trihydrate were purchased from
Sigma-Aldrich and were all used as received. The organic
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Fig. 1 Catalytic upgrading of biomass-based FF into various value-added products [10]
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Scheme 1 Synthesis of L1

solvents; furfuryl alcohol (FA), tetrahydrofuran (THF),
toluene, dimethylformamide (DMF), furfural (FF) and
methanol (MeOH) were purchased from Sigma-Aldrich
and were all utilized as received.

2.2 Synthesis and Characterisation of Ligand L1

(0.21 g, 1.55 mmol) 4-aminobenzoic acid was dissolved in
THF (20 mL) and a few drops of DMF were added. Isoph-
thaloyl dichloride (0.15 g, 0.74 mmol) was then added to
the solution, and the resultant mixture was refluxed for 24 h.
The hot solution was filtered, washed with hot THF (15 mL)
and water (15 mL), and then dried overnight, resulting in a
yellow solid product. Yield: 0.13 g (84%). Mp: decomposes
without melting, onset occurs at 292 C. 'H NMR (400 MHz,

Fig.2 Proposed structure of
Cu-MOF depicting the coor-
dination geometry around two
Cu atoms
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DMSO-dy): (8, ppm) 7.71 (t, CH, 1H, BJH—HZS Hz),
7.74-7.96 (m, 8H, CH), 8.18 (d, CH, 2H, 3JH—H= 1.6), 8.58
(s, CH, 2H) and 10.73 (s, 2H, CH, NH), .- "C{'H} NMR
(100 MHz, DMSO-dy): (5, ppm) 120.05, 126.21, 127.68,
129.21, 130.72, 131.54, 135.32, 143.61, 165.85 and 167.39.
Selected FT-IR peaks (V. cm™'): 3276 (NH), . 1683
(C=0),.q and 1609 (C=0),.iq.- Elemental Analysis: (%):
Calculated for C,,H,(N,O¢: C, 65.35; H, 3.99; N, 6.93,
Found: C, 65.37; H, 4.00; N, 6.96. HR-ESI-MS: Expected,

=404.10, Found (negative): m/z=403.0918 for [M-H]".

2.3 Synthesis of Cu-MOF [Cu,(L1),)-5DMF-4H,0],

Cu(NO5),-3H,0 (0.02 g, 0.10 mmol) and 4,4'-(isophthalo
ylbis(azanediyl))dibenzoic acid (0.02 g, 0.05 mmol) were
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Fig.3 TGA curves of activated 100

and as-synthesized Cu-MOF
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dissolved in DMF (5 mL). Blue clusters were obtained after
slow evaporation of the solution at room temperature for
14 days. Yield: (70%). Selected FT-IR peaks (v, cm™):
3274 (NH),,i¢c and 1603 (C=0),,4. Copper analysis:
Found: 10.7% m/m. Elemental Analysis (%): Calculated
for Cu,Cs9H;NgO,, (1367.34): C, 51.75; H, 5.23; N, 9.28,
Found: C, 51.26; H, 4.72; N, 8.98.

3 Characterization Techniques

Nuclear magnetic resonance spectra were recorded on a
Bruker Ultrashield-500 MHz spectrometer (‘\H: 500 MHz
and C{'H}: 100 MHz) in chloroform or dimethylsulfox-
ide solutions using tetramethylsilane as an internal stand-
ard (=0 ppm). X-ray photoelectron spectroscopy analysis
was obtained with a Kratos Axis supra spectrometer using
an Al K(alpha) source (15 mA, 0.15 eV). Survey scan and
high resolution were carried out with an analysis area of
300 x 700 microns and pass energy of 160 eV. The chemical
states were identified by using Casa XPS software version
2.3.22. The functional groups of the ligand and Cu-MOF
were confirmed using Fourier-transform infrared spectros-
copy which was recorded using IR-Affinity-1S FT-IR Spec-
trophotometer instrument fitted with an ATR probe. Powder
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diffraction patterns were measured on a Bruker D8 Advance
X-ray diffractometer operating in a DaVinci geometry
equipped with a Lynxeye detector using Cu Ka-radiation
(A=1.5406 IOA) at 298 K. X-rays were generated by an accel-
erating voltage of 30 kV and a current of 40 mA. A receiving
slit of 0.6 mm and a primary and secondary slit of 2.5 mm
were used. Samples were placed on a zero-background sam-
ple holder and scanned over a range of 4° to 40° in 20 with
a step size of 0.01° per second. Thermogravimetry analysis
experiments were carried out on a TA Discovery Instrument
TA-Q50 with a heating rate of 10 °C min~! within a tem-
perature range of 25-1000 °C under a dry nitrogen purge
gas flow of 50 mLmin~!. The samples were analyzed using
the Tescan Vega scanning electron microscopy. The mor-
phological studies were done using a Jeol-Jem 2100F elec-
tron transmission electron microscopy operating at a voltage
of 200 kV. Melting points were determined using a Buchi
melting point apparatus B-540. Mass spectrometry was car-
ried out on a Water Synapt G2 electrospray ionization mass
spectrometer in the negative or positive-ion mode. Elemen-
tal analysis was recorded using a Thermo Scientific Flash
2000 Series CHNS-O Analyzer. Inductively coupled plasma
optical emission spectroscopy analysis was performed on a
SpectroArcros instrument calibrated using standards.
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Fig.4 a FT-IR spectra of L1, activated Cu-MOF and as-synthesized Cu-MOF, and b PXRD patterns of activated Cu-MOF and experimental

Cu-MOF

4 Results and Discussion
4.1 Synthesis and Characterization of Ligand L1

Ligand L1 was prepared following the modified reported
procedure by Iftikhar [18]. 4,4'-(isophthaloylbis(azanediyl))
dibenzoic acid was fabricated by reacting 4-amino benzoic
acid with the corresponding isophthaloyl dichloride in tet-
rahydrofuran for 24 h (Scheme 1). L1 was characterized
using high-resolution electrospray ionization mass spec-
trometry (HR-ESI-MS), elemental analysis (CHN), Fourier
transform-infrared spectroscopy (FT-IR) and nuclear mag-
netic resonance (NMR) spectroscopy.

The successful synthesis of the ligand was corroborated
by the presence of a singlet peak at 10.73 ppm in the 'H
NMR spectra of L1, which corresponds to the amide func-
tionality (Figure SI 1). In addition, the rest of the aromatic
resonances were observed from 7.71 ppm to 8.58 ppm. The
BC{'H} NMR spectrum for carboxamide ligand revealed
aromatic carbon signals ranging from 120.05 ppm to
167.39 ppm. The amide carbon was the most deshielded
signal observed at 167.39 ppm (Figure SI 2). All the peaks
in the *C{'H} NMR spectrum were successfully assigned

with the help of a 2-dimensional HSQC spectrum. The HR-
ESI-MS spectrum further provided additional evidence for
the formation of the ligand by displaying the molecular ion
peak at m/z=403.0918 for [M-H]™ ion (Figure SI 3).

The purity of the isolated ligand (C,,H;(N,O¢) was con-
firmed by elemental analysis of L1 (Calculated: C, 65.35;
H, 3.99; N, 6.93, Found: C, 65.37; H, 4.00; N, 6.96). The
FT-IR spectra of ligand L1 revealed a broad absorption band
at 3276 cm™!, which was attributed to the NH stretching
frequency. Additional strong FT-IR absorptions appeared
at 1609 cm™" and 1683 cm™' assigned to (C=0),,iqc and
(C=0),.i¢q» Which are shown in Figure SI 4. The FT-IR
absorption bands were similar to the literature values
[18-20].

4.2 Synthesis and Characterizations of Cu-MOF

Cu-MOF was synthesized by dissolving 0.02 g of compound
L1 in 5 mL of DMF and adding 0.02 g of Cu(NO;),-3H,0.
After 14 days, blue clusters were obtained by slow evapo-
ration at room temperature [21]. The framework is insolu-
ble in organic solvents, such as ethanol, dimethylforma-
mide, dimethyl sulfoxide, and methanol. Cu-MOF was
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Fig. 5 SEM micrographs for Cu-MOF in different magnifications at a 10 um, b 20 um, ¢ 50 pm and d N, sorption studies of Cu-MOF

synthesized and characterization results suggested the suc-
cessful formation of the framework (Fig. 2) almost similar
to copper(Il) metal-organic framework reported in litera-
ture [22] by Malaza and co-workers. The Cu-MOF crystal-
lized in monoclinic crystal system and P2 ,/c space group,
where two Cu(Il), two linkers, five DMF molecules and four
water molecules constitute the asymmetric unit [22]. Each
Cu(Il) centre was coordinated to four oxygen atoms from

@ Springer

the linkers and guest molecules to generate a copper pad-
dlewheel SBU [Cu,C,Oq].

The thermal behaviour was investigated at temperatures
ranging from 25 to 1000 °C and heated up at a rate of 10 °C/
min under N, atmosphere and air-flow (Fig. 3). The TGA
profile of Cu-MOF displayed a major weight loss of 24.6%
in the region from 90 to 260 °C, which was correlated to the
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expulsion of five DMF molecules and four water molecules
(Proposed formula: [Cu,(L1),)-SDMF-4H,0],,. This predic-
tion was based on our CHN elemental analysis results, 'H

NMR results (Figure SI 5) and single crystal data for Cu-
MOF by Malaza and co-workers [22]. The decomposition
of the framework structure was observed at 310 °C showing
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(50 bar), time (24 h), methanol (5 mL), FF (2.5 mmol), pre-catalyst
(Cu-MOF) and temperature (140 °C), d effect of solvent. Conditions:
FF (2.5 mmol), Hydrogen gas (50 bar), solvent (5 mL), Cu-MOF
(43 pumol), time (24 h) and temperature (140 °C). Conversion was
determined by "H NMR spectroscopy
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remarkable thermal stability. A similar trend was observed
in the TGA curve for TMA-Cu metal-organic framework
[Trimesic acid (TMA)], reported by Sahiner and co-workers
[23].

Cu-MOF was activated by soaking the framework in
ethanol at room temperature for 36 h and then dried in
vacuo at 100 °C for 24 h [24, 25]. TGA data that showed
no weight loss until decomposition [25], proved that all of
the guest molecules in activated Cu-MOF had been com-
pletely removed (Fig. 3). The FT-IR spectra of L1, as-syn-
thesized Cu-MOF and activated Cu-MOF are illustrated in
Fig. 4a. The carboxylate moiety stretching vibration (C=0)
observed in the linker L1 at 1683 cm™' shifted to a lower
absorption band at 1603 cm™~! in Cu-MOF. This observa-
tion confirmed the subsequent coordination of the Cu metal
centre to the carboxylate moiety. The FT-IR spectrum for
as-synthesized Cu-MOF showed carbonyl stretching vibra-
tion at 1624 cm™! assigned to DMF molecules. Successful
activation was confirmed by the disappearance of this band
in activated Cu-MOF.

The phase purity of Cu-MOF was employed using PXRD
analysis as depicted in Fig. 4b. The PXRD patterns of exper-
imental Cu-MOF showed prominent diffraction peaks at 26

Time(hours)

values of 9.23, 11.67, 14.58, 15.37,17.10, 19.41, 23.27 and
24.47 (Fig. 4b). Upon activation, a new phase transition was
observed, as evidenced by the disappearance and appear-
ance of new diffraction peaks. Remarkably, the structural
framework remains intact after activation with insignificant
loss of crystallinity [26].

ICP-OES analysis showed that Cu-MOF contains 10.7%
m/m copper content. The detailed qualitative chemical analy-
sis of Cu-MOF was conducted using SEM-EDX spectros-
copy. SEM images of Cu-MOF showed a clusters like-
structure (Fig. 5a—c), similar to the morphology reported
by Omkaramurthy and co-workers [28]. EDX mapping of
Cu-MOF revealed that Cu, N and O are homogenously
distributed within the MOF matrix (Fig. 6), similar to the
reported literature [27]. The presence of Cu, N and O ele-
ments in the framework was confirmed by the EDX spec-
trum (Figure SI 6).

The BET analysis of Cu-MOF was performed to elu-
cidate the pore volume and specific area from N, adsorp-
tion—desorption isotherms (Fig. 5d). The pore volume and
BET surface area of the framework were 0.27 cm3/g, and
7.47 m%/g, which was relatively lower than other MOFs
reported in the literature [22, 30]. The N, sorption isotherms

@ Springer



2266 Journal of Inorganic and Organometallic Polymers and Materials (2025) 35:2257-2273

@ Recyclability studies ®)
100 100
80 30

£ o0 P
: i
540 g-«)

20 | 20 | —Cu-MOFbeforecatalysis
— Cu-MOF after catalysis
0 - " " " o
1 2 3 4

25 125 225 325 425 525 625 725
Cyde Temperatue (*C)

© @
Cu-MOF before catalysis Cu-MOF before catalysis

CuMOF after catalysis
@*cycle)

Relative transmittance
Relative intensity

Cu-MOF after catalysis
@ cyde

1800 1700 1600 1500 1400 1300 1200 1100 1000 > 10 15 20 25 30 35
Wavenumber cm™) 28 (CuKa radiation)

Fig. 10 a Recycling studies of Cu-MOF over four consecutive sis (4th cycle) and d PXRD patterns of Cu-MOF before catalysis and
cycles, b TGA curves of Cu-MOF before and after catalysis (4th after catalysis (4th cycle)
cycle), ¢ FT-IR spectra of Cu-MOF before catalysis and after cataly-

@ Springer



Journal of Inorganic and Organometallic Polymers and Materials (2025) 35:2257-2273

Fig. 11 XPS analysis of Cu-
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revealed a typical type I isotherm, assigned to microporous
materials [31, 32].

5 Chemical Stability Tests

Activated Cu-MOF was immersed in different solvents for
24 h to determine their chemical stability under different
operating environments [33-35]. The PXRD analysis results
demonstrated that there was no structural alteration to the
framework. Notably, the diffraction pattern of Cu-MOF in

the presence of alcohols revealed that the structure was pre-
served. Howbeit, Cu-MOF in water showed a crystalline to
crystalline transformation (Fig. 7a).

According to the FT-IR analysis of Cu-MOF soaked
in solvents, the carboxylate moiety frequency found at
1603 cm™! was not altered under various chemical environ-
ments (Fig. 7b). This study indicated that the carboxylate
binding mode coordinated to the Cu?* site was preserved

under different chemical conditions. In addition, the C=0
and NH stretching vibration peaks was present in all spectra

5.1 Catalytic Hydrogenation of FF Using Cu-MOF

The activated Cu-MOF was evaluated for the hydrogena-
tion of FF to FA. The influence of temperature, catalyst
amount, solvent, reaction time and hydrogen pressure on
the selectivity and conversion was explored to obtain the
optimal conditions. In all instances, FA was produced as the
only product with no side products detected (Figure SI 7).
Initially, temperature variation studies were investigated in
a range from 120 °C to 150 °C as depicted in Fig. 8a. As a
result of the improved rate of catalysis, the conversion of FF
increased significantly from 46 to 62% when the hydrogena-
tion reaction temperature rose from 120 to 140 °C. Based on
this observation, 140 °C was selected as the optimal reaction
temperature. Similarly to other frameworks, 140 °C gave an
impressive conversion of FF>60% [36, 37]. Surprisingly,
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Fig. 12 a HR-TEM image for Cu-MOF before catalysis at 50 nm scale, b insert showing SAED pattern for Cu-MOF, ¢ HR-TEM image for Cu-
MOF after catalysis (4th cycle) at 50 nm scale and d Histogram of the particle size distribution for Cu-MOF after catalysis (4th cycle)

when the temperature was raised to 150 °C, the conversion
decreased signifying possible catalyst deactivation.

The effect of pressure was investigated in 30 to 50 bar
pressure range at 140 ‘C (Fig. 8b). The conversion of FF
was increased from 62 to 65% with increased hydrogen
pressure from 30 to 40 bar, while maintaining selectivity
to FA (100%). At 50 bar, the conversion of FF attained was
70%, selected as the best pressure for further investigations.
Koley and co-workers hypothesized that an increase in the
concentration of H, in the reaction mixture was responsible
for the higher conversion of FF over the Cu/CuFe,0,@C-A
catalyst [16].

@ Springer

The influence of catalyst loading on the catalytic per-
formance was studied. The load was varied from 13 umol
to 43 umol (Fig. 8c). It was observed that the conversion
of FF decreased from 57 to 53% as the amount of catalyst
decreased from 23 to 13 umol. The pre-catalyst had insuf-
ficient active sites at a lower catalyst amount [38]. As the
catalyst loading increased from 33 to 43 pumol, the conver-
sion of FF was enhanced. Thus, 43 umol was selected as the
optimal catalyst loading.

The effect of solvent systems was studied using Cu-
MOF. Ethanol, toluene and methanol were utilized as the
solvents in FF upgrading (Fig. 8d). Compared to ethanol,
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Fig. 13 SEM images of a Cu-MOF before catalysis and b Cu-MOF after catalysis (4th cycle)

methanol gave the highest conversion of FF (76%). Switch-
ing from methanol as the solvent to toluene gave the least
conversion of FF (45%), a similar trend has been observed
in the literature [39-41]. The influence of time was also
conducted from 1 to 24 h, keeping all other parameters
constant (Fig. 9). Cu-MOF exhibited low activity over
the first 4 h, indicating an induction period is necessary to
ensure diffusion of the H, into the solvent and Cu** metal
active sites.

The highest turnover frequency (TOF) of up to 20 h™! was
obtained within 1 h. Clearly, the conversion of FF rapidly
increased from 35 to 76% with a prolonged reaction time
from 1 to 24 h and 24 h was chosen as the optimal time
for further studies. This is longer than the reaction times
described in the literature, which normally needed 1 to 8 h
for enhanced selectivity [37, 42]. Interestingly, the hydro-
genation performance for this study was highly chemoselec-
tive to FA.

Cu-MOF and the corresponding metal salt used to con-
struct the framework were screened for hydrogenation of FF
in MeOH under optimal conditions (50 bar, 140 °C, 24 h).
Cu(NO;),-3H,0 exhibited minor conversion (7%). Cu-MOF
(Cu metal centre) showed impressive activity with a conver-
sion of FF (76%) and selectivity to FA (100%) and was used
for further investigations. Cu (active sites) are known for the
activation of C=0 bonds and dissociation of H,. The strong
interaction between the linker (Brgnsted acid site) and Cu
(Lewis acid site) plays a significant role in improved hydro-
genation performance [37]. Cu-MOF outperformed other
catalysts that had been previously reported because of its
chemoselectivity, despite the low activity [15, 36, 43].

5.2 Recycling Studies

Recycling studies for Cu-MOF was conducted to deter-
mine the durability of the catalyst. After the hydrogenation
reaction, the crude mixture was filtered and washed with
methanol and dried in vacuo overnight. The recovered cat-
alyst was re-evaluated under optimal reaction conditions
[44]. The catalyst could be recycled up to four consecutive
runs with a significant loss in catalytic activity (Fig. 10a).
This observation might be due to the partial deactivation
of the active species with each cycle. The spent catalyst
was characterized using TGA, FT-IR, PXRD, SEM-EDX,
HR-TEM and XPS spectroscopy.

TGA for recovered catalyst Cu-MOF showed that the
thermal stability of the framework was altered in com-
parison to the parent MOF before catalysis as depicted
in Fig. 10b [45]. The FT-IR spectrum for the spent cata-
lyst was altered after recycling due to the partial catalyst
decomposition (Fig. 10c), which is in agreement with the
PXRD pattern results. Notably, the PXRD pattern for Cu-
MOF showed changes in the structural integrity after the
4th cycle (Fig. 10d).

The XPS spectra showed the existence of Cu, N and
O elements in Cu-MOF (Fig. 11). The deconvoluted
Cu 2p core level XPS spectra for the parent framework
revealed binding energies (BE) peaks at 935.1 eV and
955.8 eV, assigned to Cu 2p;;, and Cu 2p,,, respectively.
Cu-MOF spectra exhibited binding energies peaks of
Cu 2p;, satellite and Cu 2p,,, satellite at 943.8 eV and
963.8 eV associated with Cu®* species. Similar obser-
vations were made by Ruoff and co-workers for copper
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Fig. 14 EDX mapping images for a Cu-MOF before catalysis and b Cu-MOF after catalysis (4th cycle)

1,3,5-Triamino-2,4,6-benzenetriol metal-organic frame-
work [46].

The electronic environment of Cu before and after catal-
ysis was determined by XPS analysis. The binding ener-
gies of the Cu 2p core level spectra significantly changed,
which signifies that both Cu?* and Cu® as active centres
(Fig. 11). The Cu 2p XPS region for Cu-MOF after catal-
ysis (4th cycle) showed the binding energies located at
933.1 eV and 952.1 eV assigned to Cu species [47, 48].

@ Springer

Moreover, the presence of weak satellite peaks also sug-
gested the presence of Cu?* species. According to the HR-
TEM and XPS analysis results, a significant difference in
oxidation state was observed.

HR-TEM images for Cu-MOF before catalysis exhibited
a sheets-like structure (Fig. 12a and Figure SI 8), which is
consistent with the previous report by Patil and co-work-
ers [29]. Furthermore, the crystalline nature of Cu-MOF
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was further confirmed by selected area electron diffraction
(Fig. 12b), which is similar to the PXRD analysis results.
Particularly, HR-TEM images after catalysis were col-
lected to check for the formation of Cu’, as depicted in
Fig. 12c. Homogeneously dispersed Cu” was observed on the
spent Cu-MOF with a standard deviation of + 1.3 nm and a
uniform average particle size diameter of 3.5 nm (Fig. 12d).
SEM images revealed that the morphology of Cu-MOF
was affected during catalysis (Fig. 13). A closer look at the
EDX spectra of the framework before and after catalysis
showed the presence of all constituent elements, similar to
what has been reported in the literature reports [49]. Ele-
mental mapping demonstrated that the Cu atoms were fairly
distributed throughout the MOF matrix (Fig. 14).

6 Conclusion

A new Cu-MOF was facilely constructed by solvent evap-
oration method and was characterized using Brunauer-
Emmet-Teller (BET), inductively coupled plasma-optical
emission spectroscopy, high-resolution transmission
electron microscopy, X-ray photoelectron spectroscopy,
Fourier transform-infrared spectroscopy, powder X-ray
diffraction and scanning electron microscopy-energy dis-
persive X-ray spectroscopy. XPS analysis confirmed the
presence of Cu**, N and O in the structure of the Cu-MOF
and is in good agreement with the proposed structure of
the catalyst. At optimized operating conditions, Cu-MOF
showed conversion of FF (76%) and selectivity towards
FA (100%). The framework was reused four times with a
substantial loss of catalytic activity. There was significant
drop in catalytic activity, based on TGA, FT-IR, PXRD,
SEM-EDX, HR-TEM and XPS spectroscopy results. One
way of improving the catalytic activity involves tailoring
the organic linker in the MOF. Varying the metal centres
in the MOF (active sites) might be another approach to
enhance activity under mild conditions. Another strategy
is to fabricate core—shell-structured MOF-based compos-
ites by coating the MOF with other functional materials
(e.g., zeolites or enzymes). These approaches offer the
possibility to fine-tune the framework catalytic stability.
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