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A B S T R A C T

Zr-MOF was coupled with ZnO particles by mechanical mixture followed by heat treatment at 400 °C. The
Zr-MOF influence on the ZnO structure was investigated by means of X-ray diffraction (XRD), surface area analy-
sis (BET), electron microscopy (SEM and TEM), spectroscopy (XPS) and photoelectrochemical experiment. The
main phase of the synthesized samples well matched the hexagonal wurtzite structure of ZnO. The XPS analy-
sis confirm the heterostructure formation between ZnO and Zr-MOF materials and shows that the sample with
25 wt% Zr-MOF (ZnO/MOF25) has the higher proportion of lattice oxygen compared to the pristine ZnO and the
sample with 50 wt% Zr-MOF (ZnO/MOF50). The reduction in the oxygen vacancies in the ZnO/MOF25 sample
supports the greater effectiveness of heterostructure formation in this sample. The results also indicated that the
ZnO/MOF25 sample is a promising photoelectrode for solar cells.

1. Introduction

As the population increases, there is also an increasing demand for
energy, which is mostly supplied by fossil fuels [1]. The use of non-re-
newable energy sources leads to a growing concern about an eminent
energy crisis [2]. In the current world scenario, sustainability can be de-
fined as the search for balance between the use of natural resources and
the production of energy in a safe and accessible way. Therefore, it is
crucial to conduct some research on the development of new forms of
energy generation using sustainable energy technologies, consequently
avoiding the exhaustion of current energy sources and reducing environ-
mental problems [3–6].

Renewable energy-based technologies include the use of solar en-
ergy, an abundant and available energy source in the planet. Among
the various technologies that convert incident solar radiation into elec-
tricity, the dye-sensitized solar cells (DSSCs) stand out due to their low
cost and simple manufacturing method [7–10]. DSSCs are classified as
the third generation of solar cells and consist of a conducting glass sub-
strate, a dye-sensitized metal oxide semiconductor photoanode, a cata-
lyst counter electrode and an electrolyte solution inserted between the
two electrodes [11,12]. However, such devices have low power con-
version efficiency (PCE), which represents a barrier to the use of these
devices in the photovoltaic market [13,14]. The low PCE is related to

the electronic, morphological and optical properties of the materials
used as photoanodes.

Currently, ZnO has been used as an alternative material to TiO2 for
perovskite solar cells (PSCs) and DSSCs. PSCs with ZnO can have high
PCE, since, it has an energy band structure and physical properties sim-
ilar to those of TiO2 [15]. For being a metal oxide and semiconductor
and having a large direct band gap (3.37 V) [16], besides exhibiting
electron mobility and electron diffusion coefficient higher than that of
TiO2 [17]. Another advantage of ZnO is that it can be easily processed in
solution at low temperatures to produce structures with different mor-
phologies [18]. Recent researches, chosen ZnO nanoparticles as addi-
tive in perovskite materials like CsPbBr3/ZnO thin films [19], CsPbIBr2
improved by introducing NH4Cl‐modified ZnO [20], CsPbIBr2 employ-
ing ZnO as electron transporting layer (ETL) [21], CsPbBr3 using ZnO
nanorods as ETL [22], among others.

ZnO is also an excellent candidate for the production of photoan-
odes in DSSCs devices. However, the DSSC performance is affected by
the ZnO morphology and the electrode thickness. To increase the per-
formance of this device, research has been carried out aiming to modify
the morphology and thickness of ZnO [23–25].

Recently, metal-organic frameworks (MOFs) have received consider-
able attention with respect to their photocatalytic and photovoltaic ap-
plications due to their distinct properties, such as tunable porosity and
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long-distance internal energy migration pathways [26–28]. MOFs are
hybrid materials constructed by the combination of organic binders and
inorganic nodes [29]. In addition, their use in DSSCs can minimize the
charge recombination losses and may allow the use of a wider solar
spectrum for light collection [30].

Dou et al. [31] prepared pure anatase TiO2 using MOF MIL-125 (Ti)
as a precursor for a DSSC photoanode. The DSSC made with the TiO2 ob-
tained by the calcination of MIL-125 (Ti) at 380 °C for 5 h in air showed
an efficiency of 7.20%. This good energy conversion efficiency was at-
tributed to better dye adsorption, faster electron transport and improved
charge collection efficiency.

Lee et al. [32] used two types of Zr-MOFs, UiO-66 and MOF-808, to
modify the crystallinity of perovskite film. They demonstrated that so-
lar cells of perovskite (PVSCs) modified using UiO-66/MOF-808 achieve
energy conversion efficiencies (PCEs) of 17.01% and 16.55%, surpassing
the PVSC without MOF (15.79%). This improvement can be associated
with the fact that while UiO-66/MOF-808 serve as interlayer in conjunc-
tion with the perovskite film, they have the UV-filtering ability and the
capability to increase the perovskite crystallinity.

Considering the discussion above, the expected advantages of the
combination of ZnO and Zr-MOF encouraged us to exploit such compos-
ites in order to develop a photoanode for possible application in solar
cells. There are not many studies that report the use of the ZnO/Zr-MOF
composite for application in DSSCs photoelectrodes. We report here a
simple, low cost and reproducible manufacturing route of these materi-
als. The pure ZnO and ZnO/Zr-MOF composites had their key properties
such X-ray diffraction, morphology, photoluminescence and photoelec-
trochemical comparatively studied.

2. Materials and methods

2.1. Synthesis of ZnO and Zr-MOF

The ZnO nanoparticles were obtained through chemical precipita-
tion method in aqueous media at room temperature by modification of
the synthesis realized by our group [33,34]. In a typical process 50 mL
of KOH solution (2.0 mol L−1) (Sigma-Aldrich) was added in 50 mL of
Zn(NO3)2·6H2O solution (0.3 mol L−1) (99%, Sigma-Aldrich) under con-
stant stirring during 20 min. The resultant particles were separated by
centrifugation and washed several times with deionized water at pH 7.
Finally, the samples were oven-dried for 12 h at 60 °C.

The synthesis of the Zr-MOF was performed as described in the
literature [35,36]. The reagents were mixed in the proportion
ZrCl4:C6H4-1,4-(CO2H)2:2.5 HCON(CH3)2 and after being solubilized
they were added in the autoclave. The reaction was kept in an oven at
125 °C for 24 h; as a result crystals were obtained which then passed
through the centrifugation and drying procedures. The crystals were
then washed with methanol and dried in an oven until completely puri-
fied.

2.2. Electrode preparation

The ZnO, ZnO/MOF25 and ZnO/MOF50 electrodes were prepared
according the procedure reported in the literature [33]. Viscous pastes
of these materials were prepared by mixing either ZnO (0.0125 g) with
ethanol (200 μL) or ZnO (0.0125 g) with Zr-MOF (25 or 50 wt%) in
ethanol (200 μL). The mixture was sonicated for 30 min, and after the
addition of 60 μL of deionized water, it was sonicated again for an-
other 30 min. The obtained suspensions were applied onto FTO (flu-
orine-doped tin oxide) substrates using a micropipette in an area of
1 cm2. The films were then allowed to dry at ambient temperature for
1 h, and then calcined at 400 °C for 1 h, at heating and cooling rates of
0.1 °C min−1, in order to avoid cracking of the film.

2.3. Characterization

The X-ray diffraction (XRD) was measured on a Rigaku detector
(CuKα, λ = 0.15406 nm) with a scan rate of 5° min−1. The
Brunauer–Emmett–Teller (BET) surface area measurements were per-
formed with Micromeritics TriStar II 3020. Fourier-transform infrared
spectroscopy (FTIR) was performed on a Bruker EQUINOX 55 spectrom-
eter. The thermal stability of the samples was determined by TG analy-
sis using a TA Instruments Q-50 apparatus in the temperature range of
20–700 °C at a heating rate of 10 °C min−1 under N2 atmosphere. The
Raman spectra were recorded at room temperature using a triple grat-
ing JobinYvon T64000 spectrometer equipped with a liquid N2-cooled
charge-coupled device (CCD). The samples were analyzed by FEG-SEM
using a ZEISS model 105 DSM940A instrument working at 10 keV, and
a FEI Tecnai F20 transmission electron microscope (TEM) operating at
200 keV equipped with an energy dispersive X-ray spectrometer (EDS).
The UV–vis spectra were recorded by a Cary 5 G (Varian) apparatus
with a wavelength range of 250–800 nm. X-ray photoelectron spec-
troscopy measurements were carried in a Scienta Omicron ESCA+ (Ger-
many) spectroscope with monochromatic Al Kα radiation (1486.7 eV).
The binding energies of all elements were calibrated by referencing to
the C 1s peak at 284.8 eV. The photoluminescence (PL) characterization
was obtained at room temperature using a Thermal Jarrel-Ash Mono-
spec 27 cm monochromator and a Hamamatsu R955 photomultiplier
under 350.7 nm (3.54 eV) excitation. The photoelectrochemical perfor-
mances were tested by using three-electrode cell with a quartz glass win-
dow where the prepared samples, Pt wire and Ag/AgCl electrode have
been used as working, counter and reference electrodes, respectively.
The electrolyte was acetonitrile solution with 10 mM LiI, 1 mM I2, and
0.1 M LiClO4. The current density-voltage (J-V) curves of the samples
have been analyzed using an Autolab PGSTAT302 N potentiostat. The
J-V curves have been evaluated for both illuminated and dark conditions
using a Newport Sol3A Class AAA solar simulator with a 100 W Xenon
lamp.

3. Results and discussion

Fig. 1 shows the XRD patterns of the pure ZnO, Zr-MOF and ZnO/
MOF25 and ZnO/MOF50 composite samples. All evident diffraction
peaks observed in the ZnO sample were indexed as hexagonal wurtzite
structure (JCPDS Data Card No. 36–1451) for the pure ZnO phase with
P63mc space group, which is in agreement with the data reported in
the literature [33]. The diffraction peaks observed in the Zr-MOF sam-
ple demonstrated its successful preparation since the results are con-
gruent with previous publications [37]. After the mixture of ZnO and
Zr-MOF, all the main diffraction peaks in the ZnO/MOF samples still cor-
responded to the hexagonal wurtzite structure of ZnO, indicating that
the addition of Zr-MOF did not change the crystal structure of the par-
ticle. Fig. 1 (b) introduce a expand view of the diffraction peaks of
the (111), (002), (022), (113) and (222) planes of Zr-MOF for all sam-
ples. We can observed that the ZnO/MOF 25 and ZnO/MOF50 samples
showed the diffraction peaks related to Zr-MOF and the planes were
shifted to low angles. Fig. 1 (c) brings a magnified view of the diffrac-
tion peaks of the (110), (002) and (101) planes of ZnO for all samples.
It can be noted that with the addition of different amounts of Zr-MOF
the (110), (002) and (101) planes significantly shifted to higher angles.
This behavior can be explained by the fact that a solid-solid interface
between two materials in a heterojunction with different crystal struc-
tures and lattice parameters can results in lattice mismatch in the inter-
face. This lattice mismatch generates an interfacial strain that results in
structural distortions. These distortions at the interface are responsible
for the generation and propagation of lattice distortions along the par-
ticle of strained material [38]. Therefore, the lattice contraction of the
ZnO structure in the composite samples supports the effective formation
of the heterostructure in these samples.
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Fig. 1. XRD patterns of ZnO, Zr-MOF, ZnO/MOF25 and ZnO/MOF50 (a) and the enlarged diffraction peaks from 5° to 20° (b) and 30°–38° (c).

Fig. 2 (a) shows the ATR-FTIR of the ZnO, Zr-MOF and ZnO/MOF25
and ZnO/MOF50 composite samples. From the ZnO spectrum, it is pos-
sible to see bands at 860 and 570 cm−1 assigned to characteristic ab-
sorption peaks of the Zn–O bond, suggesting the formation of ZnO parti-
cles [39]. The bands at 1570 and 1390 cm−1 are attributed to symmetric
and asymmetric stretching vibration of the N–O group of nitrate, indi-
cating the presence of nitrate anionic moieties on the ZnO surface. Fi-
nally, the weak broad band around 3460 cm−1 is due to the O–H stretch-
ing vibration. Regarding the Zr-MOF spectrum, the bands observed at
1590 and 1404 cm−1 are attributed to the O–C–O asymmetric and sym-
metric stretching in the terephthalic acid ligand. The bands at 754 and
668 cm−1 correspond to the O–H and C–H vibrations in the terephthalic
acid ligand [40]. When Zr-MOF was incorporated into the ZnO particles,
in addition to the pure oxide characteristic bands we could also observe
the appearance of two bands at 1590 and 1404 cm−1, which correspond
to the O–C–O stretching in the terephthalic acid ligand of the Zr-MOF for
both ZnO/MOF composites. This result clearly shows that the composite
was formed at both Zr-MOF concentrations used (25 and 50 wt%).

The specific surface areas of ZnO, Zr-MOF and ZnO/Zr-MOF sam-
ples were studied by N2 adsorption-desorption isotherms, which are dis-
played in Fig. 2 (b). The N2 adsorption-desorption curves of the sam-
ples are all Type II isotherms, and their specific surface areas were cal-
culated by the BET method (Table 1). Although all materials exhib-
ited a high surface area, the highest was observed in the Zr-MOF sam-
ple, 986.5 m2 g−1, which was approximately equal than that found in
the literature to UiO-66, 1067 m2 g−1 [41]. The BET surfaces of the
ZnO/Zr-MOF samples also increased as a function of Zr-MOF content
(from 50.9 to 60.4 m2 g−1). This increase can be related to morphologi-
cal changes caused by the ZnO/MOF heterostructure formation.

Fig. 2 (c) displays the TG and DTG analyses of all samples. The TGA
curve of the pure ZnO shows that the oxide is stable up to 700 °C, ex-
hibiting a mass loss of only 2%. This can be attributed to the loss of
adsorbed substances on the oxide surface. On the other hand, the TGA
curve demonstrates that the Zr-MOF is stable up to 500 °C with a mass
loss of 32%, which occurred in three stages: the first one at 76 °C is at-
tributed to the initial solvent loss; the second weight loss detected in
the range of 150–500 °C is related to the dehydration of Zr6O4(OH)4

nodes to Zr6O6; and finally the last stage at 610 °C corresponds to the de-
composition of the organic linkers [42]. Both composite samples (ZnO/
MOF25 and ZnO/MOF50) exhibited the same behavior and presented a
mass loss of 8%. The loss observed in the range of 460–545 °C can be
attributed to the dehydration of Zr6O4(OH)4 nodes to Zr6O6, indicating
that Zr-MOF was successfully incorporated into the oxide.

Fig. 3 shows the Raman peaks of the ZnO, Zr-MOF and ZnO/MOF25
and ZnO/MOF50 composite samples. The peaks observed in the ZnO
sample at 212 and 325 cm−1 are assigned to the acoustic phonon over-
tone and optical phonon overtone with A1 symmetry, respectively [43].
The peak at 340 cm−1 corresponds to the multiphonon E2 high mode
(E2H) [44], while that at 432 cm−1 is attributed to the E1 transverse
optical (TO) and E2H modes [43]. Longitudinal optical phonon vibra-
tion with A1 and E1 symmetries (A1 LO and E1 LO) can be observed
around 575 cm−1 [45]. The broad band between 1080 and 1115 cm−1

is assigned to the acoustic combination of A1 (TO), E1 (TO) and E2
low modes (E2L) [46]. The Raman peaks of the Zr-MOF sample above
800 cm−1 are those involving the organic ligands, which vibrate freely
in the framework cages. The high frequency peak at 1600 cm−1 is in
fact a combination of one Ag, two Eg, and three F2g modes, with com-
parable intensities [47]. When 25 wt% Zr-MOF (ZnO/MOF25 sample)
was added to ZnO, some ZnO vibration modes seemed more intense
and shifted to lower values, while the corresponding Zr-MOF vibra-
tion modes appeared with low intensity. On the other hand, when the
amount of Zr-MOF was increased to 50 wt% (ZnO/MOF50 sample),
there was a decrease in the intensity of ZnO vibrational modes and a
predominance of Zr-MOF vibrational modes.

Fig. 4 shows the FEG-SEM images of the pure ZnO, pure Zr-MOF
and ZnO/MOF25 and ZnO/MOF50 composite samples. It can be ob-
served that the ZnO sample (Fig. 4 (a)) exhibited a flower-type struc-
ture consisting of “micro-petals”, which was already reported in the lit-
erature [33,48], while the Zr-MOF sample (Fig. 4(b)) presented a mor-
phology with irregularly cubes, which is one of typical shape of the
Zr-MOF [49]. However, the addition of different amounts of Zr-MOF
completely changed the ZnO morphology (Fig. 4 (c) and (d)), suggest-
ing that Zr-MOF plays a vital role in the size and morphology of ZnO
particles. When Zr-MOF was added, the flower-type structure was min-
imized and tightly interconnected with each other to form cross-linked
multileveled porous blocks. Based on the FEG-SEM analysis, the size of

Fig. 2. ATR-FTIR spectra (a) typical N2 adsorption–desorption isotherm (b) and TG and DTG analysis (c) of ZnO, Zr-MOF, ZnO/MOF25 and ZnO/MOF50.
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Table 1
Surface area, pore diameter and average particle size of ZnO, Zr-MOF, ZnO/MOF25 and
ZnO/MOF50 samples.

Sample BET

FEG-SEM
Average particle size
(μm)

Surface area (m 2

g −1)
Pore diameter
(nm)

ZnO 22.3 19.6 0.889
Zr-MOF 986.5 10.6 0.097
ZnO/MOF25 50.9 12.6 0.179
ZnO/MOF50 60.4 18.5 0.130

Fig. 3. Raman spectra of ZnO, Zr-MOF, ZnO/MOF25 and ZnO/MOF50.

the ZnO particles decreased with the insertion of Zr-MOF. Therefore,
the morphological evolution of ZnO from flower-type structure to
cross-linked multileveled porous nanoflowers was mainly associated
with the addition of Zr-MOF during the preparation of the samples.

Fig. 5 shows the TEM images of the ZnO and ZnO/MOF samples
with the EDS spectra of the selected regions for comparison. As shown in
Fig. 5 (a), the pristine ZnO had a flower-type structure. When 25 wt%
Zr-MOF was added, the sample exhibited the same shape as the pure
ZnO, as seen in Fig. 5 (b). When the Zr-MOF concentration was in-
creased to 50 wt% (Fig. 5 (c)), each nanoflower in the sample became
much smaller and closely interconnected to form mesopores. The EDS
spectra shows that the Zr element detected increased with the increase
of the Zr-MOF content, confirming that such element exists on the sur-
face of ZnO.

The optical band gap of all samples were obtained by UV–Vis spec-
troscopic measurements. The band gap energies (Eg, eV) of the sam-
ples were calculated from their UV–Vis data using the Kubelka–Munk
method [16] as follows:

(1)

where α is the linear absorption coefficient of the material, hν is the in-
cident photon energy, A is a proportionality constant related to the ma-
terial, Eg is the band gap energy of the semiconductor, and n is a con-
stant dependent on the type of electronic transitions. For direct band gap
materials, which is the case of ZnO and Zr-MOF, the value of n is 1/2
[50,51]. The direct Eg of the samples are shown in Fig. 6.

The band gap values of the materials studied are 3.22, 3.86, 3.18
and 3.15 eV for the pure ZnO, pure Zr-MOF, ZnO/MOF25 and ZnO/
MOF50 samples, respectively. The addition of Zr-MOF caused a small
reduction in the band gap value of the composites when compared to
that obtained for the pure ZnO. The band gap reduction depends on
factors like particle size, optical properties and surface morphology,
which influence the penetration of light photons [52]. When the Zr-

MOF was incorporated in the ZnO particles, a hierarchical porous struc-
ture was formed. This porous structure, combined with the formation
of smaller particles, makes the ZnO/MOF material surface rough. These
rough surfaces are beneficial because they allow light photons to pene-
trate deeper into the pores, reflecting multiple times and not easily es-
caping out [52,53]. Thus, the duration of the light photon stay in these
porous surfaces is relatively high. The rate of loss of incident photon
scattering on the rough surface is minimum, so the light absorption is
increased, and consequently the band gap decreases. On the other hand,
at the electronic level, when ZnO/MOF heterostructure is formed, there
may be trap-formation, and consequently charges carrier mobility is re-
duced. As a result, the composite structure will have a new band gap,
i.e. the band gap narrows [53].

XPS measurements were carried out in order to understand the
chemical composition and structure of the surface of all prepared sam-
ples. Fig. 7(a–c) and Fig. 7(e–g) shows the peak-differentiating-imi-
tating analysis of Zn 2p and Zr 3d high-resolution XPS spectra, respec-
tively, which were performed in CasaXPS software. The Zn 2p spectra
for ZnO, ZnO/MOF25 and ZnO/MOF50 samples indicated the two com-
ponents characteristic of spin-orbit coupling, which are related to Zn
2p1/2 and Zn 2p3/2 states. The energy splitting (Δ) of Zn 2p for all these
samples are 23.0 eV, that corresponds to the Zn2+ oxidation state in
the ZnO structure [55]. The Zr 3d spectra for Zr-MOF, ZnO/MOF25 and
ZnO/MOF50 samples indicated the two characteristic spin-orbit cou-
pling components related to the Zr 3d3/2 and Zr 3d5/2 states, present-
ing Δ = 2.37 eV, which is assigned to the Zr4+ oxidation state in the
Zr-MOF structure [56].

Although the samples presented the same oxidation states for Zn2+

and Zr4+, energy peak shifts were observed between the samples. Fig.
7 (d) shows the energy values of Zn 2p3/2 and Zr 3d5/2 for the pre-
pared samples. As can be seen, the energy values for Zn 2p3/2 increase in
the composite samples in relation to the pristine ZnO, and an opposite
behavior was observed for Zr 3d5/2, which the energy values decrease
in the composite samples in relation to the pristine Zr-MOF sample.
Once a heterostructure is formed between two materials, a solid-solid
interface is formed leading to the band alignment of both structures for
the Fermi level alignment. These observed opposite changes in energy
values for ZnO and Zr-MOF states are ascribed to the band alignment
in the band offset of the ZnO/Zr-MOF heterostructure. Therefore, XPS
analysis supports the effective formation of the heterostructure between
ZnO and Zr-MOF materials. Besides that, despite both composite sam-
ples had lower Zr 3d5/2 energy values compared to pristine Zr-MOF,
the ZnO/MOF25 sample has the lowest value compared to the others.
Herewith, this sample presented the greatest effectiveness band align-
ment, thus resulting in a higher charge carrier transfer in the interface of
ZnO/Zr-MOF heterostructure. The lower amount of Zr-MOF in the ZnO/
MOF25 compared to the ZnO/MOF50 sample result in a greater disper-
sion of the Zr-MOF along the ZnO particles, possible increasing the con-
tact area between both materials and hence a greater effectiveness in the
band alignment.

Fig. 8 shows the peak-differentiating-imitating analysis of O 1s spec-
tra for all prepared samples. The spectra were deconvoluted into three
components at approximately 530 eV, 531.5 eV and 533 eV, which are
assigned to the lattice oxygen, oxygen vacancies and hydroxyl sur-
face-bound groups. As can be seen, the O 1s of Zr-MOF is composed only
by the lattice oxygen due to the well-defined organic framework struc-
ture. In addition, the O 1s of ZnO/MOF25 sample has the higher pro-
portion of lattice oxygen compared to the pristine ZnO and the ZnO/
MOF50 samples. Since the surface of pristine ZnO is rich in oxygen va-
cancies, the decrease in this proportion in ZnO/MOF25 sample supports
the greater effectiveness of heterostructure formation in this sample,
once the surface oxygen vacancies in ZnO particles were partially elec-
tronically filled by the Zr-MOF surface structure to form the solid-solid
interface.

The processes of separation and transfer of photoinduced carriers
can be understood from the alignment of the energy band for the ZnO/
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Fig. 4. FEG-SEM images and average particle size of ZnO (a), Zr-MOF (b), ZnO/MOF25 (c) and ZnO/MOF50 (d).

MOF heterojunction. The valence band offset at the heterojunction in-
terfaces can be determined by valence band XPS (VB-XPS), according to
Fig. 9 (a).

As shown in Fig. 9 (a), the VB-XPS spectra exhibited the valence
band (Ev) of 1.98 eV and 2.20 eV for Zr-MOF and ZnO, respectively.
Through Eg values of ZnO and Zr-MOF (3.22 eV and 3.86 eV, respec-
tively), the conduction band (Ec) was obtained of Ec = Ev – Eg and is
−1.88 eV and −0.02 eV for Zr-MOF and ZnO, respectively [57]. From
these results, we proposed a schematic diagram for energy bands for
the ZnO/MOF composite (Fig. 9 (b)). The experimental band gap val-
ues of ZnO and Zr-MOF are 3.22 eV and 3.86 eV (Fig. 6), respectively.
These band gap values make them active only when exposed to UV

light [58]. On the other hand, when Zr-MOF was coupled with ZnO the
separation of the photoinduced charge carries are improved. As ZnO and
Zr-MOF are typically n-type semiconductors [59,60], this improvement
can be attributed to the formation of an n–n semiconductor heterojunc-
tion between these materials. Fig. 9 (b) display that when the ZnO/MOF
sample was exposed to visible light, the photogenerated electrons (e−)
in the Zr-MOF conduction band (CB) migrated to ZnO, while the holes
(h+) remained in the Zr-MOF valence band (VB), resulting in the sepa-
ration of the charge carriers.

The VB XPS spectra of the ZnO/MOF25 and ZnO/MOF50 are shown
in Fig. 10. They exhibited that the Ev are 2.72 eV and 1.81 eV for the
composite with 25 and 50 wt% of Zr-MOF. The Ec are −0.46 eV and
−1.31 eV for ZnO/MOF25 and ZnO/MOF50, respectively.
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Fig. 5. Transmission electron microscopy (TEM) images and Energy-dispersive X-ray spectroscopy of pristine ZnO (a), ZnO/MOF25 (b), and ZnO/MOF50 (c).

Fig. 6. Tauc plot of ZnO, Zr-MOF, ZnO/MOF25 and ZnO/MOF50 samples.

Fig. 11 shows the PL emission for all samples at room tempera-
ture under an excitation of 350.7 nm, where broad band profiles can be
seen covering all the visible spectrum. The PL emission band profile is
typical of a multiphonon process, where relaxation occurs by different
paths involving several energy states within the band gap [61,62]. The
emission in the visible blue region can be attributed to the intrinsic de

fects, and in contrast, the red emission can be related with the extrin-
sic defects, this typical behavior was reported in previous work [33,34].
The difference between the ZnO PL behavior synthesized in this work
compared to those obtained in previous works [33,34] is that in this
case the presence of a single emission broad band is observed and in
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Fig. 7. Peak-differentiating-imitating analysis of XPS spectra of Zn 2p for ZnO (a), ZnO/MOF25 (b), and ZnO/MOF50 (c), and of Zr 3d for Zr-MOF (d), ZnO/MOF25 (e), and ZnO/MOF50
(f). Zn 2p3/2 and Zr 3d5/2 energy values, and survey spectra for all samples.

the other cases, two emission bands were observed. This fact can be at-
tributed to the change in the synthesis method.

Fig. 11 (f)–(i) show the Zr-MOF concentration dependence on PL
emission, where an increase in the luminescence intensity can be ob-
served with the increase in the Zr-MOF amount. The PL intensity of
the ZnO, Zr-MOF and ZnO/MOF25 samples was similar. However, it
strongly increased with the introduction of 50 wt% Zr-MOF. A variety
of factors can influence the PL intensity, such as morphology, particle
size, synthesis method, calcination temperature and number of oxygen
vacancies, among others [63,64]. According to the literature, the PL be-
havior are directly linked to the structural order-disorder of the lattice,
indicating that the increase in the intensity of PL emission requires some
simultaneous order-disorder in the system and that totally disordered or
highly crystalline structures lead to reduced PL emission [62].

The PL spectrum peak of all samples was deconvoluted using the
PickFit program with the Voigt area function, as shown in Fig. 11(b–g).
The PL deconvolution results revealed four emission peaks at 492.3 nm
(blue), 536.7 nm (yellow), 586.8 nm (green) and 637.7 nm (red) for
all samples. Analyzing the spectra, an increase in the red emis

sion was observed. As aforementioned, many factors influence the PL
intensity; in addition, the red emission was found to be extrinsic and
possibly defect-related. According to this, the FEG-SEM, Raman, BET,
UV–vis and XPS analyses indicated significant changes in the morphol-
ogy, structure, particle size, band gap states and concentration of oxy-
gen vacancies of the ZnO/MOF50 sample, suggesting that this system
became more disordered. In this way, the increase in the luminescence
intensity accompanied by an increase in the emission in the red region
of the spectrum observed in the ZnO/MOF50 sample can be attributed
to the fact that structural defects can facilitate the accommodation of
electrons in different energy states, thus increasing radioactive recombi-
nation. After the analysis of these results it was expected that the ZnO/
MOF50 sample presented a worsening of its photoelectrochemical prop-
erties.

Fig. 12 shows the linear sweep voltammetry curves for all samples
both in the dark and light conditions.

The J-V characteristics of the developed photoanode were analyzed
in the potential range of 0.6–2 V in an I3−/I− solution, commonly used
as a standard electrolyte in the construction of a DSSC, at 20 mV s−1.
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Fig. 8. Peak-differentiating-imitating analysis of O 1s XPS spectra for ZnO (a), ZnO/MOF25 (b), ZnO/MOF50 (c), and Zr-MOF (d).

Fig. 9. VB-XPS spectra of ZnO and Zr-MOF samples (a) and energy band diagram of the ZnO/MOF composite (b).

Fig. 10. VB-XPS spectra result of ZnO/MOF25 (a) and ZnO/MOF50 (b).

This result shows a semiconducting behavior of the developed ZnO/
MOF photoanodes, which is a desired property in the fabrication of
DSSCs. It was also evident that the introduction of 25 wt% Zr-MOF into
the ZnO particle significantly improved the charge transfer characteris-
tics compared to the pure ZnO and ZnO/MOF50 samples. The sample
with 50 wt% Zr-MOF (ZnO/MOF50) presented a current density lower
than that with 25 wt% Zr-MOF, indicating that 50 wt% is an excessive

amount responsible for reducing the active sites and slowing the diffu-
sion process for the electrolyte. It could also be observed that the cur-
rent density increased under light conditions in all samples. The ZnO,
ZnO/MOF25 and ZnO/MOF50 samples presented a current density of
2.02, 4.12 and 2.95 mA cm−2, respectively, at 1.2 V in the presence of
light. This indicates that the addition of 25 wt% Zr-MOF almost dou-
bled the current density of the pristine ZnO film under light condition,
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Fig. 11. PL spectra (a) and deconvolution of the spectra and percentage of each area deconvoluted for ZnO (b–c), Zr-MOF (d–e), ZnO/MOF25 (f–g) and ZnO/MOF50 (h–i) particles at
room temperature.

Fig. 12. Linear sweep voltammetry curves of the ZnO, Zr-MOF, ZnO/MOF25 and ZnO/
MOF50 samples at 20 mV s−1.

which is a promising result for the manufacture of solar cell photoan-
odes.

4. Conclusion

The ZnO flower-type structure was modified with the addition of
Zr-MOF by mechanical mixture followed by heat treatment. ZnO/MOF
samples with two different amounts of Zr-MOF were structurally and
morphologically characterized. The characterizations revealed the het-
erostructure formation between the ZnO and Zr-MOF. The FEG-SEM
results showed that the morphology of ZnO changes from flower-type
structure to cross-linked multileveled porous nanoflowers with the ad

dition of Zr-MOF. The comparison between the ZnO, Zr-MOF and ZnO/
Zr-MOF photoanodes evidenced that the electrode with 25 wt% Zr-MOF
improves the charge transfer characteristics. On the other hand, as ex-
pected, the sample with 50 wt% Zr-MOF (ZnO/MOF50) showed that an
excessive amount of Zr-MOF into ZnO tends to reduce the active sites
and slow the diffusion process for the electrolyte. In conclusion, the re-
sults revealed that the modification of ZnO with the addition of Zr-MOF
has the ability to enhance charge transport and inhibit charge recombi-
nation, proving to be an interesting material for the manufacture of so-
lar cell photoanodes.
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