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Abstract. We report on the applicability of an easy and general synthesis procedure for the formation of Ce(IV)-MOFs.
Cerium-based metal–organic frame (Ce-MOF) was successfully synthesized by a simple, cost-effective and green route.
Highly homogeneous topology, nano-sized crystals, stable oxidation states Ce(III) and Ce(IV) at room temperature,
significant surface area and thermal stability up to 320°C are the notable properties achieved by Ce-MOF. Electron
transferability of the cerium electrode was used for the detection of methylene blue (MB) analyte in acidic buffer solution.
Also the effect of different pH buffer solutions on electrode response has been studied. Photocatalytic performance of
nano-Ce-MOF was studied on the degradation of MB analyte under visible light.
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Introduction

Metal–organic frameworks are solid materials, they differ
from other materials by tunable pore sizes, large surface
area, diverse chemical functionalities and stability, which
make them suitable candidates for applications in vast
fields, including separation, drug delivery, gas storage,
sensor technology and catalysis [1–5]. Recently, ceriumbased MOFs received great interest and have been reported
more in numbers due to their large surface area and superior
catalytic property.
Here we have reported, synthesis, characterization and
applications of Ce-MOF. In comparison with the
solvothermal and hydrothermal synthesis [6], the stirring
route is low cost and environmentally friendly. Hence we
successfully synthesized cerium benzene dicarboxylic acid
(Ce-bdc) MOF by a simple, cost-effective method with
green strategy. The crystalline nature of the product was
studied by powder X-ray diffraction (PXRD) and other
characteristics were studied by scanning electron microscopy (SEM), BET, thermo-gravimetric analysis (TGA),
X-ray photoelectron spectroscopy (XPS) and photoluminescence (PL) analysis. The obtained product has shown
good surface area, multiple oxidation states, high homogeneity, considerable stability and electron charge transfer
behaviour. Hence, Ce-MOF has been tested for electrochemical sensor and photocatalytic applications. The
redox behaviour of the Ce-MOF/cp electrode was studied
by cyclic voltammetry. This electron transferability is
utilized for the detection of hazardous, carcinogenic
methylene blue dye (MB). In addition, the catalytic
activity of Ce-MOF was studied by complete degradation

of MB dye under visible light and about 96% efficiency
was shown by the Ce-MOF.

2.
2.1

Experimental
Materials and methods

Attenuated total reflection infrared (ATR-IR) spectra were
obtained with samples in KBr for the title MOFs on
BRUKER ATR-IR spectrophotometer in the range
3500-400 cm-1. The thermal gravimetric analysis was
carried out with an SDT Q600 V20.9 Build 20 thermal
analyzer. Electrochemical analyses were made using
Autolab potentiostat. SEM images were collected using a
Supra55 field emission SEM system (Zeiss). The elemental
analysis was carried out on an Inca 2400 Series I element
analyzer. The ambient pressure gas sorption isotherms were
measured using NOVA-1000 Ver. 3.70 adsorption equipment. Photoluminescence data were gathered from Agilent
Cary Eclipse Spectrophotometer with 5 nm excitation. XPS
data were collected from AXIS-ULTRA instrument.

2.2

Synthesis of Ce-MOF

Ratio (1:1) of the precursor was used to synthesize the CeMOF framework to avoid the formation of cerium formate
as reported in the literature [6]. An equimolar mixture of
(NH4)2Ce(NO3)6 and benzene dicarboxylic acid (bdc) were
dissolved in de-ionized water and alkaline solution,
respectively. The two solutions were mixed with constant
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stirring to get a homogeneous solution. The resultant
mixture was continued with constant stirring on a hot water
bath at 50°C for about 3 h. The obtained product was
washed with de-ionized water several times and dried at
room temperature. The obtained yield was 85% more than
the reported method [6].

2.3 Electrode preparation and electrochemical
characterization
The Ce-MOF electrode (working electrode) for the electrochemical studies was prepared by mechanical grinding
the mixture of prepared Ce-MOF (50%), carbon black
(30%) and silicone oil (20%). The obtained slurry was then
filled into polymer tubes connected by copper wire and
dried at room temperature for 24 h. Subsequently, it was
rubbed on batter paper to get a smooth surface and obtained
the final electrode material. All the electrochemical experiments were conducted on AUTO LAB PGSTAT302N
electrochemical work station with a conventional threeelectrode system consisting of the Ce-MOF electrode (CeMOF/cpe) as a working electrode, platinum electrode as an
auxiliary (counter) electrode and saturated calomel (saturated KCl) as a reference electrode. The electrochemical
performance of the individual electrode conducted using a
three-electrode assembly in 0.005 M K2Fe(CN)6 and
0.05 M KCl mixed the electrolyte. The sensing performance
of Ce-MOF/cpe was studied in pH 3.8–5.5 acidic buffer
solution.

3.
3.1

ATR-IR spectrum of Ce-MOF.

Figure 2.

PXRD pattern of synthesized Ce-MOF.

Results and discussion
ATR-IR analysis

In figure 1, IR spectra provide information regarding the
bonding and structure prediction in the synthesized material. The appreciable shifts in ligand to lower frequencies
confirm the coordination bonding of metal and ligand. The
appearance of a band at around 1651 to 1546 cm-1 bond is
attributed to mas(COO) and ms(COO), respectively. The
band observed at 1349 cm-1 is attributed to ms(COO)
vibration of carboxylate function [7]. The compound shows
a split strong band in the region 3500–3300 cm-1. The band
in this region is attributed to m(OH) of the coordinated
water molecule, and –OH(s) bands are shifted to lower
wavenumbers by about 350 cm-1. This shift implies that
the –OH is strongly coordinated with metal.

3.2

Figure 1.

PXRD analysis

The XRD pattern of synthesized Ce-MOF at room temperature is highly crystalline, pure from impurities, and
showed strong similarities to the XRD pattern reported in

the literature for Ce-MOF [8–10]. In figure 2, the XRD
patterns exhibit sharp reflexes around 2h of 7.2, 8.3, 11.7,
13.8 and 14.48 corresponding to reflections for the (111),
(200), (220), (311) and (222) planes, respectively. All of the
presented diffractograms are typical for metal–organic
structures. The crystallite sizes calculated from the Scherrer
equation for the [111] plane was as follows. The synthesized Ce-MOF at 50°C by stirring method on hot water bath
was found to be 40–51 nm in size and led to the smaller
crystals. The XRD analyses suggest that, as reported in
[1,5,11] (Scheme 1), the Ce-MOF material obtained in this
study might possess a face-centred cubic (fcc) framework
structure and crystallize in the Fm-3m space group.

3.3

SEM and elemental analysis

SEM was used to characterize the morphology of Ce-MOF.
Figure 3a, b and c showed that the obtained product is
highly homogeneous and free from cerium formate [6]. The
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Nano Ce-MOF

50˚C

CeNH4 (NO3) 2 .
6H2 O solution

Scheme 1.
Ce-MOF.

bdc solution

Stirrer+
Heater

Pictorial representation of synthesis method of

particle size ranges from 39 to 51 nm. Energy dispersion
X-ray analysis mapping, in figure 3d, shows percentage
composition and exhibits signals of carbon Ka (1.1 keV),
oxygen Ka (1.25 keV) and Ce Ka (1.5, 4.9 and 5.4 keV).

Figure 3.
Ce-MOF.
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BET surface area measurements

The BET measurement results are presented in figure 4.
The specific surface area of Ce-MOF was found to be
106.12 m2 g-1, whereas the pore-size distribution
obtained from the BET method indicated one narrow
distribution centred at 13.4 nm (figure 4b). The mean
pore diameter was found to be 18.7 nm. Such a highspecific surface area could provide more electrochemical reaction sites, which can increase the utilization of
the electroactive materials [12]. Ce-MOF material
reported in this work have significantly lower surface
area than other Ce-MOFs reported in the literature. This is due to a considerably larger scale of
synthesis than compared to reported Ce-MOFs
[1,4,8,13].

(a, b and c) SEM images of Ce-MOF at different magnifications. (d) EDX pattern of
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Figure 4.
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BET measurement of (a) surface area and (b) pore-size distribution.

Thermal gravimetric analysis

The thermal decomposition of the Ce-MOF sample was
determined by TG analysis. The TG curves of the Ce-MOF
usually refer to three stages of mass losses within different
temperature ranges. As shown in figure 5, the first step of
degradation corresponds to the loss of coordinated water
molecules about 3%, which usually occurs in the range of
80–150°C. Therefore, coordinated water molecules are
confirmed from TG analysis. The second stage occurs at
200–300°C with a weight loss of about 7.018%, which can
be attributed to the unreacted bdc present in the framework.
The third stage occurs at 320–420°C with a weight loss of
about 37.4%, which was attributed to the degradation of

Figure 5.
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Thermal gravimetric analysis of Ce-MOF.

co-ordinate ligand with MOF. It is suggested that the
synthesized Ce-MOF is stable up to 320°C.

3.6

UV absorbance and PL analysis

The optical properties of Ce-MOF nanoparticles were
studied by UV–visible absorption spectroscopy in the range
of 200–600 nm and are shown in figure 6a. Absorbance
peak was observed at around 379 nm for the synthesized
Ce-MOF nanoparticles. The absorbance usually depends on
numerous factors such as impurity centres, bandgap, grain
size, oxygen deficiency, surface roughness and lattice strain
[14]. The optical bandgap of the nanopowder was calculated
by the Tauc relationship [15], as shown in figure 6a, and
came out to be 2.4 eV. The electronic structure of asprepared Ce-MOF nanoparticle was examined by using PL
spectroscopy (figure 6b). The obtained PL spectra of CeMOF nanoparticles in the wavelength range of 200–800 nm
were recorded under the excitation of 325 nm. The PL
spectra of Ce-MOF nanoparticles (figure 6b) exhibit a fine
UV emission at 386 nm (3.12 eV) and three visible emission peaks 468 nm (2.56 eV), 483 nm (2.48 eV) and
528 nm (2.27 eV) observed in the blue region. The PL
spectra bands observed at 386 nm correspond to near-band
edge (NBE) emission in the UV region, which is due to
excitonic recombination [16,17]. Apart from this, strong
green emission was also observed at 574 nm (2.09 eV). The
emission band observed in the wavelength from 358 to
574 nm originates from the relative oxygen vacancies
(surface defects) of Ce-MOF nanoparticles. It may cause
changes in particle size. The relative oxygen vacancies can
also be explained on the basis of the transfer of charge
carrier between 4f conduction band (Ce) to the 2p valance
band (O) of Ce-MOF nanoparticles [18,19].
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Figure 6.

(a) UV–Vis absorption spectra and (b) PL analysis for Ce-MOF.

Figure 7.

(a, b, c and d) XPS spectrum of Ce-MOF.

XPS analysis

To know the reduced and oxidized state, determination of
cerium content in the synthesized sample was studied by using
XPS. The XPS spectrum of the O 1s could be fitted by two
peaks at binding energies of around 528.2 and 531.3 eV
(figure 7b), which are attributed to the oxygen components on
the carboxylate groups of the bdc linkers and the M–O bonds
of CeO, respectively. Figure 7c shows XPS spectrum of the C
1s, which can be deconvoluted into two surface components,
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corresponds to the carbon components on the bdc at binding
energy of 284.8 eV and the carboxylate (O–C=O) groups of
bdc linker at binding energy of 286.9 eV. Figure 7d shows the
Ce3d spectra for synthesized Ce-MOF sample by stirring at
50°C on the hot water bath. The peaks raised in XPS spectra
suggesting the presence of a mixed-valence state for Ce ions in
the MOF, proving the presence of redox-active cerium atoms
in the framework. The presence of both oxidation states of
cerium is important for the catalytic and adsorptive properties
of Ce-MOF. The presence of Ce3? cations may be due to the
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Figure 8. (a) CVs of Ce-MOF/cp electrode at different scan rates (t), (b) plot redox peak current vs.
t1/2, (c) CVs of Ce-MOF/cp electrode response at different concentrations of MB dye (ppb), (d) CVs of
pH effect on Ce-MOF/cp electrode response at 1 ppb concentration of MB dye and (e) corresponding
temperature vs. current density.

occurrence of such structural defects as linker vacancies,
presented in figure 6b. However, it is known that under
ambient conditions, both Ce(III) and Ce(IV) are stable valence
states [20–27]. In the initial, cerium was in its oxidized (Ce4?)
state. As reported in the literature [1–3,6], the peaks centred at
887.6, 896, 906 and 916 eV can be attributed to Ce4?, while
the peaks at 880.4 and 899 eV are the characteristic peaks of
Ce3?. Based on experimental data, the molecular formula of
the compound was found to be Ce6O4(OH)4(BDC)6.

4.
4.1

Electrochemical studies
Cyclic voltammetry studies

Preliminary cyclic voltammetry (CV) experiments were
performed to study the redox behaviour of the MOFs prepared. The electrode performance was observed at different
scan rates between 10 and 130 mV using a three-electrode
setup in a mixed electrolyte solution of 0.005 M K2Fe(CN)6
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Figure 9. (a) Catalytic degradation of MB using Ce-MOF powder and (b) photodegradation
efficiency of Ce-MOF catalyst.

and 0.05 M KCl. Figure 8a shows the CVs recorded for
Ce-MOF/cp electrode. These CVs show well-defined redox
peaks between –1.0 and 1.0 V. The corresponding log
current vs. log potential calibration plot, in figure 8b,
clearly shows that the Ce-MOF/cp electrode displays a good
linear relationship (R2 = 0.92). The anodic peak at around
0.22 V and cathodic peak at about 0.01 V are corresponding
to oxidation of Ce(III) to Ce(IV) in Ce-MOF. The redox
current increases with the increasing scan rate from 10 mV
to 100 mV s-1 and are proportional to the square root of the
scan rate, which indicates that these electrochemical processes are diffusion-controlled [28].

4.2

buffer, and the current response decreased as the pH range
increased by the addition of 1 ppm MB analyte. These
results imply that, in low pH range or acidic media, MB
analyte gives more response to the Ce-MOF/cp electrode.
These results suggest that the Ce-MOF electrode has a
strong affinity through surface co-ordination for MB dye.
The possible chemical interaction of dye molecule in acidic
media is given below [28]. The plot, current vs. pH range is
shown in figure 8e.

ð2Þ

CeðIVÞ þ ne ! CeðIIIÞ

ð3Þ

þ

ðC20 H11 Na3 N2 O10 S3 Þ þ CeðIIIÞ
! C20 H11 Na3 N2 O10 S3 þ CeðIVÞ

Detection of MB analyte and pH effect

Figure 8c shows the CVs response obtained by Ce-MOF/cp
on addition of MB analyte in pH 3.8 acetic acid buffer
solution. As shown, the Ce-MOF/cp electrode responded
quickly to the oxidation of MB dye analyte at very low
concentration (1 ppm) within the potential range –0.5 to
0.5 V. The redox current has increased with an increase in
MB dye concentration. The response of the sensor to MB
dye was evaluated by calculating the % signal enhancement
(%SE) using equation (1). %SE was found to be 96% for
the initial addition of analyte.
%SE ¼ ðI  Io Þ  100:

CH3 COOH þ C20 H11 Na3 N2 O10 S3
! Hþ þ ne þ ðC20 H11 Na3 N2 O10 S3 Þþ

ð1Þ

Further to test the effect of pH on the response for the
MB analyte, we have performed CVs in different pH buffer
solutions separately. Figure 8d shows the higher current
response achieved by the Ce-MOF/cp electrode in pH 3.8

5.

ð4Þ

Photocatalytic activity

The brief procedure and photocatalytic activities of the CeMOF on MB dye were carried out according to existing
reports [29–31] with slight modifications. Figure 9a shows
the temporal evolution of spectral changes during the photodegradation of 10 ppm MB dye solution. The decrease in
the absorption intensity of the dye on increase in the irradiation time confirms the degradation of the molecule.
Separate experiments were carried out to investigate the
adsorption activity of the catalyst (Ce-MOF). We have
studied degradation in dark, in the presence of visible light
means self-photolysis of MB dye without catalyst and with
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Table 1.
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IR spectrum of calcinated Ce-MOF at different temperatures.

Comparison of photocatalytic activities of materials used for photocatalytic degradation of dyes under visible light.

Catalyst
SiO2@Fe2O3
Sn–SiO2@Fe2O3
CA–CNT/TiO2–NH2
Ce-MOF

Time (min)

Dye removal efficiency (%)

References

100
100
300
40

48
96
80
96

[33]
[33]
[34]
This work

Table 2. Comparison of photocatalytic activities of reported MOFs materials and Ce-MOF used for photocatalytic degradation of dyes
under visible light.
MOFs
MOF/BiFeO3
NGP
[Co(HBBTZ)(BBTZ)2.5][PMo12O40
MFNs@SiO2@Ag4SiW12O40/Ag
MAC-HMT-STA-MB
Ce-3
TiO2
rGO/NH2-MIL-125
Ag/AgCl/MIL-53
ZnO@N-NpC
NCF-MMO
MgZnIn-MMO
ZnAlIn-MMO
NiCoFe-MMO
Ce-MOF

Source

Time

% Degradation

References

—
—
UV
Visible
Solar/Vis./UV

100 min
100 min
90 min
10 min
75 min
175 min
180 min
30 min
50 min
20 min
4h
5h
4h

93
83.4
93.6
90a
94.9/91.9/92.7

[32]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[45]
This work

UV
Visible
Visible
UV
Visible
Visible
Visible
Visible
Visible

catalyst. Comparison studies, figure 9b, show that
degradation of MB dye in the dark with catalyst (35%) is
less compared to photodegradation in the presence of 0.2 g

40 min

100
100
100
100
96
98
94
96.8
96

of Ce-MOF catalyst under visible (96%) within 40 min.
These results implied that the presence of catalyst is necessary for the degradation of dye more efficiently. The
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photodegradation efficiency of the catalyst was calculated
by the following expression (5):
Dye removal efficiencyð%Þ ¼

Ci  Cf  100
;
Ci

269

catalytic activities at better proportions. The Ce-MOF is a
promising candidate for electrochemical sensor and photodegradation applications.

ð5Þ

where Ci and Cf are the initial and final dye concentrations.
The dye removal efficiency of the experiment is found to be
71% at 10 min and *96% with 40 min of visible light
irradiation. The possible mechanism of catalytic activity is
given below [32]:
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þ
Ce-MOF þ hv ! e
CB þ hvVB
hþ þ H2 O ! OH þ Hþ

O2 þ e ! O
2
O
2


þ

þ H ! OOH
OOH ! O2 þ H2 O2

H2 O2 þ e !  OH þ OH
MB þ  OH; hþ ! H2 O þ CO2 þ   

5.1

Stability of Ce-MOF

The stability of Ce-MOF after the photocatalytic activity
has been confirmed with IR and SEM analyses. After the
degradation of MB dye, Ce-MOF was separated by filtration, washed with de-ionized water, and subjected to
calcination for 2 h to remove dye molecules adhered to the
Ce-MOF. Ce-MOF was calcinated at two different
temperatures. Figure 10 is the IR pattern of calcinated
Ce-MOF at 300°C and clearly shows the same pattern of
Ce-MOF before photocatalytic activity. Hence Ce-MOF
retained its stability even after the degradation of MB dye.
At 500°C, cerium had converted into their oxide, and it
matches the IR peaks of reported Ce2O3 [18]. As per the
existing reports, the novel method of synthesis was considered to be unique with greater results. As per the comparison studies given in tables 1 and 2, our material has
shown good catalytic activity than other reported materials.

6.
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Conclusions

In summary, we have successfully synthesized the CeMOF. The synthesized material was highly homogeneous
and the size of the crystals was found in the
range *34–40 nm. The sensing and catalytic activity of
Ce-MOF has been demonstrated at superior responses. The
percentage of SE values was found to be nearly 96%. In
addition, excellent photocatalytic degradation efficiency of
Ce-MOF was demonstrated at *96%. The cerium material
shows unique electrochemical sensing responses and photocatalytic activity towards dye compounds, and the stability of the complex contained a remarkable feature even
after the degradation process was conducted. As-prepared
Ce-MOF exhibits two folding nature, like sensing and
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