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Abstract

A series of robust octahedral bimetallic metal-organic frameworks, NH2-UiO-66(Zr/M), denoted as Zr/M-ATA,
(where M is Fe, Co, or Cu) were prepared by solvothermal de novo reaction of 2-aminoterephthalic acid (denoted
as H2ATA) and mixed metal salts using benzoic acid as a modulator. Photocatalytic studies revealed that
Zr/Fe-ATA, Zr/Cu-ATA and Zr/Co-ATA containing double metals outperformed that of the monometallic
Zr-ATA. Zr/Cu-ATA displayed excellent performance for visible-light-driven CO2 reduction with a formate
formation rate of 122 µmol h−1 mmolMOF−1, which is among the highest performance of NH2-UiO-66 based
MOFs. Furthermore, Zr/Cu-ATA was an efficient catalyst that can generate 12.8 mmol of H2 in 2 h under
visible light irradiation. The light absorption band of Zr/Cu-ATA shifted to the near-IR region and the presence
of Cu-oxo clusters significantly narrowed the bandgap from 2.95 eV (Zr-ATA) to 1.93 eV (Zr/Cu-ATA). Other
photoelectrochemical studies further confirmed that the high catalytic performance of Zr/Cu-ATA can be
ascribed to optimized bandgap, facile charge transfer and availability of large number of active sites.

1. Introduction

Continuous CO2 emission remains the major environ-
mental challenge in this century because its excess
in the atmosphere traps heat on earth, resulting in
global warming [1]. To address this environmental
issue, efficient carbon capture and conversion tech-
niques are highly desirable. Artificial photosynthesis
is an emerging technique for using solar energy for
the photochemical transformation of carbon dioxide
and water into fuels and high value-added chemi-
cals [2]. It is an innovative technology that could
simultaneously solve this challenging universal prob-
lem of global warming and energy crisis [3, 4]. In
addition, the H2 produced from photocatalytic wa-
ter splitting process can provide a clean and abun-
dant energy source [5, 6]. Although, photocatalysts
with improved product selectivity have been syn-
thesized, like metal oxides and sulfides (TiO2, ZnS,
and CdS), but persisting issues affecting these ma-
terials includes structural tunability, large band gap
and fast charge recombination [7-9]. Metal-organic
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frameworks (MOFs) constitute a family of emerging
materials that include photocatalysts with large spe-
cific surface area, abundant accessible active sites,
easy tunable structure, and modifiable pore environ-
ment [10]. The use of electron-rich aromatic polycar-
boxylate linker as antenna to absorb light, results in
charge separation and migration from the linker to
the metal cluster, which behaves as quantum dots
[11]. Their band gap and the energy position of their
band edges can be precisely controlled, making them
optimal candidates for CO2 and H2O photoreduction
[12, 13]. Moreover, their catalytic performance can be
engineered by enhancing light absorption, conductiv-
ity and charge transfer efficiency [14, 15].

Bandgap engineering can be achieved by modulat-
ing the concentration of amine functionalities in the
linker. Hendon et al. analyzed the electronic struc-
ture of aminated frameworks and further explored
the rule of amine groups in lowering the bandgap
of MIL-125-NH2 by increasing the lowest unoccu-
pied molecular orbital (LUMO) without affecting the
highest occupied molecular orbital (HOMO) energy
level [16]. Since these energy levels, HOMO and
LUMO, are mainly contributed by the linker and the
metal clusters, respectively, the strategic modifica-
tion of these components can be used to achieve the
required bandgap [17, 18]. Metal node engineering,
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such as bimetallic MOFs, is a promising strategy for
tuning the framework’s electronic behaviour. The
incorporation of bimetallic nodes creates synergistic
effects between different metals, thereby enhancing
their intrinsic properties [19]. In essence, bimetal-
lic systems proved to be effective, even the catalytic
performance of bimetallic nanoparticle outperformed
their monometallic counterpart [20, 21]. For example,
the efficiency of hydrogen generation of bimetallic
Au/Pd supported on reduced graphene oxide per-
formed better than their analogous monometallic
sample [22]. Therefore, rational design of bimetallic
MOFs may lead to materials with enhanced elec-
tronic, optical, and magnetic properties. Since Zr-
based MOF photocatalysts are recently gaining atten-
tion because of their excellent stability, which endow
them with the potential to withstand harsh catalytic
conditions [23], it is our hypothesis that bimetallic
Zr-MOFs will have a combined benefit of stability
and enhanced electronic behaviour.

Through metal-ion metathesis, post-synthetic ex-
change (PSE) has been applied to introduce new
metal-ions into the secondary building units (SBUs)
of MOFs while maintaining the framework’s struc-
tural integrity [24, 25]. The nature of the metal node
of UiO-type MOFs, containing terminal µ3-OH and
µ3-O allows PSE with a wide variety of metals [26].
Through PSE method, Li and co-workers used 4 days
to prepare Ti-substituted NH2-UiO-66(Zr/Ti) [27].
PSE has been reported as one of the common tech-
niques to construct bimetallic MOFs, which are ef-
ficient for photocatalysis [28]. De novo method is
another approach for fabricating double metal con-
taining MOFs. Assembling framework components
by de novo synthetic approaches has been associated
with multiple challenges such as unwanted compe-
tition among reactants, yield of fragile frameworks
and formation of undesirable phases or amorphous
by-products [29]. In MOFs synthesis, modulators
such as acetic acid and benzoic acid act as regulator
for the reaction rate and the crystal morphology [30].
Attempt by Schaate et al. to prepare monometallic
MOF, Zr–tpdc, without a modulator failed (poorly
crystalline material), however using five or more
equivalent of benzoic acid resulted in the formation
of highly crystalline Zr–tpdc and further makes the
procedure reproducible [31].

Herein, we report a series of novel bimetallic Zr-
based MOFs, NH2-UiO-66(Zr/M) (where M is Fe,
Co, or Cu), prepared via solvothermal de novo syn-
thesis with the frameworks retaining their structural
integrity, which was achieved by using benzoic acid
as a modulator. This de novo approach required only
cheap chemical without the application of extra ex-
ternal energy, thus the method is facile and cost effec-

tive. The NH2-UiO-66(Zr/Cu) catalyst proves highly
efficient for CO2 reduction and H2 generation un-
der visible light irradiation. This is the first time
of using Zr(IV)-O-Cu(I) clusters in MOFs for these
applications. The examination of optical and photo-
electrochemical properties revealed that their high
performance was due to optimum bandgap with en-
hanced charge transfer efficiency. Thus, bandgap
engineering via biametallic node is a potential strat-
egy for enhancing photocatalysis.

2. Experimental section

2.1. Materials

2-aminoterephthalic acid (ATA) was purchased from
Sigma-Aldrich. Zirconium(IV) chloride (ZrCl4),
iron(II) sulfate heptahydrate (FeSO4·7H2O) and cop-
per(I) chloride (CuCl) were purchased from Merck.
Dimethylformamide (DMF) and benzoic acid were
purchased from Fisher Scientific. Cobalt(II) chlo-
ride hexahydrate (CoCl2·6H2O) was obtained from
Panreac Quimica S. A. Triethanolamine (TEOA), ace-
tonitrile (MeCN) and methanol were obtained from
Scharlab. All reagents and chemicals were purchased
and used without further purification, and Milli-Q
water having resistivity > 18.2 MΩ was employed
when required throughout the experiments.

2.2. Synthesis of NH2-UiO-66(Zr/M)

H2ATA (217 mg, 1.2 mmol) in 40 mL DMF was trans-
ferred to a 150 mL Teflon-lined stainless-steel auto-
clave under constant stirring. ZrCl4 (210 mg, 0.9
mmol) and CoCl2·6H2O (71 mg, 0.3 mmol) were
added and the mixture was further stirred for at
least 30 min to ensure a clear solution. Afterwards,
benzoic acid (733 mg, 6 mmol, 5 equiv. with respect
to ATA) and H2O (43 µL, 2 equiv. with respect to
ATA) were introduced to the mixed solution followed
by heating in an oven at 120 °C for 48 h. The solu-
tion was cooled to room temperature at the rate of
10 °C/h. The resultant product was collected by fil-
tration, washed thoroughly with DMF and methanol
followed by drying in an oven overnight at 100 °C.
The obtained sample was denoted as Zr/Co-ATA
(where the linker 2-aminoterephthalate is denoted as
ATA). Similar synthetic procedures were used for the
preparation of Zr/Cu-ATA and Zr/Fe-ATA, except
that the CoCl2·6H2O was replaced with CuCl (30 mg,
0.3 mmol) and FeSO4·7H2O (83 mg, 0.3 mmol) re-
spectively. Also, NH2-UiO-66(Zr) was prepared by
similar procedure except that only ZrCl4 (280 mg,
1.2 mmol) was used, without any additional inor-
ganic salts and the obtained product was denoted as

2 Separ. Purif. Technol 308, 122868, 2023



Bimetallic metal-organic frameworks for visible light photocatalytic activity

Zr-ATA.

2.3. Materials characterization

Powder X-ray diffraction (XRD) of Zr/M-ATA mate-
rials were collected using a Panalytical X’PertPro
apparatus. The thermal stability of the samples
was examined by NETZSCH, STA 449 F3 Jupiter
instrument. The UV–visible absorption spectra were
studied using Cary 5000 UV–VIS-NIR spectropho-
tometer equipped with an integrating sphere. The
Kubelka–Munk (K-M) equation below was used to
calculate the bandgaps.

F(Rα) =
(1 − Rα)2

2 Rα
=

K
S

(1)

where F(Rα) is the Kubelka-Munk function, Rα

= Rsample/Rre f erence, K and S are the molar absorp-
tion coefficient and the scattering coefficient of the
materials, respectively. The optical band gap and
absorption coefficient have been calculated by the
following equation.

αhν = c(hν − Eg)
n (2)

where α is the linear absorption coefficient, hν pho-
ton energy, C proportionality constant, Eg optical
band gap and n is a constant showing possible elec-
tronic transitions (n = 1/2 for direct allowed, n = 3/2
for direct forbidden, n = 2 for indirect allowed, and
n = 3 for indirect forbidden). Here, n = 1/2 has been
considered in Eq. (2), the final equation:

[F(Rα)hν]2 = c(hν − Eg) (3)

Further characterization was carried out by scan-
ning electron microscopy (SEM, Zeiss DSM 950) to
check the samples’ morphologies. The functionalities
in the Zr/M-ATA were observed using attenuated to-
tal reflection Fourier transform infrared spectroscopy
(ATR-FTIR, JASCO FT/IR-4600 spectrometer) in the
400–4000 cm−1 range. Photoluminescence (PL) mea-
surements were acquired at room temperature using
a LS50B Perking Elmer apparatus.

2.4. Photocatalytic CO2 reduction

The photocatalytic test of the as-synthesized MOFs
was conducted for CO2 reduction. Freshly prepared
MOFs were activated by heating at 100 °C for 12 h.
40 mg (23.36 µmol for Zr/Cu-ATA) of the activated
MOFs was purged with CO2. The sample was then
added to a reactor containing a mixture of MeCN
and TEOA (50 mL, v/v = 30:1), which has already
been degassed with CO2 to get rid of dissolved O2.
The reactor was further purged with CO2 for 30 mins.
Then, the solution was irradiated with a Heraeus

TQ Xe 150Xe-arc lamp with R3114 UV filter, < 3 %
transmission, producing light in the range of 420–800
nm. The reactions were performed under CO2 atmo-
sphere at ambient pressure and temperature. The
light source was maintained at distance of 7 cm (cor-
responding to an irradiance of ∼ 150 W m−2) from
solution and cooling water circulation was used to
ensure heat dissipation. The concentration of formate
was detected by using a HPLC (Agilent 1200) with
Kromasil 5 µm C18 column and 0.1 % H3PO4 (pH =
2) was used as eluent at a flow rate of 0.5 mL min−1.

2.5. Photocatalytic H2 generation

The photocatalytic H2 generation with the as synthe-
sized samples was assessed by water reduction at
ambient temperature. A reactor (closed quartz cell)
containing 1 mg mL−1 MOFs concentration in a 30
mL solution with 25 vol % of methanol as sacrificial
agent was irradiated with visible light (150 W Xenon
lamp). Before the experiment, the solution was pre-
gassed with argon for 15 min. Hydrogen production
was followed by online gas chromatography (GC,
Youngling, 3600).

2.6. Photoelectrochemical measurements

The photoelectrochemical properties of the synthe-
sized materials were examined by preparing thin
films on fluorine doped tin oxide (FTO) that was
coated on a 2 cm × 2 cm glass slides by spin coat-
ing for 1 min at 4000 rpm. 100 µL of 2 mg mL−1

catalyst’s concentration in ethanol was employed for
making each thin film layer. The FTO slides were
three layers coated followed by drying for 2 h at a
temperature of 200 °C.

A three-electrode quartz cell which contains
Na2SO4 (0.1 M ∼ pH 7) electrolyte was used with
KCl saturated Ag/AgCl as reference electrode and
Pt wire as counter electrode. The studies were car-
ried out in a galvanostat-potentiostat (PGSTAT302
N, Autolab, Metrohm) under 35 W Xenon lamp ir-
radiation. The current density was measured be-
tween -0.4 V and -1 V (applied potential range) vs
Ag/AgCl at 50 mV s−1 scanning rate through linear
sweep voltammetry (LSV). Junction capacitance of
the electrodes was measured at a frequency of 1000
Hz through Mott-Schottky (M-S) study to obtain the
free charge carrier density and the flat band poten-
tials. The potentials (EAg/AgCl) were converted to
normal hydrogen electrode scale (ENHE) using the
Nernst equation as follows.

ENHE = EAg/gCl + 0.059 × pH + 0.197 (4)
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3. Results and discussion

3.1. Catalyst characterization

The phase purity and local geometry of the NH2-UiO-
66(Zr/M) samples were studied by high-resolution
powder X-ray diffraction (PXRD). All the diffraction
peaks in the monometallic NH2-UiO-66(Zr) sample
(Fig. 1a) corresponded well to simulated spectra
[32], confirming the formation of pure crystalline
phase. Therefore, its nodes consisted of Zr6(µ3-
O)4(µ3-OH)4(CO2)12 clusters with the Zr6(µ3-O)4(µ3-
OH)4 octahedron 12-fold bridged to adjacent Zr6-
octahedra through the linker [33]. Each Zr atom
in the cluster was eight-coordinated with oxygen
atoms emanating from -CO2, µ3-OH and µ3-O groups
(Fig. 1b) [34]. Moreover, the XRD pattern of Zr-
ATA was similar to those of Zr/Fe-ATA, Zr/Cu-ATA
and Zr/Co-ATA samples, suggesting that the struc-
tural integrity of the modified samples was preserved,
meaning that they were isostructural. Closer obser-
vation of the XRD patterns of the samples at around
7.2–7.4° (2θ) showed that Zr/Cu-ATA has the least
(2θ) value compared to other samples (Fig. 1a, in-
set). As usually reported for inorganic semiconductor
solid solutions, this observation was attributed to the
larger ionic radius of copper in the Cu-oxo cluster
of Zr/Cu-ATA [35-37]. Overall, the presence of the
secondary metal ions did not change the structure of
the SBUs of the framework.

SEM was employed to examine the surface mor-
phology of monometallic and the bimetallic frame-
works. Fig. S1a (Supporting Information, SI) displays
the octahedral geometry of bulk NH2-UiO-66(Zr).
Closer observation of this sample by magnifying the
SEM image, Fig. S1b, revealed relatively uniform
octahedral NH2-UiO-66(Zr) nanocrystals with an av-
erage particle size in the 90–100 nm range [34]. The
SEM image of Zr/Cu-ATA shows that incorporating
the secondary metal did not have significant effect
on the structure, thus the octahedral morphology
and crystal size (Zr/Cu-ATA around 90 nm) were
preserved (Fig. S1c and Fig. S1d). Normally, the con-
centration of amine moieties influences the crystal
evolution and structures of UiO-66 type MOFs [34].
However, the amine content was the same for the four
Zr/M-ATA MOFs with only H2ATA as the organic
ligand, thereby resulting in non-significant alteration
of structure and morphology. Furthermore, homoge-
nous octahedral morphology with similar particle
size was revealed in the SEM image of Zr/Fe-ATA
and Zr/Co-ATA, as illustrated in Fig. S1e and Fig.
S1f, respectively.

Fig. S2 represents the Fourier transform infrared
(FTIR) spectra of the ligand and the synthesized
MOFs. These spectra were used to examine the

available functionalities in the MOFs and to assess
whether the ligands were coordinated to the metal
ion during the synthesis. Two peaks of symmetric
(3387 cm−1) and asymmetric (3490 cm−1) stretching
vibration of the primary NH2 group were clearly ob-
served in the spectra of ligand and MOFs [38]. There-
fore, the amine group was free after MOF formation,
which agrees with the XRD results. For H2ATA, an
absorption peak observed at 1681 cm−1 is due to
the ν(C=O) stretching vibration of uncoordinated
–COOH. This peak was absent from the FTIR of the
MOFs, showing the deprotonation of the carboxylic
acid group during MOFs synthesis. Furthermore, the
new peak at 1653 cm−1 in MOF spectra, is due to
the antisymmetric stretching vibration of the depro-
tonated carboxylic group [39], which confirmed the
coordination between the amine-based ligand and
Zr/M ions for the formation of the bimetallic frame-
works. In the lower frequency region, the peak of
C-N stretching of the aromatic amine is observed at
1256 cm−1 [34]. The appearance of sharp characteris-
tic peak at 1378 cm−1 is due to the stretching of C=C
in the amino terephthalate linker of the MOFs. The
bands < 917 cm−1 are assigned to the C–H bond and
the C=C–H of the benzene rings [40, 41].

The thermal stability of the bimetallic NH2-UiO-
66(Zr/M) samples was examined by TGA, and DSC
analyses from 25 to 800 °C as illustrated in Fig. S3.
The first total weight loss of 5.4 % was detected at the
temperature range 47.7-107.5 °C with an exothermic
DSC peak at 65 °C attributed to the removal of coor-
dinated water molecules and methanol [42]. Further
heating resulted in weight losses around 200 °C as-
signed to the removal of occluded DMF molecules
in the pores of the frameworks. The remaining 4.1 %
DMF was released in the 238-279 °C range with small
exothermic peaks observed at 275.4 °C [43]. The
frameworks collapsed at 470 °C with a total weight
loss of 37.5 %. Notably, the thermal stability of the
monometallic MOFs, Zr/Co-ATA and Zr/Cu-ATA
were similar, meaning that the incorporation of sec-
ondary metal ions did not impair the stability of
the bimetallic frameworks. Zr/Fe-ATA even dis-
played a higher thermal stability than monometallic
MOFs. Moreover, Zr/Fe-ATA recorded the highest
thermal stability compared to the other bimetallic
frameworks, which may be due to the higher electro-
positivity of Fe(II), resulting in a stronger bond [44].
The CO2 adsorption isotherm of the prepared sam-
ples at 1 atm and 273 K, as illustrated in Fig. S4,
revealed that Zr-ATA has a maximum CO2 uptake of
110 cm3 g−1. Among the bimetallic MOFs, Zr/Cu-
ATA showed the highest CO2 adsorption capacity of
76 cm3 g−1, while that for Zr/Co-ATA and Zr/Fe-
ATA were 56 and 28 cm3 g−1, respectively. The nomi-
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nal amount of the secondary metals (Cu, Fe, and Co)
incorporated into the bimetallic frameworks was 7.0
wt %.

The permanent porosity and architectural stability
of the frameworks were confirmed by N2 adsorp-
tion. The corresponding BET and Langmuir sur-
face areas of Zr-ATA, Zr/Co-ATA, Zr/Fe-ATA, and
Zr/Cu-ATA were 956.96 and 1120.86 m2/g, 967.51
and 1135.62 m2/g, 958.77 and 1129.33 m2/g, and
981.54 and 1175.61 m2/g, respectively. There was ob-
served little increase the surface area of the bimetallic
frameworks compared with the monometallic MOFs,
which may be attributed to the atomic size of the
incorporated secondary metal.

3.2. UV–Vis and photoluminescence
analysis

The UV–Vis absorption spectra of the samples are
presented in Fig. 2a, where ligand showed an absorp-
tion peak centered at 375 nm, which became wider
after monometallic Zr-MOF formation. Interestingly,
when the Zr is modified with other metals (Fe, Cu,
Co), the absorption shape modified, the peak max-
ima shifted to the visible region and the absorption
extended from UVA to the near-IR region. The 60 nm
bathochromic shift and secondary absorption peak
at 810 nm, due to surface plasmon resonance (SPR)
effect [45], was observed specifically for Zr/Cu-ATA.
This observation strongly suggested that bimetallic
MOF structures involving d-transition metals have
intermetallic mechanism to effectively enhance solar
energy absorption in the visible and near-IR region.
The relevant bandgaps of ligand and MOFs have been
calculated from the K-M equation [45] as illustrated
by Tauc plots in Fig. 2b.

The calculated bandgaps were 3.06 eV, 2.95 eV,
2.66 eV, 1.93 eV and 2.62 eV for ligand (H2ATA),
Zr-ATA, Zr/Fe-ATA, Zr/Cu-ATA and Zr/Co-ATA,

respectively. Therefore, it has been clearly revealed
that bandgap values are effectively narrowed, which
refers to the improvement of visible light absorption
[46]. A significant reduction in the bandgap values
for Zr/Fe-ATA, Zr-Cu/ATA and Zr/Co-ATA com-
pared to Zr-ATA might be attributed to the combina-
tion of two metal cations in the earlier MOF structure
[47].

Photoluminescence spectroscopy (PL) is a reli-
able means of examining electron-transfer process
in MOFs. The PL analysis was conducted on the
organic ligand, H2ATA, and the MOF materials to
elucidate the photoinduced charge transfer process
taking place in the frameworks (Fig. 4a and Fig. 4
b). Previous reports revealed that under light irra-
diation, excited electron can be transferred from the
amine linkers to the Zr-oxo clusters, via ligand-to-
metal charge-transfer (LMCT). As observed in Fig.
3a, H2ATA showed broad asymmetric emission band
from 400 to 620 nm, with a maximum centered at
530 nm, where the resolved fine structure allows to
identify two shoulders at 485 nm and 460 nm, which
may be assigned to n-π* transition of lone pair of
electrons from the –NH2 moieties. Regarding MOFs,
a single and narrower emission peak blue-shifted
to 450 nm was observed in mono- and bi-metallic
MOFs, with the only exception of Zr/Fe-ATA, which
showed a minor luminescence signal at 475 nm. The
emission bands observed in the framework materials
can be ascribed to the transfer of electron from the
amine-based linker to the metal-oxo clusters [48, 49].

In order to ascertain the exact electronic transition
and the origin of the luminescence emission at 450
nm, the excitation spectra of MOFs and the linker at
this particular wavelength were obtained. As illus-
trated in Fig. 3b, no PL excitation band was observed
for the pure linker and Zr/Fe-ATA, probably due
to the short-range connections in the 3D network
developed in this MOF as pointed in XRD results

Figure 1: XRD diffraction of NH2-UiO-66(Zr/M) samples (a) and Zr6(µ3-O)4(µ3-OH)4(CO2)12 metal clusters (b).
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(Fig. 1, inset). Moreover, Zr/Co-ATA and Zr/Cu-
ATA showed three peaks at about 400 nm, 355 nm,
and 275 nm. The high intensity band at 400 nm may
be due to the local excitation of the amine linker [50].
The strong Lewis acidic nature of Zr(IV) enhanced
the electron withdrawal from the linker, which can
be the origin of the peak at 355 nm [50].

Also, the weak absorption band at 275 nm was
attributed to the secondary metal ion at the node and
the peak assigned to the Zr-oxo-M electron transfer.
These three bands could be hardly distinguished in
the monometallic Zr-ATA MOF. Excitation PL spectra
for 530 nm emission peak (Fig. S5) show very similar
signals for the linker and all the MOFs with lower
intensity for bimetallic Zr/M-ATA, which assess the
lower charge transitions allowed at this wavelength
[49].

3.3. Semiconductor properties

The semiconductor character of the MOFs and its
photocatalytic capacity under visible light illumina-
tion was assessed using M-S measurements at 1000
Hz (Fig. 4). All MOFs exhibit positive slope in C-2

vs. applied potentials plots, which is characteristic
from n-type semiconductors [51]. The flat band po-
tentials (E f b) were determined from the intersection
at C−2 = 0, yielding -0.48 V, -0.78 V, -0.50 V and
-0.43 V vs. Ag/AgCl for Zr-ATA, Zr/Fe-ATA, Zr/Cu-
ATA and Zr/Co-ATA, respectively. Therefore, by
using the Nernst equation, the E f b values were 0.13
V, -0.17 V, 0.11 V, 0.18 V vs. NHE for Zr-ATA, Zr/Fe-
ATA, Zr/Cu-ATA and Zr/Co-ATA, respectively. It is
known that the E f b potential in n-type semiconduc-
tors is closely near to the bottom of the conduction
band (CB = E f b - 0.2 V) [52]. Thus, the LUMO of
Zr-ATA, Zr/Fe-ATA, Zr/Cu-ATA and Zr/Co-ATA
are estimated to be -0.07 V, -0.37 V, -0.09 V, -0.02 V vs.
NHE, respectively. The HOMO of MOFs would be
2.88 V, 2.29 V, 1.84 V and 2.60 V for Zr-ATA, Zr/Fe-
ATA, Zr/Cu-ATA and Zr/Co-ATA, respectively us-
ing their bandgap values (VB - CB = Eg) [53]. The
E f b, HOMO, LUMO and the Eg potentials for the
MOFs prepared in this work are presented in Table
S2. Depending on the HOMO and LUMO potentials,
the band structures of the MOFs are presented in
Scheme 1.

Figure 2: UV–Vis absorption spectra of the ligand and MOF samples (a) and Kubelka–Munk plot of the samples for band gap
calculations (b).

Figure 3: Photoluminescence emission spectra of the H2ATA and Zr/M-ATA at 320 nm excitation wavelength (a) and excitation
spectra corresponding to the emission signals at 450 nm wavelength (b).
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Figure 4: Mott-Schottky plots of pure semiconductors Zr-ATA (a), Zr/Fe-ATA (b), Zr/Cu-ATA (c) and Zr/Co-ATA MOFs (d).

Furthermore, charge carrier concentration of the
MOFs was calculated using the following equation:

1
C2

sc
=

2
eNdϵϵo

(E − E f b −
KT
E

) (5)

where, Csc is the space charge capacitance that
occurs at the junction interface (F cm−2), e is the
charge of electron (C), Nd is free charge carrier den-

Scheme 1: Band diagrams of the Zr-ATA, Zr/Fe-ATA, Zr/Cu-
ATA and Zr/Co-ATA MOFs.

sity (cm−3), E f b is flat band potential (V), ϵ is dielec-
tric constant of MOF (2.33), ϵo is permittivity of free
space, T is temperature (K) and K is the Boltzmann
constant.

3.4. Photocatalytic CO2 reduction
performance

The catalytic performance of the as-synthesized
MOFs was examined for CO2 reduction under visi-
ble light irradiation. Photocatalytic Zr-based MOFs
have been reported to selectively convert CO2 to for-
mate anions in a mixed solution of triethanolamine
(TEOA) and acetonitrile (CH3CN) [54]. In that case,
TEOA act as a sacrificial electron donor and pro-
ton donor and further provides the required alkaline
medium necessary for CO2 reduction [55]. CH3CN
presents good solubility for CO2 due to its cation-
solvating capacity, thereby facilitating charge transfer
to CO2 [54]. Therefore, the photocatalytic experi-
ments were conducted in a customized glass system
under visible light irradiation for a duration of 10 h.
As shown in Fig. 5, the monometallic MOF, Zr-ATA,
can catalytically reduce CO2, generating 15.7 µmol
of formate in 10 h, which is similar to the yield re-
ported elsewhere [50]. Our results showed that the
bimetallic frameworks Zr/Fe-ATA, Zr/Co-ATA and
Zr/Cu-ATA outperform the monometallic one. Thus,
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the incorporation of the secondary metal ions i.e., M-
oxo clusters, can favoure the transfer of electron from
the excited linker to the Zr-O clusters,[37] and also it
can reduce the bandgap, which enhanced the overall
photocatalytic activities. The cumulative amount of
generated HCOO− continued to increase after 10 h of
maintained experiment. Fig. 5 further revealed that
Zr/Cu-ATA had the highest catalytic performance,
generating up to 28.7 µmol of HCOO− in 10 h with
an estimated average formate formation rate of 122
µmol h−1 mmolMOF−1, which is recorded among the
highest performance of NH2-UiO-66 based MOFs, as
illustrated in Table S1. The best photocatalytic activ-
ity of this sample may be attributed to the enhanced
light absorption and optimized bandgap, which is in
accordance with the UV–Vis, PL and Mott-Schottky
analyses. The reusability evaluation of Zr/Cu-ATA
shows that the recollected sample conserved a good
CO2 photoreduction performance after three cycle
of reuse, Fig. S6. The powder XRD profile (Fig. S8)
and the FTIR spectra (Fig. S9) did not show signif-
icant changes after the reactions, revealing that the
crystal structure and the functionalities of the frame-
works are retained, respectively. To further study the
stability of the Zr/Fe-ATA photocatalyst, the water
stability was evaluated by contacting the material
with ultrapure water at ambient temperature for 24 h.
Subsequently, the XRD result, Fig. S8, revealed that
the MOFs retained its crystalline structure, thus the
framework is water stable, which is attributed to its
structured formed by 12-connected Zr6 clusters [23].

Figure 5: Time-evolution of photocatalytic CO2 reduction with
mono- and bimetallic MOFs. Blank experiments have been in-
cluded for reference. The solutions were irradiated with a Xe-
arc lamp with filter to produce light in the range 420–800 nm.
MeCN/TEOA (30:1, v/v), photocatalysts: 40 mg, solution vol-
ume: 50 mL. Error bars represent the standard deviation for a
sample size of n = 3.

3.5. Evaluation of photocatalytic H2
generation

The data presented in Table S2 show that all the
MOFs have sufficiently negative LUMO potential rel-
ative to the water reduction reaction (0 V vs. NHE,
H+/H2); indicating that the as-developed MOFs
were theoretically suitable for photocatalytic hydro-
gen generation through water reduction. The hy-
drogen generation reactions were evaluated under
visible light irradiation, Fig. 6. The hydrogen gen-
eration of ligand H2ATA was very low (∼4.9 mmol
g−1) because of poor visible light absorption. Inter-
estingly, the amount of hydrogen generation signif-
icantly increased after incorporation of metals via
MOF formation. Analogously to the previous CO2
photoreduction results, Zr/Cu-ATA exhibits the high-
est amount of hydrogen generation (∼12.8 mmol g−1

in 120 min) compared to the other prepared MOFs,
which was attributed to their narrow band gap and
better charge transfer efficiency. Furthermore, the
recycling data for photocatalytic H2 generation has
been studied and only 12 % loss observed after fourth
cycle, Fig. S7. Therefore, it can be concluded that,
as prepared MOFs can be reused for photocatalytic
reaction.

3.6. Photoelectrochemical properties

To further ascertain the reason for the higher photo-
catalytic performance of bimetallic MOFs compared
to the monometallic one, their photoelectrochemical
activities were measured through LSV under contin-
uous visible light illumination in a three-electrode
cell containing 0.1 M Na2SO4 electrolyte. Fig. 7a
shows the LSV plots for ligand and MOFs, show-
ing three-fold current density increase after MOF

Figure 6: Time-evolution of visible-light-driven photocatalytic
hydrogen generation capacities of samples in 25 vol. % MeOH
as sacrificial agent at pH 7
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formation (Zr-ATA) compared to the ligand H2ATA.
Interestingly, Zr/Cu-ATA displayed very high cur-
rent density of ∼83 µA cm−2 compared to the other
MOFs, which was indicative of higher photoreduc-
tion efficiency. Similar trend has been observed for
chronoamperometry under light on-off experiment,
Fig. 7b. The results for photocurrent density strongly
suggest that the bimetallic MOFs have higher current
density than the monometallic one. The electrochem-
ical impedance measurements presented in Fig. 7c is
used to check the efficiency of charge transfer of the
samples at the elect rode-electrolyte interface. The
MOFs show a semicircle for high frequency, small
Warburg line at medium frequency and nearly a ver-
tical line in the lower region of the frequency.

The semicircular sections are due to the transfer of
electron between the redox active species and the elec-
trode through the reaction intermediates or surface
states and the steep parts correspond to the diffu-
sion of redox active species, which agrees with the
electrode’s capacitive nature. All the MOFs showed
very low charge transfer resistance compared to the
ligand (∼1700 Ω), the smaller resistance observed for
Zr/Cu-ATA and Zr/Co-ATA MOFs (∼42 Ω). Thus,
it can be concluded that, significant improvement

has been obtained in the electrical conductivity at the
electrode-electrolyte interface after MOF functional-
ization (of the electrode). Therefore, these results
show that rational design of bimetallic frameworks is
a strategy of taking advantage of the synergistic con-
tribution of the two metals to enhance CO2 reduction
and H2 generation under visible light irradiation.

3.7. Mechanism for photoreduction
reactions

Based on the above observations, a proposed charge
transfer mechanism for the photoreduction reaction
over NH2-UiO-66(Zr/Cu) is concisely discussed in
what follows (Scheme 2). CO2 photoreduction is a
multistep process that involves CO2 adsorption on
the framework material, activation, and dissociation
of the C-O bond [11]. According to the previous
report on photocatalytic CO2-to-HCOO− conversion
over the monometallic MOFs, NH2-UiO-66(Zr), upon
irradiation of visible light, the linker (ATA) is excited
followed by electron transfer from the excited ATA to
the Zr-O clusters through the ligand-to-metal charge
transfer (LMCT) process, thereby reducing Zr(IV) to
Zr(III) [50]. Then, the activated Zr(III) donates the

Figure 7: Linear sweep voltammetry (LSV), (b) Chopped chronoamperometry and The LSV was taken in 0.1 M Na2SO4 electrolyte
under continuous visible light illumination. (c) Electrochemical impedance spectra of ligand and as-prepared MOFs in 0.1 M Na2SO4
electrolyte. Inset (c): Impedance spectra of ligand (2-aminoterephthalic acid, ATA).
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Scheme 2: Proposed mechanism for the visible light photocatalytic reactions over NH2-UiO-66(Zr/Cu).

required electron for the reduction reaction. In this
work, since NH2-UiO-66(Zr/Cu) is bimetallic, the
excited ATA transfers electrons to the Zr(IV)-O-Cu(I)
clusters via the LMCT. Zr oxo-bridged to a Cu(I) cen-
ter, was previously observed on the pore surface of
silicate sieve [56]. Similarly, Sun et al. and Naka-
mura et al. reported oxo-bridged Zr(IV)-O-Ti(III) and
Ti(III)-O-Ce(III) respectively [27, 57]. In the activated
bimetallic clusters, electrons would be transferred
from Cu(I) to the Zr(IV) by oxo-bridged metal-to-
metal charge transfer (MMCT), thereby resulting in
the formation of Zr(III)-O-Cu(II) sites. In Cu(I) con-
taining bimetallic system, such as Ti(IV)-O-Cu(I), the
Cu(I) acts as electron donor during the MMCT pro-
cess [56, 58]. The reduction reactions of CO2 and
H2O occur at the MMCT-excited Zr(III) center, via
the valence change from Zr(IV) to Zr(III), which is
the active site for the reduction reaction as shown in
Scheme 2. Therefore, the Cu sites in the bimetallic
NH2-UiO-66(Zr/Cu) frameworks is beneficial to im-
prove the charge transfer efficiency, thus enhancing
the overall visible light photocatalysis.

4. Conclusions

In summary, we prepared a series of bimetallic amine-
based MOFs, Zr/Fe-ATA, Zr/Co-ATA and Zr/Cu-
ATA by de novo synthetic approach to circumvent the
time and energy intensive post-synthetic metal ex-
change method. Spectroscopic and microscopic anal-
yses of the bimetallic frameworks revealed that their
crystal structure, morphology, and stability were not
affected by the incorporation of the secondary metal
ion. Evaluation of the visible-light-driven CO2 reduc-
tion and H2 generation performance demonstrated

that Zr/Fe-ATA, Zr/Co-ATA and Zr/Cu-ATA out-
performed the monometallic Zr-ATA frameworks.
Moreover, NH2-UiO-66(Zr/Cu) (sample Zr/Cu-ATA)
had the highest capacity for CO2 reduction to for-
mate (28.7 µmol in 10 h) and H2 generation (12.8
mmol in 2 h), compared to other prepared bimetallic
MOFs. Interestingly, the estimated average formation
rate of HCOO− is 122 µmol h−1 mmolMOF−1, which
is among the highest for NH2-UiO-66 based MOFs.
The results from the spectroscopic and photoelectro-
chemical analyses revealed that the high catalytic per-
formance of NH2-UiO-66(Zr/Cu) can be attributed
to its narrow bandgap, higher charge transfer effi-
ciency and the availability of large number of active
sites. Therefore, rational design of bimetallic frame-
works are promising strategy to enhance artificial
photosynthesis.
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Table S1. CO2 photoreduction performances of H2N-UiO-66 based MOFs over visible light irradiation.

MOF material
Amount of HCOO−

produced in 10 h [µmol]
Average formation rate of HCOO−

[µmol h−1 mmol MOF−1]
Reference

H2N-UiO-66(Zr) 13.2 46.3 1

Mixed linker H2N-UiO-66(Zr) 20.7 73.4 1

H2N-UiO-66(Zr,Ti)-120-16 22.5 71.9 2

H2N-UiO-66(Zr/Cu) 28.6 122.0 This work

1. D. Sun, Y. Fu, W. Liu, L. Ye, D. Wang, L. Yang, X. Fu and Z. Li, Chem. Eur. J., 2013, 19, 14279-14285.
2. D. Sun, W. Liu, M. Qiu, Y. Zhang and Z. Li, Chem. Commun., 2015, 51, 2056-2059.

Table S2. Flat band potentials (E f b), position of the HOMO, LUMO, Eg, carrier concentration (Nd) of the as synthesized MOFs.

Material Conductivity
E f b E f b LUMO HOMO Eg Slope Nd/cm−3

vs. Ag/AgCl vs. NHE vs. NHE vs. NHE (eV) (× 109) (× 1018)

Zr-ATA n-type -0.55 0.06 -0.14 2.81 2.95 9.36 3.54
Zr/Fe-ATA n-type -0.78 -0.17 -0.37 2.29 2.66 8.58 3.84
Zr/Cu-ATA n-type -0.56 0.05 -0.14 1.78 1.93 10.2 3.23
Zr/Co-ATA n-type -0.63 -0.02 -0.23 2.40 2.62 11.0 2.99
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Figure S1: SEM micrographs of Zr-ATA (a and b) and Zr/Cu-ATA (c and d), Zr/Fe-ATA e, and Zr/Co-ATA f at different resolutions.
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Figure S2: FTIR spectra of H2ATA and Zr/M-ATA.

Figure S3: TGA and DSC spectra of Zr-ATA and Zr/M-ATA.
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Figure S4: CO2 adsorption isotherms of the prepared Zr-ATA and Zr/M-ATA samples (1 atm, 273 K).

Figure S5: Excitation spectra of the H2ATA and Zr/M-ATA corresponding to the PL emission signals at 530 nm wavelength.
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Figure S6: Recycling results of Zr/Cu-ATA for photocatalytic CO2 reduction under 10 h of visible light irradiation.

Figure S7: Recycling experiment of Zr/Cu-ATA for photocatalytic H2 generation.
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Figure S8: Powder XRD patterns of Zr/Cu-ATA before and after photocatalytic reactions, and after 24 h in H2O.

Figure S9: Results of the Kaplan-Meier survival analysis for D. magna exposed for 21 days to concentrations of 1:1 (A), 1:2 (B), 1:4
(C) of wastewater from Influent (INF) and Efluent (EFL).
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