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Abstract
METAL-ORGANIC FRAMEWORK (MOF)-BASED MATERIALS: AEROSOL SYNTHESIS AND
PHOTOCATALYTIC APPLICATIONS

By Xiang He
A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of
Philosophy at Virginia Commonwealth University
Virginia Commonwealth University, 2019
Advisor: Dr. Wei-Ning Wang
Assistant Professor, Department of Mechanical and Nuclear Engineering

Metal-organic frameworks (MOFs) have been attracting great attention in the past several
decades mainly because of their amazing properties, including tunable surface chemistry, flexible
structure, large surface area, and huge porosity. Endorsed by those merits, MOFs have been applied
in a wide range of applications, such as catalysis, gas separation, drug delivery, and sensing.
Typically, MOFs are synthesized via the hydrothermal method, which, however, is difficult to scale
up and requires long reaction durations (e.g., from hours to days). To achieve the full potentials of
MOFs, the exploration of a novel strategy is necessary for the facile and fast synthesis of MOFs.
Here in this dissertation, the aerosol route was presented as a facile route to synthesize MOFs and
MOF-based composites. The aerosol route not only enabled fast crystallization of MOFs (i.e.,
within seconds), but also allowed continuous tuning of MOF’s properties by simply adjusting the
operating parameters (e.g., temperature, pressure, and precursor conditions). To map out the
formation mechanism of MOFs inside the microdroplets, systematic experimental and simulation

XIII

work were carried out, which demonstrated that the fast heat and mass transfer during the aerosol
route played a vital role in the rapid synthesis of MOFs.
Beyond the synthesis of MOFs, the photocatalytic applications of MOF-based materials
for energy and environmental sustainability were also studied in detail. More specifically, several
efficient MOF-based composite photocatalysts were designed, including HKUST-1/TiO2,
HKUST-1/TiO2/Cu2O, ZIF-8/ZnO, and MIL-100(Fe)/TiO2. The composite photocatalysts
exhibited remarkable efficiencies towards either CO2 photoreduction or water remediation. Indepth exploration of the photocatalytic mechanism was carried out with the aid of several advanced
techniques, such as in situ diffuse reflectance infrared Fourier spectroscopy (DRIFTS),
photoluminescence spectroscopy, grazing-incidence wide-angle X-ray scattering, and ultrafast
transient absorption spectroscopy. Meanwhile, the density functional theory (DFT) calculation was
also applied to provide further mechanistic insights. The results demonstrated that MOFs acted as
excellent co-catalysts, which not only facilitated molecule adsorption and activation, but also
promoted the separation of the photo-induced charge carriers, leading to increased charge carrier
densities in the photocatalytic systems for significantly enhanced efficiencies.
The work from this dissertation is expected to broaden the synthesis strategies for the
synthesis of MOF-based materials and advance the fundamental understanding of MOFs’ roles in
photocatalytic applications, which should have a great impact on the rational design of MOF-based
composite photocatalysts for energy and environmental sustainability.
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Chapter 1. Introduction

1

1.1 Fundamentals and Applications of Metal-Organic Frameworks (MOFs)
MOFs are a class of highly porous crystals, which are composed of metal/metal clusters and
organic ligands connected through coordination bond (Figure 1.1a).1 Because of the abundance
of metal and ligand species, massive MOF structures could be designed. Notably, MOFs have
drawn great attention in the past several decades and the number of the MOF structures has been
increasing dramatically, reaching ~ 70,000 in Cambridge Structural Database (CSD) in 2016.2
Typical examples of the MOF structures were shown in Figure 1.1b.3

Figure 1.1 (a) MOFs are ordered frameworks built from interconnected organic ligands and metalbased nodes. Reproduced from Ref. [1] with permission form The Royal Society of Chemistry; (b)
Crystal structures of common MOFs published in the CSD database. Reproduced form Ref. [3]
with permission form The Royal Society of Chemistry.
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The reason why MOFs have been attracting such much attention is that they possess many
intriguing properties, including huge surface area, tunable surface chemistry, and structural
flexibility.4 All these merits make MOFs promising candidates in a broad range of applications.
For instance, MOFs are ideal adsorbents for gas purification and separation via molecular sieving,
quantum effect, kinetic separation, and adsorbent-adsorbate interactions.5 As an example, the
capacities of MOF-74(Mg) and MOF-74(Co) for ammonia adsorption were reported to be 6 and
15 times that of conventional activated carbon, respectively.6 The flexibility of the framework to
the external stimuli also offers some MOFs huge potentials in temperature/pressure dependent gas
separation.5, 7-8
In addition, water stable MOFs have also been showing great potentials in removing
industrial, municipal, and agricultural contaminants from aquatic systems.9-11 Particularly, the
fantastic surface area and porosity offer MOFs ability to remove contaminants via adsorption. As
summarized in Figure 1.2, the adsorption mechanisms are composed of several MOF/adsorbate
interactions, such as hydrophobic, electrostatic, and π-π interactions.12 For example, the PCN-124stu(Cu) designed by Jin et al.13 exhibited much higher adsorption ability towards antibiotics and
dyes compared with conventional porous materials, including activated carbon and zeolite 13X.
Two highly stable MOFs, BUT-12 and BUT-13, were designed by Wang et al.,14 which have huge
surface areas (i.e., 3387 and 3948 m2/g, respectively). These two MOFs are not only perfect
adsorbent for organic explosives and antibiotics, but also great sensor (ppb level) for these
contaminants. Meanwhile, some MOFs possess catalytic abilities with tunable optic properties,15

3

which is beneficial for the photodegradation of pollutants in the water.16 As an example, NTU-9
was reported to be able to absorb visible light with a very small bandgap (i.e., 1.72 eV).17 Also,
the NTU-9 could serve as a p-type semiconductor to degrade organic pollutants while maintaining
structural intact.

Figure 1.2 Schematic diagram of possible mechanisms for adsorptive removal of hazardous
materials over MOFs. Reproduced from Ref. [12] with permission from Elsevier.
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In addition, MOFs were also used as electrocatalysts for energy applications in batteries,
supercapacitors, and fuel cells,18 which could significantly reduce the cost of conventional noble
metal catalysts. Besides energy and environmental sustainability, MOFs have also been tried for
electronic devices because of the appealing properties, such as tunable electronic conductance and
dielectric propertis.1

1.2 MOFs Based Composites
The functionalities of MOFs can also be improved and extended by the integration with
other active materials, including metal and metal oxide nanoparticles.19-20 For instance, the ability
of MOFs for hydrogen storage can be enhanced with the incorporation of metal nanoparticles,
which would provide stronger interactions with hydrogen molecules rather than weak van der
Waals interactions.21 As reported by Zlotea et al.,22 the impregnation of Pd in MIL-100(Al) could
significantly improve the hydrogen uptake at room temperature even with decreased surface area,
which might be attributed to the formation of Pd hydride. Similarly, the integration of Mg
nanoparticles with MOFs (Figure 1.3a) were also found to have higher isosteric heat of hydrogen
physisorption.23 In addition to H2 storage, the assembly of metal nanoparticles and MOFs also
improves the catalytic efficiency, where metal nanoparticles serve as active sites and MOFs
provide porous matrix, preventing metal nanoparticles from aggregation. As an example, Aijaz et
al.24 immobilized ultrafine Pt particles (~ 1.8 nm) throughout MIL-101’s internal cavities with the
aid of special geometry of MIL-101 crystals. The as-prepared Pt@MIL-101 exhibited
extraordinary catalytic performance in liquid, gas, and solid phases. Leus et al.25 synthesized an
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Au@UiO-66 composite with Au nanoparticles homogeneously distributed inside UiO matrix,
which displayed not only excellent oxidation catalytic performance in terms of efficiency and
selectivity but also good stability.

Figure 1.3 (a) High-resolution transmission electron microscopy image of Mg@SNU-90.
Reproduced from Ref. [23] with permission from John Wiley and Sons; (b) Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) image of the core-shell
Au@MOF-5; (c) Schematic illustration of CO2 sensing using Au@MOF-5. Reproduced from Ref.
[27] with permission from John Wiley and Sons; (d) TEM image of Co3O4; TEM image (e) and
SEM image (f) of yolk-shell Co3O4@MOFs. Reproduced from Ref. [30] with permission from
American Chemical Society.

6

Beyond gas adsorption and catalysis, the metal nanoparticles and MOFs are also
complementary to each other in the case of sensing. More specifically, the porous structures of
MOFs would function as pre-concentrators and molecular filters, while metal nanoparticles
provide physical responses when interacting with target molecules.19 Taking Pt@UiO-66 for an
example, the narrow windows of UiO-66 structure (6 Å) only allow the penetration of small
molecules, which gives the composite excellent ability for H2O2 detection along with high
selectivity.26 Moreover, the surface chemistry of MOFs also contributes to selective sensing.27 For
instance, the aromatic rings in MOF-5 could selectively and strongly interact with CO2 through
electrostatic attraction.27-28 Combined with the remarkable optic properties of Au nanoparticles,
the Au@MOF-5 composite (Figures 1.3b and c) exhibited excellent selective detection of CO2.27
In addition to metal nanoparticles, the integration of metal oxide nanoparticles with MOFs
is also of great research interest in various applications.29-30 For instance, Zeng et al.30 designed a
yolk-shell Co3O4@MOF composite (Figures 1.3d-f) as an efficient catalyst for sulfate radicalbased advanced oxidation processes. The as-designed composite structure possesses several
benefits compared with conventional Co3O4, including the anti-aggregation property of Co3O4,
protection of Co3O4 from bulk solution while preserving accessible active sites, and confinement
effect. As a result, the Co3O4@MOF composite demonstrated ~ 40% higher efficiency than bare
Co3O4 toward 4-chlorophenol degradation.30
Recently, intensive attention has been drawn in the area of photocatalytic applications by
MOF/semiconductor composite catalysts, which combine the merits of both components and have
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been showing huge potential for energy and environmental sustainability.31-34 In particular, bare
MOFs are less efficient photocatalysts than semiconductors, mainly because of their unfavorable
separation of the photo-induced charge carriers.33 On the other hand, MOFs possess many merits,
such as high surface area, huge porosity, broad light absorption region, and coordinatively
unsaturated metal sites, which are usually unattainable with conventional semiconductors.
Therefore, efforts have been made to integrate both types of materials and create efficient
composite photocatalysts.35-36 Taking CO2 photoreduction for an example, the incorporation of
MOF-74(Mg) would significantly boost the photocatalytic efficiency of Zn2GeO4 via improved
CO2 encapsulation and activation.35 Similar results were also reported with ZIF-8/Zn2GeO4, where
the incorporated ZIF-8 could significantly improve the adsorption of dissolved CO2 in the aqueous
medium and enhance the overall photocatalytic efficiency.36
In the meantime, the intimate interaction between MOFs and semiconductors would
promote the charge transfer between two components, which would inhibit the recombination of
charge carriers and thus enhance the overall photocatalytic efficiency.35, 37-40 For instance, Su et
al.37 synthesized a Cd0.2Zn0.8S@UiO-66-NH2 composite photocatalyst, which exhibited better
performance in both CO2 reduction and H2 evolution than the pristine components. The major
reason for the enhancement in photocatalytic efficiency was demonstrated to be the facilitated
charge transfer at the interface as evidenced by transient photocurrent responses and
photoluminescence measurements.37
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Despite the great achievement in this area, additional efforts are necessary to improve the
mechanistic understanding of photocatalytic pathways of those MOF-based composites. For
instance, it is still unclear what the interface structures are like and how these special interface
structures affect the charge transfer.

1.3 Synthesis of MOFs Based Materials

Figure 1.4 Conventional method for the synthesis of MOFs. Reproduced from Ref. [41] with
permission from Springer.
The MOFs are generally synthesized via conventional heating method (Figure 1.4),41
where metal ions and organic ligands are dissolved in solvents, which subsequently subject to
heating under sealed conditions. Typically, there are two temperature ranges for the synthesis of
MOFs. One range is above the boiling point of the solvent, and the other one is below the boiling
point, which generally are referred as solvothermal method and nonsolvothermal method,
respectively. During the heating process, two steps occur for the framework assembly, including
nucleation and crystal growth. With the aid of many in situ and ex situ characterization tools,
systematic exploration of the formation mechanism has been carried out.4 For example, extended
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X-ray absorption fine structure (EXAFS) spectroscopy was applied to monitor the formation
pathways of MIL-89.42 In that study, trimeric iron clusters were used as the starting materials,
which remained intact throughout the crystallization process. Moreover, the results also showed
the similarity between MIL-89 and classical aluminosilicate zeolite in terms of crystallization. In
both cases, amorphous phases were firstly formed and then dissolved to form the final crystalline
structure.42 Recently, Saha et al.43 studied the formation mechanism of ZIF-71 by using light and
X-ray scattering techniques. The results also indicated that ZIF-71 was formed from amorphous
clusters (mainly by coagulation and monomer addition) to the crystalline structure (i.e., RHO
topology). A schematic illustration of the ZIF-71 formation was presented in Figure 1.5.

Figure 1.5 A simplistic scheme outlining the proposed steps and intermediates in the formation of
ZIF-71. Reproduced from Ref. [43] with permission from American Chemical Society.
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Despite the convenience, there are several issues associated with the conventional synthesis
method, such as ununiform heating and long reaction duration. Therefore, many other routes have
been applied for the MOFs synthesis (Figure 1.6), including electrochemistry, atomic layer
deposition (ALD), and microwave.44 With those external energy input (e.g., microwave and
ultrasound), several issues existing in the conventional hydrothermal method could be solved. For
instance, the microwave irradiation can provide faster and more efficient heating than the
conventional method, as the microwaves interact directly with reactants. For the conventional
method, thermal energy has to pass through the reactor before getting to the reactants, leading to
less efficient heating.44 As a comparison, for the same production yield of MIL-100(Cr), it only
requires 4 hours for the microwave method but 4 days for the conventional heating.45

Figure 1.6 Timeline of the most common synthetic approaches patented for the synthesis of
MOFs. Reproduced form Ref. [44] with permission form The Royal Society of Chemistry.
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Figure 1.7 Different synthetic approaches for the preparation of nanoparticles@MOF composite:
(a) infiltration in preformed MOFs, (b) self-assembly of MOFs encapsulating the nanoparticles,
(c) pseudomorphic replication converting a ceramic shell of a core-shell nanoparticle into a MOF,
(d) individual preparation of MOFs and nanoparticles and subsequent mixing. Reproduced from
Ref. [19] with permission from Elsevier.
Unlike pristine MOFs, the synthesis of MOF-based composites requires more complicated
steps to ensure the intimate interaction among MOFs and other components. In general, there are
four different routes to prepare the composite materials.19 As shown in Figure 1.7a, the first route
is to introduce the starting chemical for the second component into the MOFs’ porous structure.
With proper treatment (e.g., heating or reduction), the starting chemicals would be converted to
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the functional nanoparticles. On the other hand, functional nanoparticles could be synthesized
firstly and then put into the precursors of MOFs, followed by the growth of MOFs around the
nanoparticles (Figures 1.7b and c). The last route is to directly combine the pre-synthesized MOFs
and nanoparticles to form the composites (Figure 1.7d).
It should be noted that, in these methods, many complicated steps are involved, such as
mixing and post-treatment, which might cause bath-to-bath errors. Sometimes, harsh chemicals,
like HF,31, 33 are inevitable, which makes the synthesis procedures more complicated. To address
the above issues, a novel approach should be developed to simplify the synthesis procedures.

1.4 Objectives and Arrangement of the Dissertation
As mentioned above, the conventional hydrothermal method requires very long reaction
times and is difficult to scale up. Despite the development of some new synthesis methods, a novel
strategy is still needed to solve the long-standing issues in wet-chemistry methods, like
inhomogeneous mixing and complicated procedures. Beyond the synthesis of MOFs and MOFbased composites, the photocatalytic applications of MOF-based composites are also of great
interest for energy and environmental sustainability. However, the mechanism of those
photocatalytic processes is still vague and requires further exploration. Herein, this dissertation
targets these aforementioned issues and it is composed of two major parts: (1) the exploration of a
facile strategy to synthesize MOFs via aerosol route (Chapters 2-3) and (2) the facile preparation
of MOF-based composites (Chapters 4-5) and mechanistic insights into their photocatalytic
applications (Chapters 6-8).
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More specifically, Chapter 2 introduces the modulated synthesis of a typical MOF via the
aerosol route by adjusting operating pressures, where systematic experimental and simulation
work were carried out to advance the fundamental understanding of MOF synthesis using the
aerosol route. Chapter 3 demonstrates the versatile functions of the aerosol route for the synthesis
of MOF-based materials. In particular, mixed-linker MOFs (i.e., Cu-TMA/Cu-BDC) were
synthesized via the aerosol route, and the properties of the mixed-linker MOFs (i.e., morphology,
crystalline phase, and porous structure) were found to be dependent on the component
compositions. The results demonstrate that synthetic parameters can be varied to optimize both the
properties and performance of the mixed-linker MOFs via the aerosol route.
In Chapter 4, a facile route was developed to prepare the ZnO@ZIF core-shell nanofiber
using electrospinning. Chapter 5 demonstrated the facile preparation of MOF/semiconductor
composites using the aerosol route. The roles of synthetic parameters (e.g., temperature and
precursor component ratio) on the properties of as-prepared materials were systematically studied.
The as-prepared composites exhibited good crystallinity and large surface area, and showed
significantly improved photocatalytic efficiency toward CO2 photoreduction.
In-depth understanding of CO2 photoreduction by MOF-based composite catalyst was
illustrated in Chapter 6. Specifically, a ternary TiO2/Cu2O/Cu3(BTC)2 composite photocatalyst
was designed and demonstrated as an efficient photocatalyst for CO2 photoreduction (i.e., higher
production rate and preferential formation of CH4). Systematic measurements and analysis
revealed that the coordinatively unsaturated copper sites played a vital role in both charge transfer
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and CO2 activation. Apart from CO2 photoreduction, the MOF/semiconductor composites are also
promising photocatalysts for water remediation. As presented in Chapter 7, highly-oriented onedimensional MOF/semiconductor nanoarrays were prepared for the efficient photodegradation of
antibiotics in wastewater. Further exploration was made to get mechanistic insights into the
photocatalytic pathways of MOF/semiconductor composites, the results of which were illustrated
in Chapter 8. It was found that, the combination of MOFs and semiconductors would enhance
both photocatalytic reduction and oxidation, which mainly attributed to the fast charge transfer at
the interface.
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Chapter 2. Pressure-Regulated Synthesis of Cu(TPA)∙(DMF) in
Microdroplets for Selective CO2 Adsorption
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Abstract
The synthesis of metal-organic frameworks (MOFs) by using traditional wet-chemistry
methods generally requires very long durations and still suffers from non-uniform heat and mass
transfer within the bulk precursor solutions. Towards addressing these issues, a microdroplet-based
spray method has been developed. In a typical spray process, the MOF’s precursor solution is first
atomized into microdroplets. These droplets serve as the microreactors to ensure homogeneous
mixing, fast evaporation, and rapid nucleation and crystal growth to form MOF particles. However,
the fundamental MOF formation mechanisms by using this strategy have not been fully understood.
In this work, the role of the operating pressure in the synthesis of a representative MOF (i.e.,
Cu(TPA)∙(DMF); TPA: terephthalic acid, DMF: dimethylformamide) was systematically
investigated. Detailed characterization showed that the pressure variations significantly affected
both the morphologies and crystalline structures of Cu(TPA)∙(DMF). Numerical simulations
revealed that the morphology changes are mainly attributed to the variations in supersaturation
ratios, which are caused by different microdroplet evaporation rates due to the regulation of
operating pressure. While the crystalline structure variations are closely related to the dissociation
of DMF molecules at lower operating pressures. Besides, the dissociation of DMF molecules
decreased the surface area of the MOF crystals, but gave rise to massive coordinatively unsaturated
metal sites, which greatly enhanced the interaction of CO2 with the MOF crystal and thus led to
improved CO2 adsorption capacity and selectivity. The outcome of this work would shed new light
on the fundamental understanding of MOF synthesis using the microdroplet-based spray method.
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2.1 Introduction
Metal-organic frameworks (MOFs), a family of porous polymer materials, are becoming a rising
star in material science by virtue of their huge porosity, exceptional surface area, and tunable
surface chemistry.1-3 MOFs are constructed from metal ions/clusters and organic ligands. The
abundance of various metal ions and organic linkers grants MOFs considerable diversity.
Examples of typical MOF series include ZIFs (zeolitic imidazole frameworks),4 UIOs (University
of Oslo),5 MILs (Materials of Institute Lavoisier),6 and CAUs (Christian-Albrechts University).7
Given the extraordinary properties of MOFs, they have been used in a broad range of applications,
including gas separation,8 gas storage,9 catalysis,10-11 water treatment,12-13 sensing,14 and
biomedical applications.15 MOFs can also be integrated with other materials (e.g., metals and
semiconductors) to enhance their functionalities and efficiencies by boosting molecule adsorption,
facilitating charge transfer, and promoting molecule activation.16-19
Conventionally, MOFs are synthesized through heating bulk precursor solutions via wetchemistry processes (e.g., the solvothermal method), where the structure evolution takes place,
including deprotonation, coordination, nucleation, and crystal growth.3 The wet-chemistry
methods, however, are usually plagued with long synthesis durations due to inhomogeneous
mixing and slow heat transfer within the bulk precursor solutions. For example, in a typical
solvothermal process, it generally takes hours even days to obtain well-crystallized ZIF-8
crystals.20 Various forms of external energies have been used to assist the MOF synthesis, such as
microwave irradiation,21 ultrasound,22 electric potential,23 and mechanical force.24 Recently, a
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microdroplet-based spray strategy was developed for the fast and high-throughput synthesis of
MOFs.25, 26 In a typical spray process, the MOF precursor solutions are firstly atomized into
droplets with the size ranging from micrometers to millimeters. These droplets serve as
microreactors, where uniform mixing and fast heat transfer can be easily achieved to promote
efficient deprotonation and coordination. The microdroplets are then subjected to heating for
solvent evaporation, nucleation, and crystal growth to form the final MOFs crystals. The whole
process only takes about several seconds to complete, making the spray route a rational strategy
for the fast synthesis of MOFs. Besides, the spray method can also be used for the postsynthetic
modification of MOFs,27 manufacture of multicomponent MOF superstructures25 and hierarchical
MOFs.28 It should be noted that, the synthesis of MOFs by using the spray method is still in its
early stage. More work needs to be conducted to unravel the formation mechanism of MOFs in
this rapid process.
In particular, the evaporation of microdroplets is the first and foremost step of the synthesis
of MOFs by using the spray process, because the solvent evaporation of microdroplets directly
influences the kinetics of supersaturation of precursors,29 which will have great effects on the
subsequent MOFs formation steps, i.e., nucleation and crystal growth.3, 30 Fundamentally, the
evaporation of microdroplets is a macroscopic phenomenon of microscopic heat and mass
transfer,31 which is generally controlled by several factors, including solvent types, operating
temperature, and pressure. In a recent study, we studied the effect of operating temperature on the
synthesis of [Cu3(TMA)2(H2O)3]n (TMA: trimesic acid) via the microdroplet-based spray
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method.26 The results showed that, the operating temperature affected not only the crystal size but
also the accessible open coordination sites. It should be noted that, [Cu3(TMA)2(H2O)3]n became
amorphous under operating temperatures higher than 300 °C due to the disintegration of organic
ligands. Compared with temperature, the adjustment of operating pressure is a milder way to
regulate the synthesis of MOFs in microdroplets. Based on the previous studies of inorganic
materials formation in microdroplets,32-33 the regulation of operating pressure would dramatically
change the evaporation behaviors of microdroplets,34 which will alter the supersaturation ratios,
nucleation and crystal growth kinetics, and eventually gives rise to different properties of the final
products. However, the role of operating pressure in the formation of MOFs in microdroplets has
not yet been explored thus far.
Herein, the current work aims to investigate the effect of operating pressure on the
formation of MOFs in microdroplets. To be specific, a spray process equipped with a pressure
control system was built. A representative MOF, Cu(TPA)∙(DMF) (TPA: terephthalic acid, DMF:
dimethylformamide), was chosen and synthesized under different operating pressures ranging
from 0.2 atm to 1 atm (Scheme 2.1). Systematic material characterizations and numerical
simulations of microdroplets evaporation were conducted to investigate the changes in MOF’s
properties brought by the variation in operating pressure. The results showed that, the operating
pressure has significant effects on the MOF in terms of morphology, chemical structure, and gas
adsorption ability (Scheme 2.1). Based on the results, a reasonable mechanism was proposed to
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explain the dependence of MOF’s properties on operating pressure. The results from this work
would advance the understanding of MOFs’ synthesis by using the spray strategy.

Scheme 2.1 Schematic illustration of the synthesis of Cu(TPA)∙(DMF) in microdroplets under
various operating pressures.

2.2 Materials and Methods
Synthesis Process. As illustrated in Scheme 2.2, the microdroplet-based spray process is
composed of several parts, including a Collison nebulizer, a tube furnace, a sample collector (i.e.,
microfiber filter) and a pressure control system. In a typical synthesis process, the precursor
solution was firstly prepared by dissolving 0.2174 g Cu(NO3)2∙3H2O and 0.0997 g terephthalic
acid (TPA) in 15 mL dimethylformamide (DMF). Subsequently, the precursor solution was
nebulized into microdroplets, which were carried by an air flow (1.5 L/min) passing through the
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tube furnace at a pre-set temperature (200 °C). Flying through the furnace, the microdroplets
underwent solvent evaporation, nucleation, and crystallization. The particles were finally collected
by using the microfiber filter. During the spray process, the pressure inside the tube was adjusted
within the range of 0.2 atm to 1 atm.

Scheme 2.2 Schematic illustration of the experimental set-up for the microdroplet-based synthesis
of MOFs under various operating pressures.
Material Characterization. Detailed characterization of the as-synthesized samples was carried
out by using scanning electron microscopy (SEM, Hitachi SU-70), X-ray powder diffraction
(XRPD, PANalytical X'Pert Pro Diffractometer: Cu-Kα radiation source (λ = 1.5401Å); reflection
mode; step size = 0.026°; time per step: 27.54 s), Fourier-transform infrared spectroscopy (FT-IR,
Thermo Scientific Nicolet iS50), Raman spectroscopy (Horiba LABRam Spectrometer), X-ray
photoelectron spectroscopy (XPS, Thermofisher ESCALab 250), and surface area and pore
structure analysis (Autosorb iQ).
Gas Sorption Analysis. Autosorb iQ was used to obtain the sorption isotherms of N2 and CO2 at
273 K and 298 K. After the measurements, the CO2 adsorption isotherms at these two temperatures
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were fitted with the virial equation (Eq. 2.1) to calculate the isosteric heats of CO2 adsorption (Qst)
(Eq. 2.2).35-36
1

𝑙𝑛(𝑝) = 𝑙𝑛(𝑛) + 𝑇 ∑𝐴𝑖=0 𝑎𝑖 𝑛𝑖 + ∑𝐵𝑖=0 𝑏𝑖 𝑛𝑖
𝑄𝑠𝑡 = −𝑅 ∑𝐴𝑖=0 𝑎𝑖 𝑛𝑖

(2.1)
(2.2)

where, p = gas pressure (Torr); n = amount of adsorbed gas molecules (mmol/g); T =
temperature (K); a and b = virial coefficients with no dependence in temperature; Qst = isosteric
heat of adsorption (J/mol); R = gas constant (8.314 J/(K·mol)).
Analysis of CO2/N2 Adsorption Selectivity. The ideal adsorbed solution theory (IAST), which
has been demonstrated to be an accurate method to predict gas adsorption selectivity in numerous
prior studies,37-39 was employed here to analyze the CO2/N2 adsorption selectivity of various
Cu(TPA)·(DMF) samples. To be specific, the pure-component adsorption isotherms of CO2 and
N2 were firstly fitted by using the dual-site (Eq. 2.3) and single-site (Eq. 2.4) Langmuir-Freundlich
models, respectively.
𝑐 𝑝𝛼𝐴

𝑞 = 𝑞𝐴,𝑠𝑎𝑡 1+𝑐𝐴

𝛼
𝐴𝑝 𝐴

𝑐 𝑝𝛼𝐵

+ 𝑞𝐵,𝑠𝑎𝑡 1+𝑐𝐵
𝑐 𝑝𝛼𝐴

𝑞 = 𝑞𝐴,𝑠𝑎𝑡 1+𝑐𝐴

𝛼
𝐴𝑝 𝐴

𝛼
𝐵𝑝 𝐵

(2.3)
(2.4)

where, 𝑞 = adsorption quantity (mmol/g); 𝑞𝐴,𝑠𝑎𝑡 and 𝑞𝐵,𝑠𝑎𝑡 = saturate adsorption quantities;
subscripted A and B indicate various adsorption sites; 𝑐𝐴 and 𝑐𝐵 = Langmuir-Freundlich
coefficients (bar-α, temperature-dependent); 𝑝 = gas phase pressure (bar); 𝛼𝐴 and 𝛼𝐵 =
dimensionless exponents.
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Subsequently, the fitting parameters were incorporated into Eq. 2.5 to calculate the mole fraction
of individual component in the adsorbed phase.
𝑃∙𝑦1/𝑥1 𝑞1

∫0

𝑃

𝑃∙𝑦2/𝑥2 𝑞2

𝑑𝑝 = ∫0

𝑃

𝑑𝑝

(2.5)

where, 𝑃 = total pressure (bar); 𝑥 and 𝑦 = mole fraction of gas component in the adsorbed
and bulk phase, respectively; 𝑞 = adsorption quantity (mmol/g); subscripted numbers were used to
differentiate the gas components.
Finally, the adsorption selectivity (𝑆𝑎𝑑𝑠 ) was calculated using Eq. 2.6.
𝑥 /𝑦

𝑆𝑎𝑑𝑠 = 𝑥1 /𝑦1
2

2

(2.6)

2.3 Results and Discussions

Figure 2.1 (a) SEM images and (b) size distribution histograms of Cu(TPA)∙(DMF) synthesized
under various pressures. Scale bars in SEM images: 2 μm (up) and 500 nm (down).
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Morphology Characterization. The Cu(TPA)∙(DMF) samples synthesized under various
pressures were subjected to detailed characterization. As exhibited in Figure 2.1a, all the
Cu(TPA)∙(DMF) samples synthesized by the spray process have a sheet morphology, which is
consistent with the lamellar crystal structure of Cu(TPA)∙(DMF).40 Notably, the operating pressure
affects the size distribution of Cu(TPA)∙(DMF) (Figure 2.1b). And lower pressures give rise to
smaller crystal sizes and more homogeneous size distributions. To be specific, the mean lengths of
the Cu(TPA)∙(DMF) crystals synthesized under 1, 0.8, 0.6, 0.4 and 0.2 atm were measured to be
915, 502, 453, 334 and 299 nm, respectively. Besides, Cu(TPA)∙(DMF) crystals synthesized under
ambient pressure (1 atm) have a wide size distribution, ranging from 400 nm to 1600 nm, while
the size distribution becomes narrower with decreased pressures. The smaller size and narrow size
distribution under lower pressures can be ascribed to faster nucleation rate induced by rapid solvent

Figure 2.2 Effect of operating pressure on the length/thickness ratio of the samples.
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evaporation. In addition, the operating pressure also has a significant effect on the length/thickness
ratio of the samples. As shown in Figure 2.2, under ambient pressure, the Cu(TPA)∙(DMF) exhibits
the highest length/thickness ratio (~ 7.8). With the operating pressure smaller than 0.8 atm, the
length/thickness ratio stabilizes around 2.6 to 3.4. The variations in crystal size, size distribution,
and length/thickness ratio might be related to the pressure-modulated evaporation of the
microdroplets during the spray process, as explained in detail in the following section.
Simulation of Microdroplet Evaporation. To better understand the dependence of microdroplet
evaporation (i.e., droplet temperature and size) on the operating pressure, numerical simulations
were carried out based on the fundamental heat and mass transfer principles.41 The models are
composed of four differential equations (Eqs 2.7-10), describing the evolution of droplet diameter
(𝐷𝑑 ), solvent vapor concentration in air (𝑛), droplet temperature (𝑇𝑑 ), and air temperature (𝑇𝑎 ) as
a function of time, respectively.
𝑑𝐷𝑑
𝑑𝑡
𝑑𝑛
𝑑𝑡

𝑑𝑡

𝑑𝑡

=

4𝐷𝑣 𝑚𝑑 (𝑛−𝑛𝑠 )

(2.7)

𝜌 𝑑 𝐷𝑑

(2.8)

= −2𝜋𝐷𝑑 𝐷𝑣 𝑁(𝑛 − 𝑛𝑠 )

𝑑𝑇𝑑

𝑑𝑇𝑎

=

3𝐿

=

𝑑𝐷𝑑
ℎ
+6 𝑑 (𝑇𝑎 −𝑇𝑑 )
𝑑𝑡
𝜌𝑑

(2.9)

𝐶𝑑 𝐷𝑑

−𝜋2 𝑅 2 𝐷𝑑 2 𝑁ℎ𝑑 (𝑇𝑎 −𝑇𝑑 )+2𝜋𝑅ℎ𝑡 (𝑇𝑡 −𝑇𝑎 )
𝐹𝐶𝑎

𝑄

𝑇

1−𝑓 0

× 𝜋𝑅2 (𝑇𝑎0 )(1−𝑓𝑑 )
𝑎

𝑑

(2.10)

where 𝐷𝑑 = droplet diameter (m), 𝑡 = residence time (s), 𝐷𝑣 = diffusion coefficient of DMF
vapor (m2/s, derived from Eq. 2.1142), 𝑚𝑑 = molecule mass of DMF (kg), 𝑛 = number
concentration of DMF vapor molecules in air (1/m3), 𝑛𝑠 = saturated DMF vapor concentration
26

(1/m3), 𝜌𝑑 = DMF density (kg/m3), 𝑁 = number density of microdroplets in air (1/m3), 𝑇𝑑 =
temperature of microdroplets (K), 𝐾𝑚 = mass transfer coefficient of DMF vapor (m/s), 𝑛𝑡 =DMF
vapor concentration at tube wall (1/m3), 𝐿 = latent heat of DMF evaporation (J/kg), ℎ𝑑 = heat
transfer coefficient around microdroplets (W/(m2∙K)), 𝑇𝑎 = air temperature (K), 𝐶𝑑 = heat capacity
of DMF (J/(kg∙K)), 𝑅 = tube radius (m), ℎ𝑡 = heat transfer coefficient near the tube (W/(m2∙K)), 𝐹
= mass flow rate of air (kg/s), 𝐶𝑎 = heat capacity of air (J/(kg∙K)), 𝑄 = volume flow rate of air
(m3/s), 𝑓𝑑 = mole fraction of DMF vapor in air. Superscripted “0” indicates the initial values.
𝐷𝑣 =
where 𝑀𝑎𝑑 = 1/𝑀

2

𝑎 +1/𝑀𝑑

DMF (g/mol), σ𝑎𝑑 =

𝜎𝑎 +𝜎𝑑
2

2.66𝑇𝑎1.5 ×10−7
0.5 𝜎 2 Ω
𝑝𝑀𝑎𝑑
𝑎𝑑 𝐷

(2.11)

, 𝑀𝑎 = molecular weight of air (g/mol), 𝑀𝑑 = molecular weight of

, 𝜎𝑎 = hard sphere diameter of air (Å), 𝜎𝑑 = hard sphere diameter of

DMF (Å), Ω𝐷 is almost unity.
DMF droplets with an initial diameter of 2 μm were selected for simulation. As shown in
Figures 2.3a and 2.3b, upon evaporation, the DMF vapor number density in air increased
drastically with time, which also leads to the decrease in droplet diameter (Figures 2.3c and 2.3d).
Notably, a lower operating pressure would enhance the diffusion coefficient of DMF vapor (Eq.
2.11), which would fasten the droplet evaporation and thus give rise to a higher DMF vapor number
density and a smaller droplet diameter. To be specific, at the evaporation time of 0.04 ms, the
diameter of the microdroplets was calculated to be 1.64 µm under the operating pressure of 1 atm,
but decreased to 1.44 µm under 0.2 atm. The rapid decrease in droplet diameter under lower
operating pressures would significantly increase the concentration of reactants, and therefore result
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Figure 2.3 Evolution of DMF vapor density (a and b), droplet diameter (c and d), and droplet
temperature (e and f) as a function of reaction time under various operating pressures. (a, inset) is
the color bar used to indicate various operating pressures (unit: atm) for a, c, and e.
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in faster increase in supersaturation ratio. The increase in supersaturation ratio would drastically
promote the nucleation process.26 In particular, more seed nuclei can be obtained under lower
operating pressures, which would yield smaller crystals. The simulation results are consistent with
the SEM images (Figure 2.1). Meanwhile, a lower operating pressure also reduces the equilibrium
temperature of the microdroplets (Figure 2.3e and 2.3f). For instance, the equilibrium temperature
of the droplet under 1 atm is 355 K, while the equilibrium temperature decreases to 329 K when
process is operated under 0.2 atm. The results indicate that the evaporative cooling effect34
becomes more prominent under lower operating pressures, which will also make partial
contributions to the increased supersaturation ratios.

Figure 2.4 (a) XRPD patterns; (b) Schematic illustration of the effect of pressure on the crystal
structure of Cu(TPA)∙(DMF).
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Chemical Properties Analysis. In addition to the morphology variations, the pressure also plays
a significant role in the crystallinity of the products. As shown in Figure 2.4a, the XRPD patterns
of the as-prepared samples agree well with the one reported previously.40 It is clear from the
structure of Cu(TPA)∙(DMF) (CCDC-687690)40 that, the DMF molecules are coordinated with the
Cu sites from one end, leaving the other end dangling inside the pores, which become vulnerable
upon the variations of temperature and pressure during the synthesis process. Interestingly, with
decreasing pressures, the diffraction peak at 12° gradually splits into two peaks. When synthesized
at a very low pressure (i.e., 0.2 atm), a new diffraction peak shows up at 8.2°. The variations in
crystallinity may be attributed to the loss of DMF coordinated to CuII sites during the spray process
under low-pressure conditions (Figure 2.4b), which is analogue to the temperature-modulated
changes in crystal structures as reported previously.40 Despite the various crystal structures, the
samples synthesized under various pressures possess similar functional groups as demonstrated
from the FT-IR and Raman spectra. All the functional groups stem from the Cu(TPA)∙(DMF)
crystals.40, 43 The assignments of the primary IR frequencies and Raman shifts are summarized in
Table 1. For instance, the IR bands at 676, 1105, 1255, 1386, and 1663 cm-1 can be assigned to
δ(OCN), r(CH3), υa(C’N), δ(CH) and υ(CO), respectively. All these peaks originate from the DMF
molecules existed inside Cu(TPA)∙(DMF) crystals. Compared with those of the free DMF
molecules, these peaks redshift a little bit to higher wavenumbers. The IR band at 1604 cm-1
corresponds to υa(COO) of TPA. More information was obtained from the Raman spectra. In
particular, the bands at the Raman shifts of 182 and 316 cm-1 can be ascribed to ν(Cu-Cu) and
ν(Cu-O), respectively.
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Table 2.1 The assignments of the representative IR wavenumbers and Raman shifts.
FT-IR

Raman

Wavenumber (cm-1)

Assignment

Raman shift (cm-1)

Assignment

676

δ(OCN)

182

ν(Cu-Cu)

882

υs(C’N)

316

ν(Cu-O)

1105

r(CH3)

1430

υs(COO)

1255

υa(C’N)

1609

ν(C=C)

1386

δ(CH)

1439

δs(CH3)

1604

υa(COO)

1663

υ(CO)

The surface elemental information of Cu(TPA)∙(DMF) crystals synthesized under various
pressures was examined through XPS measurements. The results show that, all samples exhibit
almost identical XPS spectra, including survey scans and high-resolution spectra. Primary
elements in Cu(TPA)∙(DMF) crystal were identified. In particular, the peaks at 932.5 eV and 952.5
eV can be assigned to Cu 2p3/2 and Cu 2p1/2, respectively.16 While, the peaks center at 398.3 eV
and 529.7 eV correspond to N 1s and O 1s, respectively.44-45 The minimal differences in FTIR,
Raman and XPS results among the samples indicate that, even though the DMF molecules are
dissociated from the copper sites at low operating pressures, they might be still trapped inside the
pores of the MOF crystals.
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The dissociation of DMF from copper sites in Cu(TPA)∙(DMF) samples also gives rise to
the changes in other properties, including surface area and availability of coordinatively
unsaturated copper sites. The surface area and pore size distribution of the samples were analyzed
with nitrogen sorption experiments. In particular, the Brunauer–Emmett–Teller (BET) method was
used to derive the surface areas. The results show that Cu(TPA)∙(DMF) sample synthesized at 1
atm (hereafter Cu(TPA)∙(DMF)_1) has a BET surface area of 1187 m2/g, while the one synthesized
at 0.4 atm (hereafter Cu(TPA)∙(DMF)_0.4) only has a BET surface area of 57 m2/g. The nitrogen
sorption isotherms of the samples are shown in Figure 2.5. For Cu(TPA)∙(DMF)_1, the rapid
increase in nitrogen uptake observed at low relative pressure (P/P0 < 0.01) indicates the abundance
of micropores, while the slight increase at high relative pressure and the existence of hysteresis
suggest the presence of mesopores. For Cu(TPA)∙(DMF)_0.4, similar nitrogen sorption isotherm
was observed but with fewer micropores. The co-existence of mircopores and mesopores is also
confirmed by the pore size distribution results. As shown in Figures 2.5b and 2.5d,
Cu(TPA)∙(DMF)_1 and Cu(TPA)∙(DMF)_0.4 exhibit similar pore size distributions. Fewer
micropores are observed in the case of Cu(TPA)∙(DMF)_0.4, which is consistent with the nitrogen
sorption isotherms. The change in the porous structures becomes more apparent when a lower
pressure (0.2 atm) was used, where the sample was designated as Cu(TPA)∙(DMF)_0.2. In
particular, Cu(TPA)∙(DMF)_0.2 has a BET surface area of 49 m2/g, with a dominated pore
diameter of 27.7 Å.
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Figure 2.5 Nitrogen sorption isotherms and Density Functional Theory (DFT) pore size
distributions of Cu(TPA)∙(DMF) synthesized under various pressures (NLDFT-N2-carbon
equilibrium transition kernel at 77 K based on a slit-pore model).
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Figure 2.6 (a) N2 adsorption isotherms; (b) CO2 adsorption isotherms; (c) Isosteric heats of CO2
adsorption; (d) Adsorption selectivity for CO2/N2 mixtures estimated using IAST. Note: the
pressure values indicate the operating pressures used during the synthesis process; the temperature
values indicate the temperatures used for gas adsorption tests.

The variations in porosity and crystal structures of Cu(TPA)∙(DMF) lead to different
performances in gas adsorption as demonstrated with N2 and CO2 adsorption experiments (Figure
2.6). The analysis of pure gas adsorption was performed at 273 K and 298 K, after which, in-depth
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modelling was conducted to analyze the isosteric heats and adsorption selectivity. Specifically, at
273 K, Cu(TPA)∙(DMF)_1 has a N2 uptake of 1.23 mmol/g at 1.0 bar, which is 52% higher than
that of Cu(TPA)∙(DMF)_0.2 (Figure 2.6a). While, at a higher temperature (298 K), these two
samples possess similar N2 adsorption capacity (~ 0.10 mmol/g at 1.0 bar). Interestingly,
Cu(TPA)∙(DMF)_0.2 shows much higher capacity for CO2 uptake at both 273 K and 298 K (Figure
2.6b), even though the surface area of Cu(TPA)∙(DMF)_0.2 is much smaller than that of
Cu(TPA)∙(DMF)_1. To get further understanding of the CO2 adsorption with these two samples,
the isosteric heats of CO2 adsorption were calculated using the Clausius-Clapeyron equation (Eq.
2.2). In the case of Cu(TPA)∙(DMF)_1, the isosteric heats of CO2 adsorption gradually increased
with higher loading of CO2, which might arise from the enhanced CO2-CO2 interaction.37
Compared with isosteric heats of CO2 adsorption for Cu(TPA)∙(DMF)_0.2 (~ 30 kJ/mol), higher
values were observed with Cu(TPA)∙(DMF)_1 (46 to 49 kJ/mol), which indicates that the
interaction between CO2 molecules and Cu(TPA)∙(DMF)_1 was stronger than that with
Cu(TPA)∙(DMF)_0.2. Besides, it also suggests tunability of isosteric heats of CO2 adsorption
through pressure-regulated synthesis of Cu(TPA)∙(DMF) samples, offering huge potentials to
optimize sorption profiles of CO2. As shown in Table 2.2, the isosteric heats of CO2 adsorption of
the Cu(TPA)∙(DMF) are comparable with other porous materials, such as Cu3(BTC)2 (29.8 ± 0.2
kJ/mol), Mg-MOF-74 (22 to 42 kJ/mol)), and zeolites (20 to 50 kJ/mol). It should be noted that
the isosteric heats of CO2 adsorption of Cu(TPA)∙(DMF) samples can be further improved by
modifying binding functionalities, just like the examples exhibited in Table 2.2 (i.e., cationexchanged MCM-22 zeolite and modified SBA-15 mesoporous silica). In addition, the IAST
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model was used to analyze the adsorption selectivity for CO2 from flue gas (75% N2, 15% CO2
and 10% other gases) based on the isotherms. As shown in Figure 2.6d, the IAST selectivities of
Cu(TPA)∙(DMF)_0.2 at 273 K and 298 K are calculated to be ~ 3 and ~ 20, respectively, which
are much larger than those of Cu(TPA)∙(DMF)_1, indicating that Cu(TPA)∙(DMF)_0.2 has a better
ability to selectively adsorb CO2 over N2.
Table 2.2 Comparison of the isosteric heats of adsorption
Adsorbate Adsorbent

Qst (kJ/mol)

Reference

CO2

Cu(TPA)∙(DMF)_0.2

~ 30

this work

CO2

Cu(TPA)∙(DMF)_1

46 to 49

this work

CO2

Cu3(BTC)2

29.8 ± 0.2

Dalton Trans., 2012, 41, 7931–7938

CO2

Mg-MOF-74

22 to 42

Energy Environ. Sci., 2012, 5, 6465–6473

CO2

CMP-1

24 to 26

Chem. Sci., 2011, 2, 1173–1177

CO2

ZK-5

25 to 50

ChemSusChem, 2012, 5, 2237–2242

20 to 40

Adsorption, 2009, 15, 264–270

10 to 70

Chem. Eng. J., 2018, 348, 327–337

Cation-exchanged MCMCO2
22 zeolite
Modified SBA-15
CO2
mesoporous silica

Note: BTC: Benzene-1,3,5-tricarboxylic acid; CMP: conjugated microporous polymer; ZK-5: an
8-membered-ring zeolite (Framework Type Code: KFI).
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Scheme 2.3 Schematic illustration of CO2 adsorption inside the framework of Cu(TPA)∙(DMF)
synthesized under low pressures. H atoms are omitted for simplicity.
On the basis of the above results, a plausible mechanism for the enhanced CO2 uptake and
selectivity with Cu(TPA)∙(DMF)_0.2 was schematically illustrated in Scheme 2.3. With lower
operating pressures, DMF molecules tend to dissociate from the crystal structure due to the
increased diffusivity of DMF molecules (Eq. 2.11). Instead of leaving away from the framework,
these dissociated DMF molecules are trapped inside the pores as suggested by the systematic
characterization results. The dissociated but trapped DMF molecules led to decreased surface area
but created massive coordinatively unsaturated copper sites. As demonstrated in many prior
studies,46-47 the coordinatively unsaturated metal sites would produce strong electric fields to bind
polar molecules (e.g., CO2),48 which would subsequently improve the CO2 adsorption capacity.
Generally, the open metal sites would also increase the isosteric heat (Qst). However, smaller Qst
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values were observed for Cu(TPA)∙(DMF)_0.2 compared with that for Cu(TPA)∙(DMF)_1. This
might be due to the fact that, Cu(TPA)∙(DMF)_0.2 has lots of dissociated DMF molecules trapped
inside the pores (Scheme 2.3), which would cause steric hindrance and thus decrease the isosteric
heat.

2.4 Conclusions
A pressure-regulated microdroplet-based spray route has been developed for the synthesis
of MOFs. Systematic experimental and modelling studies have been conducted to investigate the
dependence of the properties of Cu(TPA)∙(DMF) on the pressures of the spray process. Apparent
variations in morphology and crystal structure were observed with different synthesis pressures,
which could be attributed to the different evaporation rates of microdroplets and the dissociation
of coordinated DMF under low pressures, respectively. The dissociation of DMF molecules would
generate large numbers of coordinatively unsaturated metal sites, which leads to higher CO2
adsorption capacity and selectivity. The outcome of this work would contribute to the fundamental
understanding of pressure-regulated synthesis of MOFs using spray process.
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Chapter 3. Synthesis of Cu-TMA/Cu-BDC via Microdroplets: Roles
of Component Compositions

Reprinted with permission from (Crystal Growth & Design, 19(2): 1095-1102
(2019)). Copyright (2019) American Chemical Society.
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Abstract
Mixed-linker metal-organic frameworks (MOFs) offer great tunability in both pore structures and
surface chemistry. This study reports the synthesis and characterization of model mixed-linker
MOFs (i.e., Cu-TMA/Cu-BDC) via a microdroplet-based spray process, to unravel the relationship
between the properties of mixed-linker MOFs and the component compositions. The as-prepared
mixed-linker MOFs exhibited distinct properties in terms of morphology, crystalline phase, surface
chemistry, and pore structure. In particular, two-dimensional correlation spectroscopy (2D-COS)
analysis was conducted to analyze the correlational features among surface functional groups,
which are unattainable from traditional infrared (IR) and Raman spectra. The results from the 2DCOS analysis also suggest that the surface chemistry of the mixed-linker MOFs is adjustable by
controlling the precursor conditions. Measurements of CO2 adsorption on the mixed-linker MOFs
demonstrated the tunability of the preferential adsorption sites and adsorption kinetics. All the
above-mentioned information implies that synthetic parameters can be varied to optimize the
performance of the mixed-linker MOFs. The outcome of this study offers new insights into the
synthetic chemistry of mixed-linker MOFs in a microdroplet-based spray process.
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3.1 Introduction
Metal-organic frameworks (MOFs) have been attracting extensive attention during the past
decades due to their unique properties (e.g., high surface area and extraordinary porosity) and great
potentials in numerous applications (e.g., gas adsorption, catalysis, and sensing).46-47 Recently,
considerable interest has been directed towards synthesizing mixed-component MOFs,48-52 which
provides opportunities to grant the frameworks with more remarkable properties, such as pore
heterogeneity,53-54 framework flexibility,55 and enhanced selectivity towards gas molecules.56 The
mixed-component MOFs could be multiple-linker MOFs or multiple-metal MOFs, consisting of
components either with identical structure or distinct structures.53
Notable examples include hybrid zeolitic imidazolate framework (ZIF) systems, which
have been intensively explored for controllable textual properties and sorbate diffusion
properties.55,

57-58

For instance, Guo et al. studied the kinetic-controlled formation of Zn(2-

mIM)2/Co(2-mIM)2 (2-mIM = 2-methylimidazole),57 where sophisticated heterogeneous
structures were obtained by manipulating the Co/Zn ratios. Nair and co-workers studied the hybrid
ZIF materials (e.g., ZIF-7-8, ZIF-7-90 and ZIF-8-90) synthesized with mixed imidazole linkers
(e.g., benzimidazole, 2-mIM and 2-carboxyimidazole) in the precursor solutions.55,

59-61

With

controlled synthesis, they were able to achieve distinct crystalline phases, flexible framework, and
tunable pore structures. In addition to the hybrid ZIF systems, other mixed-component MOF
systems have also been studied, such as IRMOF systems containing various functionalized
linkers,62 and MIL systems with mixed metals.63
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Generally, these mixed-component MOFs can be constructed either with one-pot reaction
of multiple components or post-synthetic modification of a single-component MOF.57 Recently, a
microdroplet-based spray process has been developed for the synthesis of MOFs, which has shown
several advantages over the conventional methods, such as fast reaction rate and homogeneous
distribution of the reactants.64-65 The attempt to synthesize multicomponent MOFs using the spray
process was reported in a prior study,66 where Zn-MOF-74/Ni-MOF-74 and HKUST-1/NOTT-100
superstructures were fabricated. With multiple components in the precursor microdroplets, the
formation mechanism of MOFs would become much more complicated. For instance, it is still
unclear, when the microdroplet-based spray process is used, whether the formation of one MOF
component would affect the other one, and how would the properties of the mixed-component
MOFs change with different ratios of individual components.
To make the spray process a better platform for the synthesis of mixed-component MOFs,
it is crucial to answer the above-mentioned questions. Therefore, in this article, we carried out a
systematic study on the synthesis of a series of mixed-component MOFs with two distinct linkers
by using the microdroplet-based spray process. To be specific, two prototypical MOFs, i.e., CuTMA (TMA: trimesic acid) and Cu-BDC (BDC: 1,4-benzenedioic acid), were chosen as the
components for the mixed-component MOFs. The results show that the Cu-TMA/Cu-BDC mixedlinker MOFs can be successfully fabricated in a range of compositions as verified by the
corresponding X-ray diffraction (XRD) analysis. A variety of other characterizations of the MOFs
were also conducted. Especially, the two-dimensional correlation spectroscopy (2D-COS) was
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used to achieve a better spectral resolution and unravel the correlation between the linkers and the
properties of the mixed-component MOF over a wide range of compositions, which is unreachable
from traditional one-dimensional (1D) infrared (IR) or Raman spectra. The current study also
demonstrates that the ratios of the organic linkers could be adjusted to tune the morphologies,
surface chemistry, CO2 adsorption capacity and preferential adsorption site, and achieve
hierarchical pore structures. The outcome of this study would constitute a fundamental advance
towards the synthetic chemistry of mixed-linker MOFs in the microdroplet-based spray processes.

3.2 Materials and Methods
Synthesis Process. The synthesis of mixed-linker MOFs by using the microdroplet-based spray
process is illustrated in Scheme 3.1A. To be specific, the precursor solution was prepared by
dissolving 0.2174 g copper nitrate trihydrate, 0.0997 g 1,4-benzenedioic acid (BDC), and certain
amount of trimesic acid (TMA) in 30 mL dimethylformamide (DMF). The precursor solution was
then atomized to microdroplets, which were subsequently carried by air flow (5 L/min) through an
electric furnace at 300 °C, where the solvent evaporates, and the chemicals converted to final
products. A filter was used to collect the sample powders downstream of the furnace. The ascollected samples were dispersed in 10 mL methanol and precipitated by centrifuging at 6000 rpm
for 5 min. This dispersion-centrifugation process was repeated three times in order to remove all
the chemical residuals. Finally, the samples were dried in a vacuum oven at 50 °C. Based on the
amount of the chemicals used in the precursor solution, the as-prepared samples were termed
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hereafter Cu-TMA (Scheme 3.1B), Cu-BDC (Scheme 3.1C), and Cu-(BDC)2(TMA)x, where the
subscripts were used to indicate the mole ratio of the components.

Scheme 3.1 Schematic illustrations of (A) the synthesis procedure, (B) the structure of Cu-TMA
and (C) the structure of Cu-BDC.
Material Characterization. The morphology and crystallinity of the materials were analyzed by
scanning electron microscopy (SEM, SU-70, Hitachi) and powder X-ray diffraction (XRD, X'Pert
PRO, PANalytical), respectively. The Fourier-transform infrared (FT-IR) and Raman spectra were
obtained by using Nicolet iS50 (Thermo Scientific) and LabRAM HR Evolution (HORIBA),
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respectively. The surface area and pore size distribution were measured by using Autosorb iQ
(Quantachrome Instruments). The elemental composition was determined by using X-ray
photoelectron spectroscopy (XPS, ESCALab 250, ThermoFisher). Diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) was applied to analyze CO2 adsorption behaviors on
the as-prepared samples, the procedures of which have been detailed elsewhere.67
Two-Dimensional Correlation Spectroscopy (2D-COS). 2D-COS method68 was used to (1) get
a better resolution of the spectroscopic peaks and (2) analyze correlational features among
chemical groups. The fundamentals and computation procedures of the 2D-COS have been
detailed elsewhere.68 In this work, the 2Dshige software developed by Kwansei-Gakuin University
was used to generate two 2D correlation spectra (i.e., the synchronous spectrum and the
asynchronous spectrum).

3.3 Results and Discussions
Material Characterization. The morphologies of Cu-BDC, Cu-TMA, and Cu-(BDC)2(TMA)x
were examined by SEM. As shown in Figure 3.1A, the pure Cu-TMA sample has a spherical shape,
which can be attributed to the typical formation mechanism in the spray process.64, 69 While with
increasing amount of BDC, the spherical shape of the samples became less intact (Figures 3.1BE). The crystal structures of the samples were analyzed with XRD measurements. As shown in
Figure 3.1F, the diffraction patterns of both Cu-BDC and Cu-TMA agree well with the previously
reported ones.64, 70 For Cu-(BDC)2(TMA)x, the characteristic diffraction peaks of
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Figure 3.1 SEM images of the samples: (A) Cu-TMA; (B) Cu-(BDC)2(TMA)2; (C) Cu(BDC)2(TMA)1; (D) Cu-(BDC)2(TMA)0.5; (E) Cu-BDC. (F) XRD patterns of the samples.
both MOF components (i.e., Cu-BDC and Cu-TMA) can be clearly identified, indicating the coexistence of both MOFs. The intensity ratios of these characteristic peaks were found to be
dependent on the relative amount of the MOF components. Based on the XRD patterns, the weight
percentages of the MOF components in Cu-(BDC)2(TMA)x were analyzed with the Rietveld
confinement using the MAUD program (MAUD: Materials Analysis Using Diffraction). After the
confinement, the weight percentages of Cu-TMA in Cu-(BDC)2(TMA)2, Cu-(BDC)2(TMA)1 and
Cu-(BDC)2(TMA)0.5 were calculated to be 78.9 wt%, 54.5 wt% and 5.4 wt%, respectively. Notably,
the actual ratios of the components in the products slightly deviated from those of the precursors,
which might be related to the variations in crystallization rates between Cu-TMA and Cu-BDC.
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The surface functional groups of the Cu-(BDC)2(TMA)x samples were analyzed by FT-IR
(Figure 3.2A), where the characteristic peaks of individual MOF can be clearly observed. For
instance, Cu-TMA has several characteristic peaks at 760 and 1446 cm-1, corresponding to Cu-O71
and C=O72, respectively. In addition, both peaks at 1615 and 1642 cm-1 can be ascribed to C=O,64,
73-74

originating from the carboxyl group in TMA coordinated with the Cu sites. On the other hand,

Cu-BDC has several characteristic peaks at 566, 1022, and 1288 cm-1, which can be assigned to
Cu-O,75 C-H,76-77 C-C,78 respectively. The peaks at 1503, 1567 and 1689 cm-1 are related to C=O
in BDC.73, 79-80 It is interesting to note that the relative intensities of these characteristic IR peaks
change with different ratios of Cu-BDC to Cu-TMA. Unfortunately, little information regarding
correlational features of these IR peaks can be obtained from the conventional 1D FT-IR spectra.
Table 3.1 Guidelines of 2D-COS analysis
2D COS analysis

Autopeaks (i.e., peaks on
the diagonal line)
Cross Peaks (i.e., peaks
off the diagonal line)

Synchronous

Asynchronous

Extent of the spectral
fluctuationsa

N/A

Trends of the fluctuations

b

Sequential orders of
the spectral
variationsc

Notes: (a) Stronger color indicates a higher extent of the spectral fluctuation.
(b) Red cross peak (X, Y) indicates that the bands at X cm-1 and Y cm-1 change in the same direction.
Otherwise (i.e., blue cross peak), these bands change in the opposite direction.
(c) If a cross peak (X, Y) shows the same color in both synchronous and asynchronous spectra,
this implies that the band at X cm-1 changes before that at Y cm-1. Otherwise, the band at X cm-1
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changes after that at Y cm-1. Special case: cross peak (X, Y) in either spectrum has no color: bands
at X and Y cm-1 change simultaneously.

Figure 3.2 (A) Traditional 1D FT-IR spectra of the samples (Top: functional groups in Cu-TMA,
Bottom: functional groups in Cu-BDC); (B) 2D FT-IR correlation spectra with decreasing amount
of TMA in precursors as the perturbation: (b1) synchronous and (b2) asynchronous.

48

To get better resolved peaks and correlational features of the IR peaks, the 2D-COS method
was used to generate 2D FT-IR correlation spectra with decreasing amount of TMA in precursors
as the perturbation. The 2D FT-IR correlation spectra consist of a synchronous spectrum (Figure
3.2b1) and an asynchronous spectrum (Figure 3.2b2), which can be used to analyze the dynamic
spectral fluctuations (e.g., increase or decrease of peak intensity) and sequential orders of the
variations of the IR peaks, respectively (See Table 3.1 for details).81 In particular, the synchronous
spectrum is symmetrical with respect to the diagonal line, where several peaks are located (Figure
3.2b1). These peaks are called autopeaks, the intensity of which indicates the extent of the
fluctuations of a peak at a specific wavenumber. As shown in Figure 3.2b1, five dominant
autopeaks, indicated by red color, are observed at 870 cm-1 (C-H), 1288 cm-1 (C-C), 1391 cm-1
(C=O), 1567 cm-1 (C=O), and 1615 cm-1 (C=O), suggesting that the intensity changes of these
peaks were much greater than others (e.g., 566 cm-1 (Cu-O)) and the variations in the precursor
linkers would mainly lead to the changes in surface chemistry of the mixed-component MOFs.
The peaks off the diagonal line are referred to as cross peaks, the color of which represents the
trends of the fluctuations (Table 3.1). Notably, the cross peaks at (1615, Y) (Y = 870, 1288, 1391,
1567 cm-1) exhibit blue color, which means that the intensity of the band at 1615 cm-1 (i.e., C=O
in TMA) changes in the opposite direction of the other bands (i.e., 870, 1288, 1391, 1567 cm -1,
corresponding to functional groups in BDC).
Unlike the synchronous spectrum, the asynchronous spectrum has no peaks on the diagonal
line (i.e., no autopeaks). While, the asynchronous spectrum contains similar cross peaks off the
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diagonal line as the synchronous one. By comparing the colors of the same cross peaks in both
synchronous and asynchronous spectra, the sequential orders of the spectral variations can be
obtained.81 To be specific, if the cross peak (X, Y) shows the same color in synchronous and
asynchronous spectra, then the IR band at X cm-1 changes before that at Y cm-1. Otherwise, the IR
band at X cm-1 changes after that at Y cm-1. One special case is that, if the cross peak (X, Y) in
either spectrum has no color, the IR bands at X and Y cm-1 change simultaneously.82 With
decreasing amount of TMA in precursors, the changes of the spectral peaks occurred in the
following sequence: 1288 cm-1 (C-C in BDC) = 1391 cm-1 (C=O in BDC) > 1567 cm-1 (C=O in
BDC) > 870 cm-1 (C-H in BDC) > 1615 cm-1 (C=O in TMA). Interestingly, some peaks originate
from BDC, but they don’t change synchronously. This implies that mutual effects exist during the
simultaneous synthesis of multiple MOFs in microdroplets, and the surface chemistry of individual
MOF component could be finely tuned by changing the precursor composition.
The vibration properties of the samples were further analyzed with the aid of Raman
spectroscopy, which is complementary to the IR spectroscopy, aiming to uncover a complete
picture of surface chemistry of the samples. As shown in Figure 3.3A, both Cu-TMA and Cu-BDC
have several characteristic peaks. For Cu-TMA, several peaks were observed at 496 cm-1, 741 cm1

, 824 cm-1, 1003 cm-1, 1539 cm-1 and 1610 cm-1. In particular, the peak at 496 cm-1 originates from

Cu(II) species.83 The peaks at 741 cm-1 and 824 cm-1 can be attributed to the vibration of C-H
group,84 while the peaks at 1003 cm-1 and 1610 cm-1 are related to the vibration of C=C group.84
The band at 1539 cm-1 is due to the vibration of COO-.85 In the case of Cu-BDC, the
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Figure 3.3 (A) Traditional 1D Raman spectra of the samples (Top: functional groups in Cu-TMA,
Bottom: functional groups in Cu-BDC); (B) 2D Raman correlation spectra with decreasing amount
of TMA in precursors as the perturbation: (b1) synchronous and (b2) asynchronous.
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peaks at 630 cm-1 and 861 cm-1 can be assigned to C-H in BDC.86 Additionally, the peak at 1610
cm-1 is also observed but with much higher intensity for the case of Cu-BDC, which is associated
with the C=C in BDC.87 Similar to the FTIR results, the intensities of these Raman peaks also
varied with the composition of the MOF mixtures.
To get further information regarding the mutual effects of MOFs mixtures during the
synthesis process, the same 2D-COS approach was employed to de-convolute the 1D Raman
spectra into 2D correlation ones with decreasing amount of TMA in precursors as the perturbation.
The guidelines (Table 3.1) used to analyze 2D FT-IR spectra also apply here. As shown in Figure
3.3A, six autopeaks were observed in the synchronous spectrum, including 496 cm-1 (Cu(II)
species), 741 cm-1 (C-H), 824 cm-1 (C-H), 861 cm-1 (C-H), 1003 cm-1 (C=C) and 1610 cm-1 (C=C).
As shown from the color of the cross peaks, with decreasing amount of TMA in the precursor, the
intensities of Raman peaks at 861 cm-1 (C-H in BDC) and 1610 cm-1 (C=C in TMA/BDC) change
in the opposite direction of the rest peaks (i.e., functional groups in TMA). From the information
of the cross peaks in both synchronous spectrum and asynchronous spectrum, the sequence of the
spectral variations was derived as follows: 824 cm-1 (C-H in TMA) > 741 cm-1 (C-H in TMA) =
496 cm-1 (Cu(II) species in Cu-TMA) > 1003 cm-1 (C=C in TMA) > 1610 cm-1 (C=C in
TMA/BDC) > 861 cm-1 (C-H in BDC). As shown, the spectral fluctuations occurred with different
sequential orders even for functional groups from the same component, which agrees with the FTIR results, once again demonstrating the tunability of the surface chemistry of individual MOF
component with various linker compositions. Besides, the information of the sequential orders
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offers clues for the interactions between the mixed components and provides evidence for the
framework interpenetration. It would also be of great importance to guide us in designing mixedcomponent MOFs with specified surface chemistries for future applications.

Figure 3.4 Left: nitrogen sorption isotherms; Right: pore size distribution calculated using
density functional theory (DFT).
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Table 3.2 Summary of BET surface areas and pore volumes
BET

surface Pore

volume

Samples
area (m2/g)

(cm3/g)

Cu-TMA

763

0.43

Cu-(BDC)2(TMA)2

657

0.88

Cu-(BDC)2(TMA)1

300

0.37

Cu-(BDC)2(TMA)0.5

348

0.33

Cu-BDC

121

0.40

The porosities and surface areas of the as-prepared samples were analyzed by nitrogen
sorption measurements. The nitrogen sorption isotherms and pore size distributions are shown in
Figure 3.4, and the deduced values were summarized in Table 3.2. As shown in Figure 3.4, CuBDC demonstrates type IV nitrogen sorption isotherm, indicating the dominance of mesopores,
which is in line with the corresponding pore size distribution. The Brunauer–Emmett–Teller (BET)
surface area and pore volume of Cu-BDC were found to be 121 m2/g and 0.40 cm3/g, respectively.
On the other hand, Cu-TMA exhibits type I isotherm with massive micropores. The slight rise and
the hysteresis loop observed at high relative pressure implies the existence of mesopores, which is
attributed to the interparticle voids.88 The as-synthesized Cu-TMA has a BET surface area of 763
m2/g and a pore volume of 0.43 cm3/g. Notably, hierarchical pore structures (i.e., micro-mesopores)
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were found in the cases of Cu-(BDC)2(TMA)x samples. To be specific, the nitrogen sorption
isotherms of Cu-(BDC)2(TMA)x samples feature sharp nitrogen uptake at low relative pressure
(P/P0 < 0.01), and an obvious rise and a hysteresis loop at high relative pressures (P/P 0 > 0.5),
suggesting the co-existence of abundant micropores and mesopores. This hierarchical pore
structures can accelerate mass transfer rates and thus facilitates the overall efficiency of practical
applications, such as catalysis.89 Moreover, the BET surface areas and pore volumes of the Cu(BDC)2(TMA)x samples also have a great dependence on the ratio of BDC to TMA used in the
precursor solution. Overall, the BET surface area decreases with decreasing amount of TMA in the
mixed-component MOFs. Interestingly, the highest pore volume was found with Cu(BDC)2(TMA)2 (i.e., 0.88 cm3/g), which might be attributed to formation of additional pores due
to the framework interpenetration.90
The variations in surface elemental composition among these samples were analyzed by
using XPS, which can provide further information regarding synthetic chemistry of mixed-linker
MOFs in microdroplets. As shown in Figure 3.5A, analogous survey scans were observed for these
samples, where the main elements could be clearly identified, including Cu, N, and O. Highresolution spectra of these elements are shown in Figures 3.5B-D. The presence of N is due to the
existence of DMF residues in the pore channels or coordinated DMF at the Cu sites (Figure 3.5B).
For Cu-TMA, small amount of N was observed, indicating the limited ability of methanol to
exchange DMF from the framework, which might be ascribed to the limitation from the micropore
structures. In contrast, no peak was observed at 398.2 eV in the case of Cu-BDC (Figure 3.5B),
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Figure 3.5 XPS spectra: (A) survey scan; (B) N 1s; (C) Cu 2p; (D) O 1s. (From top to bottom: CuTMA, Cu-(BDC)2(TMA)2, Cu-(BDC)2(TMA)1, Cu-(BDC)2(TMA)0.5 and Cu-BDC)

suggesting the absence of DMF in the as-prepared Cu-BDC crystals. Interestingly, higher N peaks
were observed in the case of mixed-linker MOFs, which implies higher amount of DMF existing
in the mixed-linker MOFs, which might be owing to the interpenetrating framework preventing
the release of DMF molecules.91 Typically, DMF molecules exist inside the framework through
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the coordination with metal sites. The release of DMF molecules from the framework would give
rise to coordinatively unsaturated metal sites and enhanced porosity, which are beneficial for
several applications, including catalysis and gas storage.92 On the other hand, the coordination of
DMF molecules with Cu sites is necessary to maintain the structural integrity of some MOFs, like
Cu-BDC.70 Therefore, as a trade-off between functionality and structural integrity, careful
consideration is always required about the presence of DMF inside the framework. In addition, the
samples also exhibit variations in the valence states of Cu due to the coordination with distinct
linkers and different amount of DMF molecules. As shown in the high-resolution XPS spectra of
Cu 2p (Figure 3.5C), both Cu-TMA and Cu-BDC display peaks at 932.8 eV and 952.5 eV,
corresponding to Cu 2p3/2 and Cu 2p1/2, respectively.93-94 In addition, for Cu-BDC, satellite peaks
were observed at 931.1 eV and 950.9 eV. The peak intensities of Cu 2p vary with different
component compositions. Interestingly, the intensity changes of Cu 2p peak followed the opposite
trend of those of N 1s (Figure 3.5B), suggesting peak intensity of Cu 2p was closely related to the
amount of DMF remaining in the framework. In other words, with more DMF molecules
remaining in the framework, less signal from Cu 2p would be detected during the XPS
measurements. This is reasonable, as XPS only detects photo-emitted electrons escaped from the
samples, while the presence of DMF molecules could block electrons emitted from Cu 2p from
escaping and reaching the XPS detector. On the other hand, no apparent differences were observed
in the high-resolution XPS spectra of O 1s (Figure 3.5D).
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Figure 3.6 (A) In situ IR spectra collected during the 15-min CO2 adsorption process; (B) CO2
adsorption kinetics; (C) Area ratios of Peak (2337 cm-1) to Peak (2360 cm-1) as a function of
adsorption time.
In addition to property characterization, the gas adsorption performance of the as-prepared
MOFs was also evaluated. In particular, DRIFTS was used to analyze the CO2 adsorption
behaviors of these samples. As shown in Figure 3.6A, the characteristic IR peaks of adsorbed CO2
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on three representative samples have different areas and shapes, indicating the various CO 2
adsorption capacity and preferential sites. Specifically, the IR peak area is closely related to the
amount of adsorbed CO2 molecules. Therefore, the peak areas in the wavenumber range from 2220
cm-1 to 2450 cm-1 were measured as a function of time and then used to obtain the CO2 adsorption
kinetics (Figure 3.6B). As exhibited in Figure 3.6B, Cu-TMA shows the highest CO2 adsorption
rate and capacity, followed by Cu-(BDC)2(TMA)2 and then Cu-BDC. Moreover, the adsorbed CO2
exhibits two IR bands at 2337 cm-1 and 2360 cm-1 (Figure 3.6A), corresponding to the interaction
of CO2 molecules with metal sites and functional groups, respectively.64 Interestingly, with more
Cu-TMA, the intensity of Peak (2337 cm-1) becomes larger while the intensity of Peak (2360 cm1

) becomes smaller, inferring the changes in the preferential adsorption of CO2 molecules on the

sites of copper ions over functional groups. To quantify the preferential adsorption, the area ratios
of the IR Peak (2337 cm-1) to Peak (2360 cm-1) were calculated and presented in Figure 3.6C. For
the case of pure Cu-TMA, the peak ratio has the highest value (i.e., 3.02) in the beginning of the
adsorption process, and then gradually decreased and stabilized at 2.25, indicating that CO2
molecules prefer to be adsorbed with the interaction with metal sites, and then on the functional
groups. While, in the case of Cu-BDC, the values of the peak ratios were the lowest but also the
most stable ones, suggesting that there is no variation in preferential adsorption site during the
evolution process. The above results imply that both preferential adsorption site and adsorption
capacity of CO2 molecules are tunable by adjusting the component ratios in the mixed-linker
MOFs.
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3.4 Conclusions
In summary, Cu-TMA/Cu-BDC mixed-linker MOFs with a range of component ratios have
been successfully fabricated via the microdroplet-based spray process. Results show that, the
adjustment of the mole ratio of TMA to BDC in the precursor solution would allow continuous
tuning of the properties of mixed-linker MOFs, including crystalline phases, surface chemistry,
and textual properties. In particular, the mixed-linker MOFs possess interpenetrating framework,
which leads to the formation of additional pores and thus increased pore volume. Moreover,
DRIFTS was also used to study the CO2 preferential adsorption sites and adsorption kinetics,
which have also been proven to have significant dependence on the component ratios of mixedlinker MOFs. This is the first systematic study of the synthetic chemistry of mixed-linker MOFs
in the microdroplet-based spray process. It is expected that, through rational control of the
synthetic parameters, the microdroplet-based spray process can be applied to produce a variety of
mixed-component MOFs with specifically desired properties.
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Chapter 4. Facile synthesis of ZnO@ZIF core–shell nanofibers:
crystal growth and gas adsorption
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Abstract
ZnO@ZIF-8 core-shell nanofibers were manufactured via direct growth of ZIF-8 on eletrospun
ZnO nanofibers for the first time. The versatility of this synthesis strategy for other ZnO@ZIF
nanofibers was also demonstrated. The as-synthesized ZnO@ZIF-8 nanofibers exhibit enhanced
CO2 adsorption ability and unique adsorption preference as compared to pristine ZnO nanofibers.

4.1 Introduction
In the past several decades, metal organic frameworks (MOFs) have been attracting tremendous
attention for various applications, such as gas storage, separation and catalysis,4 due to their high
surface areas, tunable pore sizes and tailorable surface chemistry.95 In addition to pure MOFs,
profound attention has also been directed toward the incorporation of MOFs with metals/metal
oxides aiming to integrate the functionalities of both materials.96-97 These kinds of composites can
be produced with several different morphologies, such as films,98 hollow spheres99, nanowires100
and nanorods.101-102 On the other hand, the nanofiber structure is also of great interest, considering
its high aspect ratio and ability to avoid aggregation, which is important for many applications,
including gas adsorption and catalysis. However, only a few papers have reported the synthesis of
metal oxide@MOF composites in the form of nanofibers thus far (e.g., Al2O3@MIL-53-NH2 and
TiO2@UiO-66).103-108 The procedures for the fabrication of these metal oxide@MOF nanofibers
in the reported papers are similar.103-108 In brief, atomic layer deposition (ALD) was employed to
deposit metal oxide layers onto the polymer nanofibers. These metal oxide layers served as the
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template for the MOFs growth via the solvothermal method. However, the ALD deposition of
metal oxide layers involves complicated and multi-step processes, which may limit the further
exploration of this strategy.
In order to simplify the synthesis procedure and avoid the use of costly equipment (e.g.,
ALD), a new strategy was developed in this study for the facile synthesis of metal oxide@MOF
nanofibers. Briefly, an electrospinning technique was used to produce polymer nanofibers
containing zinc nitrate, which were then calcinated to obtain the zinc oxide (ZnO) nanofibers.
These nanofibers subsequently acted as a sacrificial metal source and template for ZIF (zeolitic
imidazolate framework) growth to form the ZnO@ZIF core-shell structure. To the best of our
knowledge, this is the first demonstration of the facile manufacturing of ZnO@ZIF core-shell
nanofibers by using this method. The core-shell nanofibers combine the functionalities of both
ZnO and ZIF. In particular, ZnO has been widely used in gas sensing and catalytic processes.109
Meanwhile, the ZIF shell, with an excellent gas capture ability, can supply more gas molecules to
the ZnO surface, which can help ZnO to achieve better performance.

4.2 Materials and Methods
Materials. PVP (MW: 1, 300, 000), Zn(NO3)2·6H2O were purchased from the Sigma-Aldrich
Chemicals company. N, N-dimethylformamaide (DMF) was obtained from VWR Corporation. 2methylimidazole and 4-methyl-5-imidazolecarboxaldehyde were purchased from Acros Organics.
All the chemicals were used without further treatment
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Fabrication of ZnO and ZnO@ZIF nanofiber. In a typical procedure, 3 g of PVP was dissolved
in 38 mL ethanol, and then mixed with 10 mL DI water containing 4 g of Zn(NO3)2·6H2O. The
mixture was subjected to magnetic stirring for ca. 1 hour to obtain a transparent solution.
Subsequently, the solution was loaded into a glass syringe equipped with a stainless steel needle
(Inner diameter: 250 μm), which was connected to high voltage supply. The feeding rate was
controlled by the syringe pump. The PVP-Zn(NO3)2 nanofibers were obtained by electrospinning
at a voltage of 15 kV, an electrospinning distance of 10 cm and a feeding rate of 1.0 mL/h. A piece
of alumina foil was used to collect the electrospun nanofibers. The temperature and humidity
during the electrospinning process were controlled at 25 °C and 30%, respectively. The as-spun
nanofibers were then subjected to calcination in a muffle furnace at 500 ºC (ramping rate: 2 ºC/min)
in air for 1 hour to remove the PVP and decompose Zn(NO3)2 to synthesize ZnO nanofibers. The
as-prepared ZnO nanofibers were placed in a glass bottle, in which 2-methylimidazole was
dissolved in DMF with a concentration of 0.08 mol/L. The molar ratio of ZnO nanfiber to the
ligands was controlled at 0.03. After the mixture was heated in the oven at 70 ºC for 3 h, the
nanofibers were taken out and immersed in methanol for 1 hour to remove the residuals. After that,
ZnO@ZIF-8 core-shell nanofibers were obtained. The same procedures were carried out for the
synthesis of ZnO@ZIF-93, except that 4-methyl-5-imidazolecarboxaldehyde was used as a ligand
instead of 2-methylimidazole.
Synthesis of pure ZIF-8 particles. The following procedure was slightly modified from a
previous report.110 A solution of 1.4622 g Zn(NO3)2·6H2O (4.92 mmol) in 100 mL methanol was
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rapidly added to a solution of 1.6248 g 2-methylimidazole (19.8 mmol) and 0.1676 g sodium
formate (2.46 mmol) in 100 mL methanol under stirring with a magnetic bar. The stirring was
turned off after one minute and the solution slowly turned turbid. After 24 hours, the ZIF-8 particles
were collected by centrifugation at 7000 rpm for 10 minutes, and then washed with fresh methanol
three times.
Sample Characterization. The morphology and diameter distribution of the nanofibers were
observed by SEM (Su-70, Hitachi) and TEM (Libra 120, Zeiss). The phase identification was
obtained using a PANalytical X’Pert Pro MPD X-ray diffractometer equipped with a Cu-Kα
radiation source (λ=1.5401 Å). Fourier Transform Infrared (FTIR) spectrometer (Nicolet iS50,
Thermos Scientific), which is equipped with an attenuated total reflectance (ATR) accessory, was
used to analyze the vibrational properties of the samples. The Micromeritics ASAP 2020 Plus
Physisorption system was used to determine the N2 physisorption isotherms and BET surface areas
of the samples.
In-situ DRIFTS Analysis (CO2 adsorption). This analysis was conducted in a DRIFTS chamber.
Firstly, the chamber loaded with nanofibers was purged with ultrapure helium gas (purity >
99.995 %, Praxair) with a flow rate of 30 mL/min at 150 °C for 30 min. Subsequently, the heater
was turned off to allow the temperature to cool down to room temperature and an IR background
spectrum was collected. Then, CO2 gas (10%, helium as balance gas, Praxair) was continuously
introduced to the chamber with a flow rate of 4 mL/min. Meanwhile, the IR spectra were collected
to record the CO2 adsorption as a function of time.
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4.3 Results and discussions
The synthesis procedures are illustrated in Figure 4.1A and detailed in the experimental
section. In brief, a mixture of PVP (polyvinylpyrrolidone)/Zn(NO3)2·6H2O/water/ethanol was
electrospun to obtain PVP/Zn(NO3)2 nanofibers. The as-prepared nanofibers were then calcined at
500 °C in air for 1 hour with a heating rate of 2 °C/min to remove PVP and obtain ZnO nanofibers.
Subsequently, the ZnO nanofibers were immersed in a solution containing 2-methylimidazole
(MIM, linker) and N, N-dimethylformamaide (DMF, solvent), heated at 70 °C for ZIF-8 growth.

Figure 4.1 (A) Schematic illustration of the synthesis procedures; SEM images of (B) electrospun
PVP/Zn(NO3)2 nanofibers, (D) ZnO nanofibers and (F) ZnO@ZIF-8 nanofibers; TEM images of
(C) electrospun PVP/Zn(NO3)2 nanofibers, (E) ZnO nanofibers and (G) ZnO@ZIF-8 nanofibers.

66

As shown in Figure 4.1B and 4.1C, the PVP/Zn(NO3)2 nanofibers exhibit smooth surface
and have a geometric mean diameter of 262 nm with narrow diameter distribution with a standard
deviation of around 1.2. After calcination, the PVP was removed and Zn(NO3)2 was converted into
ZnO as a result of thermal decomposition: 2Zn(NO3)2 → 2ZnO + 4NO2↑ + O2↑.111 The surfaces
of the ZnO nanofibers turned out to be relatively rough as revealed from the SEM (scanning
electron microscopy, Figure 4.1D) and TEM (transmission electron microscopy, Figure 4.1E)
images, where primary ZnO nanocrystals are clearly observed. The size and crystallinity of the
ZnO nanocrystals can be controlled by adjusting the calcination temperature and time.112
Compared with the PVP/Zn(NO3)2 nanofibers, the ZnO nanofibers have a smaller geometric mean
diameter (144 nm), owing to the removal of PVP and pyrolysis of Zn(NO3)2. After immersing the
ZnO nanofiber in a 2-methylimidazole ligand solution for 3 hours, ZIF-8 crystals were successfully
grown on the surfaces of ZnO nanofibers with rhombic dodecahedron morphology (Figure 4.1F
and 4.1G). The coating of the ZIF-8 shell increased the geometric mean diameter of the nanofiber
to 258 nm. The geometric mean diameter of the ZnO core was calculated to be 97 nm from the
TEM images. Based on the changes in diameters of ZnO nanofibers before and after the ZIF
growth, the molar ratio of the ZIF-8 shell to the ZnO core was calculated to be 1.2. This molar
ratio can be tuned by changing the growth conditions for ZIF-8, such as temperature, time, and
MIM concentration to achieve optimal performance as needed.
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After synthesis, the samples were subjected to detailed characterization. First, X-ray
diffraction (XRD) analysis (Figure 4.2A) confirms the crystal structures of ZnO and ZIF-8, in line
with those reported in literature.113-114 Specifically, the diffraction peaks at 31.8°, 34.5° and 36.7°
are associated with the (100), (002) and (101) planes of wurtzite hexagonal structure of ZnO
crystals (PDF 36-1451), respectively, which is the most thermodynamically stable crystal structure
of ZnO at room temperature.115 The diffraction peaks at 7.4°, 10.5° and 12.8° correspond to the
(011), (002) and (112) planes of ZIF-8 crystals, respectively.

Figure 4.2 Characterization of the samples: (A) XRD patterns, (B) FTIR, (C) Raman Spectra,
and (D) UV-vis spectra.
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The introduction of surface functional groups was revealed from Fourier transform infrared
(FT-IR) analysis. As shown in Figure 4.2B, no appreciable peak was observed on the ZnO
nanofibers, while intense IR peaks were found for ZnO@ZIF-8 nanofibers, which differ from the
MIM’s IR peaks but perfectly match with those belonging to pure ZIF-8 particles, demonstrating
the formation of ZIF-8 crystals on the ZnO nanofibers. Specifically, the observed IR peaks on
ZnO@ZIF-8 nanofibers originate from the vibrations of imidazole units, with bending and
stretching modes in the spectral region of 600-1350 cm-1 and 1350-1500 cm-1, respectively.116-117
Raman spectroscopy was utilized to understand the vibrational properties of ZnO and
ZnO@ZIF-8 nanofibers (Figure 4.2C). For ZnO nanofibers, the peak at 436 cm-1 is related to E2H
mode, and its strong intensity suggests the long-range crystalline order of ZnO.118 Peaks at 280,
high

333, 580 cm-1 correspond to B1

high

− B1low, E2

− E2low , and E1(LO) modes, respectively.119 All

of the peaks in the Raman spectra for ZnO nanofibers correspond to the various phonon modes of
wurtzite ZnO, consistent with the XRD data. The aforementioned information demonstrates that
the obtained ZnO nanofiber is stable and well crystallized. For ZnO@ZIF-8 nanofibers, four new
strong peaks appear at 175, 685, 1147, and 1460 cm-1, corresponding to Zn-N stretching,
imidazolium ring puckering, C5-N stretching, and C-H bending, respectively.120-121 Other small
peaks, excluding the ones belonged to ZnO (280, 436 and 580 cm-1), are all associated with the
vibrational properties of ZIF-8. The new bands once again confirm the successful growth of ZIF8 on the ZnO nanofibers.
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The UV-vis absorption spectra are displayed in Figure 4.2D, demonstrating the variation
in the light absorption properties between ZnO@ZIF-8 and ZnO nanofibers, which is attributed to
the larger band gap of the core-shell structure as compared that of the pristine ZnO nanofiber. This
result is consistent with the fact that ZIF-8 (~ 4.9 eV122) has a much larger band gap than that of
ZnO (~ 3.15 eV123).
Understanding the mechanism and key parameters (i.e., solvent species101 and MIM
concentration124) governing in-situ ZIF-8 formation on ZnO surface is of significant importance.
Initially, 2-methylimidazole acts as an etching reagent to dissolve ZnO and release Zn2+ ions,
which subsequently coordinate with the MIM ligands to form nuclei and then ZIF-8 crystals.101
The ZIF-8 crystals can be generated either in the solution as free particles or in situ on the ZnO
surface as a shell, determined by the rates of dissolution and coordination.101 Specifically, if the
dissolution rate is much faster than the coordination rate, the released but uncoordinated Zn2+ will
diffuse into the solution, thus forming free crystals.125 Several parameters can be adjusted in order
to control the dissolution rate, including the solvent species and concentration of MIM. As reported
by Zhan et al.,101 the solvent plays a significant role in determining the Zn2+ dissolution rate. As
compared to water, DMF has the capability to reduce the etching rate of the ligand and thus the
dissolution rate of Zn2+. To minimize the possibility of free crystals and assure the formation of a
well-defined ZnO@ZIF-8 core-shell structure, pure DMF was used in the current study. In addition
to solvent species, MIM concentration also affects the dissolution rate. In particular, high MIM
concentration causes rapid Zn2+ releasing rate and thus the formation of free ZIF-8 crystals, while
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low MIM concentration significantly decrease the reaction rate. In this study, an optimized MIM
concentration was chosen to ensure the absence of free ZIF-8 crystals while maintaining a
reasonable reaction rate.
The growth of ZIF-8 crystals on ZnO nanofibers was monitored with the evolution of
morphology (Figure 4.3) and crystallinity (Figure 4.4) as a function of reaction time. At the initial
stage of reaction (i.e., 1 hour), small amount of sphere-like particles appeared on the surface of
ZnO nanofibers (Figure 4.3A). These particles have a diameter of 74 nm and poor crystallinity
(Figure 4.4, black line). Prolonged reaction time (i.e. 2 hours and 3 hours) not only increased the
crystal size (106 nm after 2-hour reaction) and amount (Figure 4.3B and C), but also enhanced
the crystallinity (Figure 4.4, green and blue line) and shapes the particles into rhombic

Figure 4.3 Time-dependent morphology evolution ZIF-8 on ZnO nanofibers: (A) 1 h, (B) 2 h, (C)
3 h and (D) 6 h. Scale bar: 500 nm.
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Figure 4.4 Time-dependent crystallinity evolution of ZnO@ZIF-8 nanofibers.
dodecahedron (Figure 4.3B and C). As the growth proceeds to 6 hours, the ZIF-8 crystals started
to integrate and form a uniform shell (Figure 4.3D).
ZIF-8 has been widely used for CO2 capture.126 With the incorporation of ZIF-8, the CO2
uptake of the nanofibers is expected to be improved. Herein, the in situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) analysis was conducted in order to assess the CO2
adsorption capabilities of the core-shell nanofibers. As revealed in Figure 4.5A and Figure 4.5B,
the adsorbed CO2 gases show two characteristic peaks at 2340 and 2360 cm-1, associated with the
antisymmetric stretching modes of CO2 gas adsorbed on metal sites (Zn2+∙∙∙O=C=O)127 and on
functional groups (OH∙∙∙O=C=O),128 respectively. By comparing the spectra in Figure 4.5A and
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Figure 4.5 DRIFTS spectra of adsorbed CO2: (A) ZnO nanofiber and (B) ZnO@ZIF-8 nanofiber;
(C) CO2 adsorption kinetics; (D) Changes of the peak area ratio (Peak2340/Peak2360) as a function
of time; (E) Illustration of the preferential CO2 adsorption sites of ZnO@ZIF-8.
4.5B, higher peaks were observed in the case of ZnO@ZIF-8 nanofibers, intuitively indicating that
more CO2 gases were adsorbed on ZnO@ZIF-8 nanofibers than those on ZnO nanofibers. In
addition, the adsorption kinetics were also obtained by recording the IR peak areas as a function
of time. As shown in Figure 4.5C, ZnO@ZIF-8 core-shell nanofibers show a larger adsorption
capacity and faster adsorption rate compared with ZnO nanofibers. CO2 adsorption experiments
were also conducted on the surface of pure ZIF-8 particles. As shown in Figure 4.5C, pure ZIF-8
was found to have the best CO2 adsorption ability. The varying CO2 adsorption abilities mainly
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results from the differences in the surface areas. Specifically, pure ZIF-8 has the largest surface
area (1061 ± 17.7 m2/g), while ZnO nanofibers have the lowest surface area (20 ± 1.2 m2/g). With
the incorporation of ZIF-8 shell, the surface area of ZnO@ZIF-8 nanofibers is improved to 253 ±
4.2 m2/g, but still lower than that of pure ZIF-8, due to the large portion of ZnO in the composite
nanofibers. It should be noted that it is desirable to keep ZnO as the core so that its functionalities
(e.g., gas sensing and catalytic ability) can be maintained. The ZIF-8 shell is mainly used to capture
CO2 or other gases and supply more gas molecules to the ZnO core for better performance.
Table 4.1 Adsorption kinetic constants and error calculated from the fitting of Avrami model.

qt and qe (IR peak area/g) are the adsorbed amount at given time (t, min) and equilibrium,
respectively; kA (min-1) is the Avrami kinetic constant; nA is the Avrami exponent.
The kinetics of CO2 adsorption on the nanofibers were further simulated by using the least
square method with three different models, including pseudo-first order, pseudo-second order and
the Avrami model. To compare the divergence between the experimental and fitting data, an error
function was used as shown below,129

Error (%) = √

∑(

𝑞𝑡(𝑒𝑥𝑝) −𝑞𝑡(𝑚𝑜𝑑)
)2
𝑞𝑡(𝑒𝑥𝑝)

𝑁−1

74

× 100

(4.1)

where, 𝑞𝑡(𝑒𝑥𝑝) and 𝑞𝑡(𝑚𝑜𝑑) are the experimental and modelling adsorbed CO2 amount (IR
peak area/g) at a given time, t (min); 𝑁 is the number of the data points.
The results show that, the Avrami model provides the best fit to the adsorption data with
the least error values (< 3%). The best fit of the Avrami model to the adsorption data reflects the
complexity of CO2 adsorption on the nanofibers.130-131 In addition, a larger Avrami exponent (nA)
was achieved when the ZnO@ZIF-8 core-shell nanofibers were used as the adsorbents, indicating
that CO2 adsorption on the core-shell nanofibers were more contact time dependent.132
In addition to the large surface area of ZIF-8, facilitated interaction of CO2 with the metal
sites in ZIF-8 also contributed to the enhanced CO2 adsorption on the ZnO@ZIF-8 core-shell
nanofibers, which can be evaluated by monitoring the area ratios of Peak2340 to Peak2360. As shown
in Figure 4.5D, a higher Peak2340/Peak2360 ratio was observed in the case ZnO@ZIF-8 nanofibers,
indicating that a larger fraction of CO2 molecules was adsorbed on metal sites in the presence of
ZIF-8, the schematic illustration of which was displayed in Figure 4.5E. This preferential
interaction of CO2 with the surface metal sites is caused by the existence of low-coordinated zinc
ions at the external surface of ZIF-8. According to the studies of Chizallet and co-workers,133-134
due to the crystal cleaving (i.e., linker loss), ZIF-8’s external surface is dominated by lowcoordinated Zn sites, which act as potential Lewis acid sites and thus facilitate the adsorption of
CO2 molecules. Besides, the interaction of CO2 with Zn sites could cause greater distortion of CO2
bond angle and lead to CO2 bond activation,135 which is of great importance for CO2 photoconversion process.64, 136
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4.4 Conclusions
A novel strategy was developed to synthesize the ZnO@ZIF core-shell nanofibers. The
growth mechanism of ZIF-8 on ZnO nanofibers was explored by monitoring the morphology and
crystallinity evolution as a function of reaction time. This core-shell structure has a high CO2
adsorption ability, mainly due to the large surface area of ZIF-8 and the unique interaction of CO2
with the metal sites, and shows great potential for future applications, such as CO2 photoreduction
into hydrocarbon fuels.
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Chapter 5. Rapid Formation of Metal–Organic Frameworks
(MOFs) Based Nanocomposites in Microdroplets and Their
Applications for CO2 Photoreduction

Reprinted with permission from (ACS Applied Materials & Interfaces, 9(11): 96889698 (2017)). Copyright (2017) American Chemical Society.
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Abstract
A copper-based metal–organic framework (MOF), [Cu3(TMA)2(H2O)3]n (also known as
HKUST-1, where TMA stands for trimesic acid), and its TiO2 nanocomposites were directly
synthesized in micrometer-sized droplets via a rapid aerosol route for the first time. The effects of
synthesis temperature and precursor component ratio on the physicochemical properties of the
materials were systematically investigated. Theoretical calculations on the mass and heat transfer
within the microdroplets revealed that the fast solvent evaporation and high heat transfer rates are
the major driving forces. The fast droplet shrinkage because of evaporation induces the drastic
increase in the supersaturation ratio of the precursor, and subsequently promotes the rapid
nucleation and crystal growth of the materials. The HKUST-1-based nanomaterials synthesized
via the aerosol route demonstrated good crystallinity, large surface area, and great photostability,
comparable with those fabricated by wet-chemistry methods. With TiO2 embedded in the HKUST1 matrix, the surface area of the composite is largely maintained, which enables significant
improvement in the CO2 photoreduction efficiency, as compared with pristine TiO2. In situ diffuse
reflectance infrared Fourier transform spectroscopy analysis suggests that the performance
enhancement was due to the stable and high-capacity reactant adsorption by HKUST-1. The
current work shows great promise in the aerosol route’s capability to address the mass and heat
transfer issues of MOFs formation at the microscale level, and ability to synthesize a series of
MOFs-based nanomaterials in a rapid and scalable manner for energy and environmental
applications.
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5.1 Introduction
The growing concerns about global warming, caused by the continuous increase of
atmospheric carbon dioxide (CO2) concentrations, have driven considerable research interests in
CO2 capture and conversion.137-138 Among various technologies, CO2 photoreduction appears to
be a promising approach, which not only addresses global warming issues by decreasing CO 2
levels, but also converts CO2 into valuable chemicals.139-145 In particular, the development of
efficient photocatalysts for CO2 photoreduction has been an active field of research.
During the past few decades, a myriad of semiconductors have been employed for CO2
photoreduction, such as titanium dioxide (TiO2), zinc oxide (ZnO), and cadmium sulfide (CdS).145
However, the CO2 photoreduction efficiencies of these semiconductor-based photocatalysts
remain unsatisfactory. One of the crucial reasons is that CO2 molecules usually have a low affinity
for the semiconductor surface and thereby resulting in low CO2 supply during the photoreduction
process.146 Progress has been achieved in enhancing the CO2 capture efficiencies by incorporating
inorganic porous media (e.g., zeolites and silica145) and layered double hydroxides.147
On the other hand, metal organic frameworks (MOFs), a type of emerging porous polymer
materials, have attracted extensive attention in the past few decades due to their extremely large
surface areas, tunable nanoscale cavities, ultralow densities, and high chemical tailorability.95 In
particular, MOFs have been widely conceived as excellent candidates for CO2 capture, separation,
and storage.148 The development of MOFs-based photocatalysts, such as light-harvesting MOFs149
for simultaneous CO2 capture and photoreduction, however, is still in its infancy.145 Several MOFs
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have been synthesized for CO2 photoreduction, such as UiOs,150 MILs,151 and porphyrin-MOFs.146,
152

However, these pristine MOFs generally exhibited lower CO2 photoreduction efficiencies than

their semiconductor counterparts.
The integration of semiconductors and MOFs could be a rational strategy to improve the
CO2 photoreduction efficiency, as the hybrid system combines the advantages of the high
adsorption capacity of MOFs with the high stability, low cost, and good photocatalytic ability of
semiconductors.153-155 For instance, Liu et al. synthesized zeolitic imidazolate framework (ZIF)semiconductor composites by growing ZIF-8 crystals on Zn2GeO4 nanorods via a hydrothermal
method, the CO2 photoreduction efficiency of which was 62% higher than that of bare Zn2GeO4
due to the enhancement in CO2 adsorption capacity.153 Wang et al. demonstrated the promotional
effect of cobalt-containing ZIF (Co-ZIF-9) on the electron transfer when the CdS is used as the cocatalyst, leading to a high apparent quantum yield and CO2 photoreduction efficiency.154 Li et al.
recently reported a MOF@TiO2 core-shell structure, where the MOF not only enhanced the CO2
capture efficiency, but also facilitated the charge separation in TiO2.155
The aforementioned pioneering studies have demonstrated the significant potentials for
CO2 photoreduction efficiency improvement by the integration of MOFs and semiconductors.
However, the rational design and synthesis of MOFs-semiconductor composites still need to be
further explored. For example, coating of semiconductors on MOFs surfaces may be undesirable
since the semiconductor may limit the gas adsorption capability of the MOFs by blocking the gas
adsorption sites and transport channels. In order to maximize the usage of MOFs’ high surface
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area, tunable porosity, and rich surface functionality, embedding semiconductors within the MOFs
porous matrix may be preferred toward better CO2 photoreduction efficiencies. It is also worth
noting that all the above MOFs and MOFs-semiconductor composites were synthesized by
conventional bulk solution or wet-chemistry methods,4 where multi-step procedures and long
reaction time (hours to days) are usually required. Furthermore, homogenous growth of MOFs
crystals and smooth integration of semiconductors and MOFs in bulk solution processes still face
challenges of slow nucleation and crystal growth, non-uniform heating, and inhomogeneous
mixing.4 In this sense, synthesis of MOFs-based nanocomposites inside micrometer-sized droplets
(microdroplets, hereafter) via gas phase routes, such as aerosol methods,156 may be a promising
approach to address the heat and mass transfer issues in the microscale.
Herein, we report a strategy for the direct synthesis of a copper-containing MOF,
[Cu3(TMA)2(H2O)3]n (known as HKUST-1,157 where TMA stands for trimesic acid), and HKUST1/TiO2 nanocomposites in microdroplets via a single-step aerosol route in a rapid manner, i.e.,
within several seconds (Scheme 5.1). The aerosol routes have been widely recognized as being
capable of producing a variety of functional materials with controlled sizes, morphologies, and
functionality in a continuous and scalable manner.158-159 HKUST-1 was employed due to its porous
structure, which offers a highly accessible porosity (~ 40.7%) and a high surface area (over 600
m2/g).157 In addition, the hydrophilicity of HKUST-1 guarantees simultaneous adsorption of water
(H2O), which is a key co-reactant in many CO2 photoreduction processes.145 With TiO2 embedded
within the HKUST-1 matrix, its surface area was largely maintained and a higher CO2
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photoreduction efficiency was achieved. Detailed materials characterization, systematic tuning of
process and precursor parameters, and numerical simulations on the mass and heat transfer within
the microdroplets disclosed the formation mechanism of HKUST-1 and HKUST-1/TiO2 in the
aerosol route. Possible reaction pathways were also proposed to describe the enhancement of the
CO2 photoreduction efficiency based on the in-situ analysis of reactants adsorption, intermediates
formation and consumption, and overall CO2 photoreduction performance. We expect that the
aerosol route will enable us to fabricate a wide range of MOFs-semiconductor nanocomposites in
a rapid, scalable, and pre- and post-treatment avoided manner, which can find a variety of energy
and environmental applications.

5.2 Materials and Methods
Precursor Solution Preparation. The HKUST-1 precursor solution was prepared by dissolving
copper nitrate trihydrate (Cu(NO3)2·3H2O, 98%, Sigma-Aldrich) and trimesic acid (98% SigmaAldrich, hereafter TMA) in dimethylformamide (hereafter DMF). The TMA amount was fixed,
while the copper nitrate amount was varied with the molar ratio of Cu2+/TMA ranging from 0.33
to 3.5. All precursor solutions were prepared at room temperature and stable for at least 5 hours.
The precursor of the nanocomposites was prepared by adding TiO2 nanocolloids (AERODISP®
W740X, Evonik Industries) into the HKUST-1 precursor solution with the molar ratio of HKUST1/TiO2 varying from 0.67 to 33.3, based on which the composites were indicated as 0.67 HKUST1/TiO2, 1.11 HKUST-1/TiO2, 3.33 HKUST-1/TiO2, and 33.3 HKUST-1/TiO2, respectively.
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Materials Synthesis. HKUST-1 and HKUST-1/TiO2 composites were synthesized by using an
aerosol method, as schematically shown in Figure 5.1A. The process consisted of a carrier gas
feeding system, a Collison nebulizer, an electric furnace, an activated carbon (AC) dryer and a
microfiber filter. The precursor solution was atomized by the nebulizer into microdroplets (𝑅𝑑 = ~
1 μm160), and carried by the carrier gas (𝑄 = 4.5 L/min) through the furnace at a predetermined
temperature (e.g., 100 to 500 °C), where the microdroplets underwent solvent evaporation,
nucleation, evaporation-driven self-assembly of HKUST-1(/TiO2 composites) and further drying
to form final particles (Figure 5.1B). The residence time of the process was calculated to be 3.8 s

Figure 5.1 Schematic illustration of (A) the furnace aerosol reactor, (B) proposed HKUST-1 and
HKUST-1/TiO2 formation steps inside a microdroplet, and (C) photoreduction measurements.
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at 300 °C. The residual solvent/linkers were extracted from the particles by the AC dryer. Finally,
the synthesized particles were collected by the microfiber filter.
Materials Characterization. The X-ray diffraction (XRD) patterns of the synthesized samples
were obtained from a PANalytical X’Pert Pro MPD X-ray diffractometer using Cu-Kα radiation
and the primary crystal sizes were calculated by the Scherrer equation.161 The characterization of
surface chemistry was carried out by using a Fourier transform infrared (FT-IR) spectrometer
(Nicolet iS50, Thermo Scientific) equipped with an attenuated total reflectance (ATR) accessory.
A transmission electron microscope (TEM, JEM 1230, JEOL) was used to determine the inner
structures of the samples. The morphology and size of the samples were analyzed with a Hitachi
Su-70 field emission scanning electron microscope (FE-SEM). The porous structures of the
samples were analyzed by a gas sorption analyzer (Autosorb iQ, Quantachrome Instruments),
where the surface area was obtained by using the Brunauer-Emmett-Teller (BET) method and the
pore volume and width were calculated based on the density functional theory. The static contact
angles were measured by an OCA 15 goniometer (DataPhysics Instruments).
CO2 Photoreduction Analysis. The system is illustrated in Figure 5.1C, consisting of a homemade flow photoreactor, a 450W Xe lamp (Newport) with an AM 1.5G filter, a gas chromatograph
(GC, 7890B, Agilent), and a diffuse reflectance infrared Fourier transform spectrometer (DRIFTS).
(1) GC measurements. The procedures were detailed previously.162-163 In brief, the compressed
CO2 gas (purity ≥ 99.99 %, Airgas) was introduced into a water bubbler to generate a mixture of
CO2/H2O vapor, which then passed through the photoreactor under irradiation by the lamp. The
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concentrations of effluent gases were recorded by the GC equipped with a CarboPLOT P7 (25 m
× 0.53 mm × 25 μm) column and a thermal conductivity detector (TCD). Before each
photoreduction test, the photoreactor loaded with the catalysts was purged with the CO2/H2O vapor
mixture at a flow rate of 30 mL/min for 30 min, and 4 mL/min afterwards. (2) In-Situ DRIFTS
analysis. The analysis (Figure 5.1C) was carried out using the FT-IR spectrometer equipped with
a Praying MantisTM diffuse reflection accessory and a reaction chamber (Harrick Scientific). The
chamber has two ZnSe windows for IR transmission and one quartz window for irradiation. All
DRIFTS tests were performed at 25 °C using a liquid nitrogen cooled HgCdTe (MCT) detector in
the range of 720 to 4000 cm-1. Before each DRIFTS test, the reaction chamber loaded with the
catalyst was heated at 150 °C and purged with helium (He) gas (purity > 99.995 %, Praxair) at 30
mL/min for 60 min to remove any adsorbed impurities, and then cooled down to 25 °C. After that,
a spectrum background was collected. Subsequently, 10% CO2/He gas mixture (purity > 99.999%,
Praxair) or H2O vapor was fed into the chamber at 4 mL/min for 60 min, during which adsorption
spectra were recorded as a function of time. The obtained IR spectra were used to determine CO2
and H2O adsorption kinetics, and the generation/consumption of intermediates during CO2
photoreduction.
Detection of Hydroxyl Radicals (𝑶𝑯∙ ). The experimental procedures were analogous to the CO2
photoreduction except that the catalysts were mixed with terephthalic acid (TA) (mass ratio = 1:5).
TA reacts with photogenerated 𝑂𝐻 ∙ to form 2-hydroxyterephthalic acid (TAOH), which is a perfect
probe molecule of 𝑂𝐻 ∙ and has a characteristic fluorescent peak at ca. 425 nm when excited at 315
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nm.164 All catalysts were kept at the same weight. After illumination, they were dispersed in
deionized water, and underwent mixing and centrifuging to obtain a suspension for fluorescence
measurements (QuantaMasterTM 400, Photon Technology International).

Figure 5.2 SEM images of (A) as-synthesized HKUST-1 and (B) 0.67 HKUST-1/TiO2 at 300
°C; TEM images of (C) as-synthesized HKUST-1 and (D) 33.3 HKUST-1/TiO2 at 300 °C. (A,
inset) and (B, inset) are the images of precursor solutions of HKUST-1 and 0.67 HKUST-1/TiO2,
respectively. (C, inset) is the image of the contact angle measurement of HKUST-1 surface.
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5.3 Results and Discussions
Morphology and Structure Characterization. Two representative samples, i.e., HKUST-1 and
HKUST-1/TiO2 composites, were chosen. HKUST-1 was synthesized at 300 °C from a transparent
DMF solution containing Cu(NO3)2 and TMA (see inset in Figure 5.2A). The as-prepared
HKUST-1 particles are spherical in shape (Figure 5.2A), and have a geometric mean diameter of
94.91 nm with a standard deviation of 1.49, indicating a relatively narrow size distribution. The
HKUST-1 particles exhibit highly porous structure as verified by the TEM image in Figure 5.2C.
Its surface is superhydrophilic with a static contact angle of 0° (Figure 5.2C, inset), which is highly
favorable for water adsorption during CO2 photoreduction. The HKUST-1/TiO2 composite was
obtained by spraying the suspension containing TiO2 nanocolloids and HKUST-1 precursor
(Figure 5.2B, inset). The composite shows an analogous morphology (Figure 5.2B) to that of
pristine HKUST-1. In addition, the surface chemistry of the HKUST-1/TiO2 composites is almost
identical to that of pristine HKUST-1. These phenomena are attributed to the homogenous
distribution of the precursor components within the microdroplets due to well-mixing in the
microscale during liquid atomization.158 As shown in the TEM image in Figure 5.2D, all the TiO2
nanocolloids were well encapsulated within the HKUST-1 matrix with the outer surface terminated
by HKUST-1, which explains the similar morphologies and FT-IR results between HKUST-1 and
HKUST-1/TiO2 composites.
Crystallinity, Surface Chemistry and Pore Structure Characterization. To verify the
formation of HKUST-1, the crystallinity should be identified first. As shown in Figure 5.3A,
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crystallized HKUST-1 was obtained at a temperature as low as 100 °C, demonstrating the
feasibility of rapid formation of HKUST-1 by the aerosol route. All XRD peaks of the sample are
coincident well with the simulated pattern of HKUST-1.165 The crystallinity of the HKUST-1
samples is maintained at synthesis temperature up to 300 °C, indicating their relatively high
thermal stability. Amorphous samples were obtained at 400 °C and higher, which can be ascribed
to the disintegration of metal-organic frameworks owing to thermal instability. This is intuitively
seen from the changes in sample colors (Figure 5.3A, inset): light to dark blue is observed for
samples prepared at 100 to 300 °C; while black is present at higher temperatures, indicating the
decomposition of organic ligands into amorphous carbon.166
Quantitative analysis of the XRD patterns shows that the increased temperature led to a
decrease in the crystal size from 44.6 nm at 100 °C to 26 nm at 300 °C (Table 5.1). This is because
the nucleation is favored over crystal growth at high temperatures.167 Specifically, high
temperatures increase the population of supersaturated region and thus leads to increased number
of seed nuclei of HKUST-1, resulting in decreased crystal sizes.168 Moreover, the HKUST-1
particles also exhibit varying hydration degree with synthesis temperature, as indicated by the
deviations in 𝐼200 /𝐼220 ratios.169 The smaller hydration degree indicates that more copper
coordination sites are accessible for other molecules,169 such as CO2. The least hydration degree
was obtained at 300 °C, resulting from the competition between hydration and dehydration at
elevated temperatures (see Table 5.1).
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Figure 5.3 (A) XRD patterns and (B) FT-IR spectra of the HKUST-1 samples synthesized at
different temperatures; (C) gas sorption isotherms, pore size and surface area of HKUST-1; XRD
patterns of (D) HKUST-1 synthesized with various Cu2+/TMA ratios and (E) HKUST-1/TiO2
composites with different HKUST-1/TiO2 molar ratios. The synthesis temperature was kept at 300
°C in panels C−E.
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Table 5.1 Quantified crystal sizes* and peak ratios from XRD measurements
Cu:TMA

T (°C)

Crystal size (nm) 𝐼200 /𝐼220 (-)

0.33:1

300

39

0.975

0.5:1

300

31.2

1.009

1.5:1

300

26

1.586

1.5:1

200

39

0.898

1.5:1

100

44.6

1.255

* Crystal sizes were calculated by the Scherrer equation.

In addition to the crystallinity, the surface chemistry of the HKUST-1 particles were also
analyzed by FT-IR. As seen from Figure 5.3B, the spectra of HKUST-1 synthesized at low
temperatures (100 - 300 °C) showed a close resemblance to that of free TMA. The major band at
1715 cm-1 in the free TMA spectrum is assigned to acidic COOH stretching vibration. After
coordination with Cu2+, this peak shifts to 1645 cm-1 as a result of deprotonation of COOH
group.170 In addition, the absorption band around 1280 cm-1 originates from the C-OH group,
which virtually disappeared after the complexation with Cu2+, inferring the sufficient
deprotonation of C-OH after crystallization.171 These adsorption bands were gradually weakened
when the temperature reaches 400 °C and higher, which is attributed to the collapse of the
framework structure. The FT-IR results are in a good agreement with the XRD data in Figure 5.3A.
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The above results demonstrate the significant role of temperature in the synthesis of
HKUST-1 via the aerosol route. In the subsequent experiments, 300 °C was used since the least
hydration degree can be achieved at this temperature. To further analyze the surface area and
porous structure, the representative 300 °C sample was analyzed by gas sorption. Figure 5.3C
exhibits typical Type I adsorption/desorption hysteresis, indicating the microporous nature of
HKUST-1. The mean pore width of the sample is 10.22 Å and the BET surface area is as high as
1140 ± 3.4 m2/g, comparable with those prepared by wet-chemistry methods.157, 172 By adding TiO2
into HKUST-1, the pore width was kept at the same and the surface area was largely maintained
(i.e., 773 ± 2.5 m2/g for 1.11 HKUST-1/TiO2). The surface area of HKUST-1 component in 1.11
HKUST-1/TiO2 was calculated to be 865 m2/g by neglecting the contributions from TiO2 given its
much smaller surface area. The decrease in the surface area of HKUST-1 component might be
attributed to the pore blocking caused by its internal interaction with TiO2.
In addition, the effect of Cu2+/TMA ratio on the crystallinity of HKUST-1 particles was
also explored. As shown in Figure 5.3D, when the ratio was increased from 0.33:1 to 1.5:1, the
crystallinity of HKUST-1 was enhanced while the crystal size decreased from 39 nm to 26 nm
(Table 5.1). The decreased crystal size is related to the promoted deprotonation of TMA driven by
the coordination with Cu2+. With a higher Cu2+/TMA ratio, more deprotonated TMA is available,
resulting in accelerated nucleation and crystallization rates, thereby decreasing the crystal size. 171
The enhanced deprotonation of TMA also decreased the hydration degree (see Table 5.1 for
details), due to decreased availability of residual coordination sites of Cu2+ for water molecules.169
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When the Cu2+/TMA ratio was further increased, the crystallinity deteriorated as a result of the
insufficient amount of TMA. In addition to pristine HKUST-1, the XRD patterns of several
HKUST-1/TiO2 composites were also taken as shown in Figure 5.3E, where all the diffraction
peaks can be indexed to HKUST-1 and TiO2, indicating that the crystallinity of HKUST-1 is not
affected by the incorporation of TiO2 nanoparticles. This is reasonable, because the TiO2 crystals
are very stable in the reaction system and have no participation in nor interference to the HKUST1 synthesis process. This explanation also applies to the minimal effect of TiO2 on the hydration
degree. Moreover, with decreased molar ratio of HKUST-1 to TiO2, the XRD data (Figure 5.3E)
shows increased intensity ratio of the peak at 25.3 ° (TiO2 (101) plane) to that at 11.7 ° (HKUST1 (222) plane), indicating increased amount of TiO2 in the HKUST-1 matrix.
Finally, to further confirm the quality of HKUST-1 synthesized directly by the aerosol route,
FT-IR was used to compare its surface chemistry to that of the sample subjected to two sequential
post-treatments (i.e., washing and drying). These post-treatment steps are commonly used in wetchemistry methods to remove residuals (also known as MOFs activation).173 The results show that,
the as-prepared HKUST-1 via the aerosol route exhibits almost identical FT-IR spectrum as that of
the post-treated sample, indicating the aerosol process may be used to directly synthesize highlyquality HKUST-1 in a rapid and continuous manner without any post-treatments.
Possible HKUST-1 Formation Mechanism in Microdroplets. It is worth mentioning that the
HKUST-1 single crystals are generally octahedral when synthesized by wet-chemistry methods.155,
157, 166

The unique spherical HKUST-1 particles synthesized in this work is attributed to the typical
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particle formation mechanism in the aerosol process, i.e., one droplet to one particle (ODOP)
conversion.158 Specifically, the microdroplet serves as a microreactor, where solvent evaporation,
nucleation, particle growth, and crystallization occur, meanwhile assembling individual HKUST1 primary crystals to form a spherical particle (Figure 5.1B). At 300 °C with 4.5 L/min carrier gas
flow, the whole process completes within 4 s, which is much faster than wet-chemistry methods
where longer reaction times (e.g., hours to days) are required.4 The rapid formation of HKUST-1
in the aerosol route is driven by fast solvent evaporation and heat transfer rates within the
microdroplets, which cause the decrease in droplet size, the increase of the supersaturation ratio
(𝑆) of precursor, and finally the promotion of nucleation and crystal growth.
Theoretically, the change in droplet radius (𝑅𝑑 ) with time (𝑡) due to the solvent evaporation
(i.e., mass transfer) within a microdroplet in the continuum regime is governed by the following
equation based on the mass conservation law:174-175
𝑑𝑅𝑑
𝑑𝑡

=

𝐷𝑣 ∙𝑚
𝑅𝑑 ·𝜌

(𝑛∞ − 𝑛𝑠 )

(5.1)

where 𝐷𝑣 is the diffusion coefficient of DMF vapor in air at atmospheric pressure (𝐷𝑣 ∝
𝑇 1.75),176 𝑚 is the mass of DMF molecule,  is the density of DMF, and 𝑛𝑠 and 𝑛∞ are the number
densities of DMF molecules at the droplet surface and infinite region, respectively.
Taking a DMF droplet with an initial radius (𝑅𝑑0 ) of 1 μm as an example, as shown in
Figure 5.4A, the droplet radius generally decreases with time due to evaporation. Faster droplet
shrinkage is observed at higher furnace temperatures since higher evaporation rates are expected
based on Eq. 5.1. For instance, when heating at 300 °C, it takes merely 0.03 ms to reduce the
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radius to its half (i.e., 0.5 μm); while at 100 °C, only 3.4% decrease in radius (i.e., 0.966 μm) is
observed over the same time period. In addition to the temperature, the droplet size also plays an
important role. As from Figure 5.4B, microdroplets (𝑅𝑑 ≤ 5 𝜇𝑚) have much shorter evaporation
times (typically within ms) as compared to the larger. The fast decrease in droplet size leads to an
increased precursor concentration in the droplet and subsequently an enhancement in its
supersaturation ratio. For instance, for 𝑅𝑑0 = 1 𝜇𝑚 at 300 °C, the supersaturation ratio of the
precursor at 0.038 ms is 156 times that of its initial state at 25 °C. The drastically enhanced
supersaturation ratio subsequently promotes nucleation and crystal growth, which aligns well with
the XRD data (Figure 5.3A), which shows that smaller crystal sizes were obtained at higher
temperatures due to increased number of seed nuclei.168
In addition to the size change, the temperature variation within the microdroplets due to
evaporation was also quantified to better understand the heat transfer in the microscale:175
𝑑𝑇𝑑
𝑑𝑡

=𝑐

3

𝑝 𝑅𝑑

[𝐻𝑣𝑎𝑝

𝑑𝑅𝑑
𝑑𝑡

𝑘

+ 𝜌𝑅𝑎 (𝑇𝑓 − 𝑇𝑑 )]
𝑑

(5.2)

where 𝑐𝑝 is the specific heat capacity of DMF, 𝐻𝑣𝑎𝑝 is the specific latent heat of
vaporization of DMF, 𝑘𝑎 is the heat conductivity of air, and 𝑇𝑓 is the furnace temperature. The time
to reach the thermal equilibrium within the microdroplets depends on the furnace temperature
(Figure 5.4C) and droplet size (Figure 5.4D). For the microdroplets ( 𝑅𝑑 ≤ 5 𝜇𝑚 ) being
considered in this work, 𝑇𝑑 can reach the thermal equilibrium within extremely short time (i.e.,
milliseconds). Faster thermal equilibrium can be achieved in smaller droplets and at higher furnace
temperatures. The fast heat transfer rate is desirable for the homogeneous synthesis of MOFs
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crystals, but can hardly be achieved in the bulk solutions. It should be noted that there are certain
discrepancies between equilibrium droplet temperature and the furnace temperature, which are due
to the evaporative cooling effect of the microdroplets.177

Figure 5.4 Changes of droplet radius: (A) and (B), and droplet temperature: (C) and (D).
Conditions for (A) and (C): 𝑅𝑑0 = 1 μm, 𝑇𝑓 = 100, 200, and 300 °C; for (B) and (D): 𝑇𝑓 = 300
°C, 𝑅𝑑0 = 1, 2 and 5 μm. All calculations were performed in the continuum regime (𝐾𝑛 ≪ 1).
The initial droplet temperature (𝑇𝑑0 ) was fixed at 25 °C, and the temperature is assumed to be
uniform within the microdroplets.

95

Similar particle formation pathways are expected for HKUST-1/TiO2 nanocomposites,
where the uniform distribution of TiO2 nanocolloids inside the HKUST-1 matrix was achieved via
evaporation-induced self-assembly.158 These TiO2 nanocolloids did not interfere the crystallinity
nor the surface chemistry of HKUST-1 (see Figures 5.2B and 5.2D).
Performance Evaluation for CO2 Photoreduction. The as-synthesized HKUST-1-based
photocatalysts were then subjected to CO2 photoreduction analysis. Prior to the analysis, a series
of control experiments were performed to address concerns about HKUST-1 regarding
photostability, possibility of carbon contamination, photodegradation caused by TiO2 and its
specific role in CO2 photoreduction. The as-prepared HKUST-1 was found to be stable in terms of
both surface chemistry and crystallinity even under intense light illumination for at least 7 hours.
In addition, the HKUST-1 synthesized at 300 °C does not contain nor introduce any carbon
contamination during illumination, as shown in Figure 5.5A where only trace amount of
background air was observed. Similar results were obtained with the 1.11 HKUST-1/TiO2
composite (Figure 5.5B), indicating no observable photodegradation of HKUST-1 in the presence
of TiO2. Pristine HKUST-1 is also not an active photocatalyst for CO2 photoreduction as no
discernible product peaks (e.g., CO, H2, or CH4) were identified when pristine HKUST-1 was
illuminated under CO2 atmosphere with water vapor (Figure 5.5C), which might be attributed to
that the unique conjugated structure of HKUST-1 is not favorable for charge separation.155 When
1.11 HKUST-1/TiO2 composite was used as the catalyst, an appreciable CO peak was observed in
the GC chromatogram (Figure 5.5D).
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Figure 5.5 GC chromatograms obtained in a typical cycle under different experimental conditions:
(A) and (B) were obtained with pure HKUST-1 and 1.11 HKUST-1/TiO2 composite, respectively,
under illumination at helium atmosphere with moisture; (C) and (D) were obtained with pure
HKUST-1 and 1.11 HKUST-1/TiO2 composite, respectively, under illumination at CO2
atmosphere with moisture. Both particles were synthesized at 300 °C.

Detailed CO2 photoreduction analysis of TiO2 and HKUST-1/TiO2 composites was
conducted and the results are shown in Figure 5.6, where the pure TiO2 can only generate a peak
CO yield of 11.48 µmol/(g-TiO2·h) after being irradiated for 2.53 h. With the incorporation of
HKUST-1, both the photoreaction rate and the CO yield were promoted. This promotion is

97

amplified with increased amount of HKUST-1 in the composite. Specifically, with the ratio of
HKUST-1/TiO2 increasing from 0 to 3.33, the peak time decreased from 2.53 h to 0.78 h and the
CO yield increased from 11.48 to 256.35 µmol/(g-TiO2·h), demonstrating more than 20-fold
enhancement in CO2 photoreduction efficiency. The enhancement is superior compared with the
composite of TiO2 and inorganic porous media (e.g., silica), where the photocatalytic efficiency
was only increased by 1.14178 or 2.80179 times. The improved photoreduction performance of the
HKUST-1/TiO2 nanocomposites could be attributed to the enhanced reactants adsorption on the
catalyst, which was verified by the subsequent in-situ DRIFTS analysis.

Figure 5.6 CO2 photoreduction analysis of TiO2 and HKUST-1/TiO2 composites.
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CO2 and H2O Adsorption Analysis. The adsorption abilities of CO2 and H2O on HKUST-1 are
8.8 and 13.1 times higher than those on TiO2, respectively, as shown by the DRIFTS results in
Figures 5.7A and D. The adsorption kinetics fit well with Avrami’s kinetic model,180 a powerful
tool to simulate complex gas adsorption on porous materials:
𝐶𝑡 = 𝐶𝑒 [1 − exp(−(𝑘𝑡)𝑛 )]

(5.3)

where, 𝐶𝑡 and 𝐶𝑒 are the normalized concentration of adsorbed molecules at a given time
(𝑡 ) and at equilibrium, respectively; 𝑘 is the kinetic constant (s-1); 𝑛 is the fractional order. As
shown in Figures 5.7A and D, all the adsorption results agree well with the model with a minimal
𝑅 2 value of 0.9882. The excellent fit of the experimental data with the Avrami’s kinetic model
indicates the existence of multiple adsorption pathways,180 which is confirmed by the multiple
adsorption peaks in the DRIFTS spectra (Figures 5.7B, C, E and F).
For example, gaseous CO2 can be adsorbed on the catalyst surface via the interactions with
the metal sites and/or functional groups. In Figures 5.7B and C, two major CO2 absorption peaks
were observed at 2360 cm-1 and ~2340 cm-1, which can be assigned to the antisymmetric stretching
mode of CO2 gases adsorbed on hydroxyl groups forming weakly bonded OH∙∙∙O=C=O adducts181
and those adsorbed on the metal sites forming Ti2+(/Cu2+)∙∙∙O=C=O adducts,127 respectively.
Moreover, the 2340 cm-1 peak is slightly red shifted on HKUST-1 as compared to that at 2342 cm1

on TiO2, suggesting that Cu ions have stronger interaction with CO2 as compared to Ti ions.182

The stable CO2 adsorption on HKUST-1 is helpful for the enhancement in CO2 photoreduction
performance.
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Figure 5.7 CO2 and H2O adsorption spectra and kinetics. (A) and (D) are adsorption kinetics of
CO2 and H2O, respectively; (B) and (C) are CO2 adsorption on TiO2 and HKUST-1, respectively;
(E) and (F) are water adsorption on TiO2 and HKUST-1, respectively.

Likewise, H2O also has multiple adsorption pathways on the catalyst surfaces either
dissociatively (2500 – 3900 cm-1)183 or molecularly (1620 – 1665 cm-1).184 Due to surface defects,
dissociation of water is kinetically favored on the catalyst surface, which results in –OH stretching
mode.185 This is clearly observed in the IR spectra of H2O adsorption on both TiO2 and HKUST-1
surfaces. For instance, Figure 5.7E shows a broad band centered 3460 cm-1 and sharp bands at
3640 cm-1 and 3680 cm-1, assigned to bridged186 and linear OH groups,187 respectively. The

100

intensities of all these bands increase with the increasing adsorption time. While for HKUST-1
(Figure 5.7F), the 3680 cm-1 peak is observed initially and goes off with prolonged time.
Meanwhile, a broad band appears and grows at 3594 cm-1, suggesting the formation of multilayer
adsorption of water via H-bonding over the metal sites.188 This significantly contributes to the high
adsorption capacity of HKUST-1 and was not observed when TiO2 was used as the adsorbent.
Molecular water adsorption hinders CO2 diffusion and thus is considered unfavorable for CO2
photoreduction. This type of adsorption was only observed on pristine TiO2 surface, but not on
HKUST-1 surface. Therefore, HKUST-1 serves as the predominant adsorbent in the composites,
providing more reactants (H2O and CO2) and resulting in the promoted photoreduction
performance.

Figure 5.8 Intermediates generated during the adsorption and photoreduction processes on the
surface of: (A) and (B) TiO2; (C) HKUST-1 and 0.67 HKUST-1/TiO2 composite.
Intermediates Analysis. In-situ DRIFTS was also used to analyze intermediates during the
adsorption and photoreduction processes. As shown in Figure 5.8A, exposure of TiO2 to the
CO2/H2O vapor mixture without light illumination led to the formation of several intermediate
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species, including monodentate carbonate (m-CO32-, 1525 cm-1),189 bidentate carbonate (b-CO32-,
symmetric stretching at 1328 cm-1 and asymmetric stretching at 1583 cm-1),190-192 and bicarbonate
(HCO3-, 1428 cm-1).190 The peak intensity of molecular H2O (1660 cm-1) and b-CO32- increased
with prolonged exposure time. HCO3- is formed by the interaction of coordinated CO2 with surface
OH groups,193 and the peak intensity was constant with prolonged adsorption process, suggesting
a limited amount of OH groups on the catalyst surface. Upon illumination, the peak intensity of bCO3- (asymmetric stretching at 1583 cm-1) decreased, and the peaks of HCO3- and m-CO32disappeared, mainly due to their desorption and transformation into products (e.g., CO).194 It’s
worth noting that, the peak intensity of b-CO3- at 1328 cm-1 were relatively stable during the
illumination process, which might be associated with the fact that the symmetric stretching mode
is more stable than the asymmetric stretching mode.195 On the other hand, the IR spectrum (1200
– 1800 cm-1) of HKUST-1 during the adsorption process and 0.67 HKUST-1/TiO2 during the
illumination process were very noisy, indicating no such intermediates were present on the
HKUST-1 surface.
In addition to the (bi-)carbonate species, a number of hydroxyl species (3600,196 3624,186
3648, 3688 cm-1) have also been identified on the TiO2 surface upon CO2/H2O adsorption. And the
peak intensities of all these hydroxyl species only slightly increased with prolonged adsorption
process, confirming the limited amount of OH groups on TiO2 surface. Few changes were observed
in the peak intensities of these hydroxyl groups on TiO2 surface upon illumination (Figure 5.8B).
Similarly, several OH species (3600 and 3624 cm-1) were also observed on HKUST-1 or the
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HKUST-1/TiO2 samples (Figure 5.8C) with comparable intensities with that on TiO2 samples.
Besides, similar to the adsorption of sole water vapor on HKUST-1, the OH at 3680 cm-1 appeared
with a much stronger intensity after 5-min exposure of HKUST-1 to CO2/H2O vapor mixture while
disappeared after prolonged adsorption time (15 and 60 min). The absorption bands at 3708 and
3726 cm-1 were observed on all catalysts, and they are attributed to the fermi resonance of linearly
adsorbed CO2.197 The intensities of both peaks increased with prolonged adsorption time,
indicating the increased amount of adsorbed CO2. During the illumination process, these two bands
decreased with elapsed illumination time which can be attributed to the consumption of CO2 during
the photoreduction process.

Figure 5.9 Possible CO2 chemisorption and photoreduction pathways.
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Possible CO2 Photoreduction Mechanism. Based on the GC and DRIFTS results, a possible
pathway of CO2 photoreduction by HKUST-1/TiO2 composites was proposed and illustrated in
Figure 5.9. In this composite system, HKUST-1 is mainly acting as an efficient adsorbent to
capture the H2O and CO2 molecules, which subsequently diffuse to the TiO2 surface due to the
high transport diffusion coefficient of gas molecules in HKUST-1.198 Then, several intermediates
were generated during the chemisorption of CO2 on the TiO2 surface. The species of the
intermediates depend on the sites that interacted with CO2. In particular, the interaction of CO2 and
Ti4+ produced b-CO3- or m-CO32-. While, HCO3- can be formed in the simultaneous presence of
OH group and vacant Lewis acidic site.193 Upon illumination, TiO2, serving as the catalyst,
generates electrons and holes. The adsorbed water then reacts with the holes to produce protons
and 𝑂𝐻 ∙ , and this process was confirmed by the detection of 𝑂𝐻 ∙ .199 Subsequently, the carbonate
and bicarbonate intermediates reacted with the generated electrons and protons, and were
consumed as indicated by the decreased IR peak to form the final products.

5.4 Conclusions
In summary, HKUST-1 and HKUST-1/TiO2 composites were successfully synthesized in
microdroplets via a rapid, continuous, and scalable aerosol route. The rapid formation of the MOFs
crystals in the microdroplets is attributed to the rapid evaporation and heat transfer rates, the
subsequent promotion of supersaturation ratio of precursors, and finally the fast nucleation and
crystal growth rates. The aerosol route shows great promise in addressing the fundamental issues
of heat and mass transfer at the microscale, such as non-uniform mixing, slow heat transfer,
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sluggish nucleation, and crystal growth rates, which are normally present in bulk liquid methods.
The HKUST-1 and its TiO2 nanocomposites demonstrated good crystallinity, high photostability,
and enhanced CO2 photoreduction performance. Detailed DRIFTS analysis suggests that the
enhancement was due to the promoted reactant adsorption by HKUST-1. It should be noted that
the current work is the first demonstration of the feasibility of aerosol processing of MOFs-based
materials in a rapid manner. Further investigations of the quantitative formation mechanisms of
MOFs in the aerosol routes, the expansion of synthesizing different kinds of MOFs, and the
incorporation of various guest components will be carried out in the near future.
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Chapter 6. MOF-based Ternary Nanocomposites for Better CO2
Photoreduction: Roles of Heterojunctions and Coordinatively
Unsaturated Metal Sites
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Abstract
Semiconductors are the most widely used catalysts for CO2 photoreduction. However, their
efficiencies are limited by low charge carrier density and poor CO2 activation. Towards solving
these issues, a metal–organic framework (MOF)-based ternary nanocomposite was synthesized
through self-assembly of TiO2/Cu2O heterojunctions via a microdroplet-based approach followed
by in situ growth of Cu3(BTC)2 (BTC = 1,3,5-benzenetricarboxylate). With increased charge
carrier density and efficient CO2 activation, the hybrid ternary nanocomposite exhibits a high CO2
conversion efficiency and preferential formation of CH4. Systematic measurements by using gas
chromatography, photoluminescence spectroscopy, X-ray photoelectron spectroscopy, and timeresolved in situ diffuse reflectance infrared Fourier transform spectroscopy reveal that the
semiconductor heterojunction and the coordinatively unsaturated copper sites within the hybrid
nanostructure are attributable to the performance enhancements.
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6.1 Introduction
Carbon dioxide (CO2) photoreduction is a promising engineering approach to reduce
atmospheric CO2 levels and simultaneously convert CO2 into hydrocarbon fuels.139-145, 200201

Among the numerous catalysts for CO2 photoreduction, semiconductors have been

studied intensively because of their low cost, easy availability, nontoxicity, and exceptional
chemical stability.140,

202

However, the semiconductor-based CO2 photoreduction still

suffers from low efficiency and poor selectivity, mainly due to low charge carrier density
and weak ability to activate the adsorbed CO2 molecules.
The low charge carrier density is mainly caused by inherent fast electron-hole
recombination. This issue may be remediated by surface metalation, 203 where the metals
serve as electron sinks to separate electron-hole pairs. Creating heterojunctions of
semiconductors with proper band alignments,204 such as TiO2/Cu2O,202 Fe2O3/Cu2O,205
C3N4/Bi2WO6206 and ZnO/CuO,207 is another effective approach to boost the transfer of
photoexcited charge carriers between the metal oxides in the heterojunction.202,

204

An

added benefit of this type of heterojunctions is that the enhanced solar energy utilization
can be achieved due to the coupled narrow bandgap semiconductors, such as Cu2O.208
Extensive efforts have been directed to creating semiconductor heterojunctions,
many of which, however, require complicated processes. 202,

209

In addition, many

heterojunctions are fabricated in the form of “core-shell” structure, that is, one
semiconductor layer is uniformly coated on the other.202 This significantly limits the use of
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heterojunctions, since in many cases, the surfaces of both semiconductors are required to
participate in the redox reactions.204 Moreover, despite the promise of enhanced charge
transfer, the semiconductor heterojunctions still suffer from poor CO 2 adsorption and
activation due to the low affinity of CO2 molecules for the semiconductor surface.146
Rational design of photocatalysts for efficient CO2 photoreduction is thus highly desirable.
On the other hand, metal-organic frameworks (MOFs), as an emerging class of
highly porous materials, have received increasing attention in CO 2 photoreduction,33, 40, 64,
210-211

mainly due to their high surface area, tunable pore size, and rich surface functionality.

Given the exceptional gas adsorption ability of MOFs, many current studies are focusing
on designing MOFs/semiconductor hybrids to enhance the gas uptake during CO 2
photoreduction.210, 212 For example, the hybrid nanorods of Zn 2GeO4/zeolitic imidazolate
framework (ZIF)-8 exhibited 1.62 times higher CO2 photoreduction efficiency than that of
bare Zn2GeO4,36 attributed to the enhancement in the CO2 adsorption capacity after the
incorporation of ZIF-8. Similarly, C3N4/ZIF-8 composite nanotubes were reported to have
a better CO2 photoreduction performance than the pristine C 3N4, where the enhanced CO2
adsorption capacity due to ZIF-8 was the main reason.212 Besides ZIF-8, other MOFs were
also used to increase the CO2 adsorption ability of the catalysts.213
It should be noted that, adsorption is the first step in CO2 photoreduction. Whether
and how the adsorbed CO2 molecules are activated and then reduced within the MOF
structure are also of great importance to study. In particular, some MOFs (e.g., Cu3(BTC)2,
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BTC = 1,3,5-benzenetricarboxylate) have coordinatively unsaturated metal sites, which
could act as electron donors to activate the adsorbed gas molecules. 214 However, little
attention has been directed into this area.

Scheme

6.1

Schematic

illustration

of

the

experimental

procedure

to

synthesize

TiO2/Cu2O/Cu3(BTC)2 ternary nanocomposites (white spheres: TiO2; yellow cubes: Cu2O; green
octahedrons: Cu3(BTC)2).

Towards addressing the aforementioned long-standing issues in CO2 photoreduction
(i.e., low charge carrier density and inefficient CO2 activation), we herein report a rational
development

of

MOF-based

ternary

nanocomposites

composed

of

TiO2/Cu2O

heterojunctions and Cu3(BTC)2, where the roles of the heterojunctions and MOF in charge
transfer and CO2 activation are systematically explored. Specifically, the nanocomposites
were

synthesized

via

rapid

self-assembly

of

TiO2/Cu2O

nanoparticles

within

microdroplets,215-216 followed by in-situ growth of Cu3(BTC)2 on the TiO2/Cu2O surface,
where part of Cu2O serves as the sacrificial copper source. The overall synthetic procedure
of the TiO2/Cu2O/Cu3(BTC)2 ternary nanocomposites is illustrated in Scheme 6.1 and
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detailed in Experimental section. The unique ternary TiO2/Cu2O/Cu3(BTC)2 composite
possesses heterojunctions and abundant coordinatively unsaturated copper sites, which
results in not only increased charge carrier density but also efficient activation of CO2
molecules, therefore leading to high CO2 conversion efficiency and preferential formation
of CH4. With systematic measurements and analyses, a plausible pathway of CO2 activation
and subsequent reduction in this ternary system was proposed. The outcome of this work
provides new insights in rational design of MOFs-based hybrid nanomaterials for efficient
CO2 photoreduction.

6.2 Materials and Methods
Synthetic Procedures. All chemicals were purchased from commercial suppliers (SigmaAldrich, VWR, Acros Organics) and used as received without further purification. (1)
Synthesis of Cu2O nanocubes. The Cu2O nanocubes were synthesized as previously
published:217 1 mL CuSO4 solution (1.2 mol/L) was firstly added into 400 mL deionized
(DI) water. Then, NaOH (1 mL, 4.8 mol/L) and ascorbic acid (1 mL, 1.2 mol/L) were
injected into the solution after 5 min and 10 min, respectively. The solution was then aged
for 30 min. All the above processes were done with vigorous stirring at room temperature.
After that, the Cu2O nanocubes were collected and washed four times with DI water via
centrifugation and redispersion to ensure the complete removal of residues. (2) Aerosolassisted synthesis of TiO2/Cu2O composites. TiO2/Cu2O composites were assembled via
the aerosol process as detailed in our previous studies. 215 Briefly, aqueous solution
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containing TiO2 nanoparticles (0.05 mol/L, Degussa (Evonik) P25) and Cu 2O nanocubes
(0.0025 mol/L) was used as the precursor, from which microdroplets were generated using
a Collison nebulizer. The droplets were then carried through a furnace (400 °C) carried by
air (10 L/min). During the flying process, the droplets underwent solvent evaporation and
self-assembly of Cu2O and TiO2 nanoparticles. The TiO2/Cu2O composites were collected
in the downstream of the furnace by a micro-filter. (3) In situ growth of MOF. The asprepared TiO2/Cu2O composite was then put into the BTC solution (0.04 mol/L,
VEtOH/VH2O = 9/1), which was then subjected to vortex mixing for 0.5 min to partially
convert Cu2O to Cu3(BTC)2 and obtain TiO2/Cu2O/Cu3(BTC)2 composites. After that, the
final product was immediately collected and washed with ethanol four times to remove the
residuals via centrifugation/redispersion and then dried in the vacuum at 50 °C.
Materials Characterization. The morphologies and inner structures of the samples were
characterized by scanning electron microscope (SEM, Su-70, Hitachi) and transmission
electron microscope (TEM, JEM 1230, JEOL), respectively. A PANalytical X’Pert Pro
MPD X-ray diffractometer equipped with a Cu-Kα radiation source (λ = 1.5401 Å) was
used for the crystallinity determination. The surface functional groups were analyzed by
using a Fourier transform infrared (FT-IR) spectrometer (Nicolet iS50, Thermo Scientific).
X-ray photoelectron spectroscopy (XPS) measurements were carried out by using the
Thermofisher ESCALab 250. A UV-Visible spectrophotometer (Evolution 220,
ThermoFisher) was used to obtain the optical properties of the samples.
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CO2 Photoreduction Analysis. The CO2 photoreduction was carried out in a continuousflow mode and the analysis procedures were detailed in our previous studies. 64 In brief,
CO2/H2O mixture was generated by passing CO2 gas (purity > 99.99%, Praxair) through a
water bubbler. The gas mixture, serving as the reactants, was then introduced into a homemade photoreactor loaded with catalysts. The photoreactor consists of a cylindrical cavity
made of stainless steel (60 mm in diameter and 25 mm in depth) and a quartz glass for the
light to pass. The light illumination was provided by a Xe lamp (450W, Newport). The
reactor was first purged with the gas mixture with a flow rate of 50 mL/min for 30 min.
The flow rate of the gas mixture was then reduced to 3 mL/min and the lamp was turned
on for the photoreduction process. The effluent gases were analyzed by a gas
chromatograph (GC, Agilent 7890B) equipped with a CarboPLOT P7 column and a thermal
conductivity detector (TCD). For each sample, the analysis was conducted three times to
obtain the average production yield. A liquid filter (6123NS, Newport) was used to
minimize the thermal effects. As reported in our previous work where same apparatus was
used,162 the reactor temperature can be controlled within 32 °C with the aid of the filter,
limiting the thermal contributions to CO2 photoreduction. In order to rule out any
possibilities of carbon contamination, control experiments were conducted with the same
procedures using helium gas (purity > 99.995%, Praxair) instead of CO2.
Hydroxyl Radicals (∙OH) Analysis. The detection of ∙OH was conducted using the same
procedure as the CO2 photoreduction but with the mixtures of catalysts (1 mg) and
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coumarin (10 mg). During the illumination process, ∙OH radicals form through the reaction
of holes with water molecules adsorbed on the catalyst surfaces. These radicals then react
with coumarin, producing 7-hydroxycoumarin, which has a characteristic florescence peak
around 455 nm when excited at 350 nm. After the completion of photocatalysis process,
the powder mixtures were dispersed in 4 mL DI water to extract 7-hydroxycoumarin. The
powders were then removed by centrifugation. And the suspension was analyzed by a
fluorescence spectrofluorometer (QuantaMaster 400, Photon Technology International).
Time-resolved In Situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS) Analysis. The DRIFTS analysis was conducted in a reaction chamber
assembled in a Praying Mantis diffuse reflection accessory of the FT-IR spectrometer (i50,
Thermo Scientific). The experimental procedure involves two steps, i.e., purging and CO 2
adsorption. In brief, photocatalysts were firstly loaded in the reaction chamber and then
subjected to purging under helium gas flow (30 mL/min) at 150 °C for 30 min in order to
further remove any residual hydrocarbons. After that, the heater was turned off and the
chamber was cooled down to room temperature. Helium gas flow was stopped and CO2 gas
flow (10%, helium as the balance gas) was introduced into the reaction chamber at a flow
rate of 4 mL/min after passing through the water bubbler. The IR spectra were recorded as
a function of adsorption time.
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6.3 Results and Discussions
Materials Characterization. The representative samples, i.e., as-sprayed TiO2, TiO2/Cu2O,
and TiO2/Cu2O/Cu3(BTC)2, were first subjected to detailed characterization. As shown in
the digital images (Figures 6.1A-C), the color change of the samples is apparent. The white
color of TiO2 (Figure 6.1A) turned yellow with the incorporation of Cu2O (Figure 6.1B)
due to its broad light absorption between 350 nm and 500 nm. After partial conversion of
Cu2O to Cu3(BTC)2, the color of the nanocomposite changed to gray (Figure 6. 1C). The
high-magnification SEM analysis reveals that the as-sprayed TiO2 and TiO2/Cu2O particles
have a spherical shape (Figures 6.1D and 6.1E), resulting from the one droplet to one
particle conversion principle.215 The existence of Cu element in the TiO2/Cu2O composite
was confirmed by energy dispersive X-ray (EDX) analysis (Figures 6.1G-I). Cu2O
nanocubes are also found in Figure 6.1J, where free surfaces are available for the
subsequent growth of Cu3(BTC)2. After the growth of Cu3(BTC)2, the spherical shape was
largely maintained (Figure 6.1F). The octahedral Cu3(BTC)2 crystals are clearly observed
from both SEM (Figure 6.1F) and transmission electron microscopy (TEM) images
(Figure 6.1K). The existence of Cu2O and Cu3(BTC)2 in the composite was further
identified by X-ray diffraction (XRD) analysis (Figure 6.1L). For example, Cu2O in the
TiO2/Cu2O composite was confirmed by the peak of (111) plane at 36.5°, the intensity of
which decreased after the growth of Cu3(BTC)2. The presence of Cu3(BTC)2 in the ternary
composite is evidenced by its main XRD peak at 2θ = ~11.6°, corresponding to its (222)
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Figure 6.1 Digital images of aqueous suspensions containing (A) as-sprayed TiO2, (B) TiO2/Cu2O,
and (C) TiO2/Cu2O/Cu3(BTC)2; SEM images of (D) as-sprayed TiO2, (E) TiO2/Cu2O and (F)
TiO2/Cu2O/Cu3(BTC)2 samples; (G), (H) and (I): EDX mapping images of TiO2/Cu2O particle;
TEM images of (J) TiO2/Cu2O and (K) TiO2/Cu2O/Cu3(BTC)2; XRD patterns (L) and FT-IR
spectra (M); (N) Cu2p XPS spectra of as-prepared TiO2/Cu2O/Cu3(BTC)2 composite. (Scale bars:
D and E: 100 nm; F: 300 nm; J-K: 200 nm)
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plane.64,

218

Besides, the Fourier transform infrared (FT-IR) spectra also confirm the

successful growth of Cu3(BTC)2, where intense peaks were observed at 1375, 1444, 1560,
1620 and 1646 cm-1, assigned to carboxylate groups of Cu3(BTC)2.219-220 It should be noted
that both XRD peaks of Cu2O and Cu3(BTC)2 are relatively weak due to their low molar
ratios. These were intentionally set to minimize the influence of adsorption variation, in
order to better understand the roles of TiO2/Cu2O heterojunction and Cu3(BTC)2 in the
enhancements of charge carrier density and CO2 molecule activation during CO2
photoreduction. In addition, the valence states of Cu in the ternary composite analyzed by
X-ray photoelectron spectroscopy (XPS) further confirms the coexistence of Cu 2O and
Cu3(BTC)2 in the ternary system. As shown in Figure 6.1N, two major peaks were
observed at 932.3 eV and 952.5 eV, corresponding to Cu 2p3/2 and Cu 2p1/2, respectively.
The Cu 2p3/2 was further deconvoluted into two peaks centered 932.2 eV and 933.8 eV,

Figure 6.2 Analysis of CO2 photoreduction product yields.
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Figure 6.3 Excitation-emission matrices of 7-hydroxycoumarin washed off from catalysts after
CO2 photoreduction in the presence of coumarin: (A) as-sprayed TiO2, (B) TiO2/Cu2O and (C)
TiO2/Cu2O/Cu3(BTC)2.

originating from Cu+ in Cu2O and Cu2+ in Cu3(BTC)2, respectively.221-222 Furthermore,
based on the precursor components and the XPS data, the molar ratio of TiO 2, Cu2O and
Cu3(BTC)2 in the ternary composite was determined to be 20: 0.55: 0.45.
CO2 Photoreduction Analysis. The CO2 photoreduction was carried out in a continuousflow mode. The analysis procedures were detailed in our previous studies 64, 162 and are

118

described briefly in the Experimental section. Prior to CO2 photoreduction analysis, all
samples were subjected to control measurements under helium/water atmosphere to rule
out the possibilities of carbon contamination. The CO2 photoreduction analysis results
indicate that pure Cu3(BTC)2 doesn’t serve as the photocatalyst for CO2 reduction due to
the unfavorable charge separation,33, 64 while TiO2 and the composite reduce CO2 to carbon
monoxide (CO) and methane (CH4). Specifically, the CO and CH4 yields of the sprayed
TiO2 were 72 and 33 μmol/(h·g), respectively (Figure 6.2). With the incorporation of Cu2O,
the yields increased to 155 and 85 μmol/(h·g), respectively. In the case of the ternary
composite, the CO yield was increased more than 2-folds, while the CH4 yield was almost
4 times higher than those of TiO2. It’s worth noting that, besides the overall production
yields, the preferential formation of CH4 was also enhanced along with the sample
development. For example, the CH4/CO ratio in the case of TiO2 was only 0.46. With the
incorporation of Cu2O and Cu3(BTC)2, the CH4/CO ratio was improved to 0.55 and 0.77,
respectively (Figure 6.2). Moreover, the Cu valence states are relatively stable during the
CO2 photoreduction process, as evidenced by the similar Cu2p spectra of the ternary
composite before and after 7-hour photocatalysis.
There are several possible reasons for the enhanced CO2 photoreduction with the
incorporation of Cu2O and Cu3(BTC)2, including higher CO2 uptake, enhanced charge
carrier density, and improved CO2 activation. In this study, the interference from the
changes in the CO2 uptake capacity may be negligible since the amounts of Cu 2O and
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Cu3(BTC)2 in the nanocomposites were controlled at very low percentages, which ensures
minimal improvement in CO2 uptake. While, the contributions from the increased charge
carrier density and facile activation of the adsorbed CO 2 molecules are discussed in detail
as follows.
Analysis of Charge Carrier Density. To understand the roles of the Cu2O and Cu3(BTC)2 in
the increment of charge carrier density, quantitative measurements of charge carrier
generation were carried out. In this study, a convenient and reliable photoluminescence
(PL) technique using coumarin as a probe molecule to detect and quantify photoinduced
holes was used.164, 223-224 In this method, coumarin reacts with hydroxyl radicals (·OH),
produced from the reaction of photoinduced holes with water molecules adsorbed on the
photocatalyst surface, to form highly fluorescent 7-hydroxycoumarin (7HC), which has a
characteristic PL emission peak at around 455 nm when excited at 350 nm. In the current
study, all the three samples have similar water adsorption capacities, thus the amount of the
hydroxyl radicals can be used to indicate the density of the holes.
As shown in Figure 6.3A, the as-sprayed TiO2 demonstrates a low charge carrier
density as no apparent peak at 455 nm was observed. With the incorporation of Cu 2O, the
7HC peak is prominent (Figure 6.3B). The strongest 7HC peak intensity was found in
Figure 6.3C, where the ternary nanocomposite was used. Based on the calibration results,
the OH generated by TiO2, TiO2/Cu2O and TiO2/Cu2O/Cu3(BTC)2 were quantified to be
0.032, 0.067 and 0.105 µmol/(g∙h), respectively, which implies that the photo-induced
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holes in TiO2/Cu2O and TiO2/Cu2O/Cu3(BTC)2 were 2.09 and 3.28 times higher than those
in TiO2.
The above results indicate that the decoration of TiO2 with Cu2O and Cu3(BTC)2
significantly increased the charge carrier density of the catalyst, which might be attributed
to several reasons, including the enhanced light absorption and promoted electron/hole
separation. The light absorption properties of the three samples were assessed by the UVVis absorption spectra as shown in Figure 6.4. Specifically, TiO2 only exhibits light
absorption in the UV region (< 400 nm). With the incorporation of Cu 2O, a new absorption
peak was observed from 350 to 500 nm, consistent with the yellow color of the TiO2/Cu2O
composite. After the partial conversion of Cu2O to Cu3(BTC)2, the ternary composite shows
a broad absorption peak from 400 nm to 800 nm, suggesting the utilization of visible light
for the enhanced charge carrier density.

Figure 6.4 UV-Vis spectra of the samples.
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In addition to the light absorption, the band alignment between TiO 2 and Cu2O is
also critical for the charge carrier density. Herein, the method proposed by Kraut et al225
was applied to figure out the precise band alignment between TiO2 and Cu2O. Specifically,
XPS measurements were conducted to acquire the core-level energy and upper edge of
valence band (VB) (Figures 6.5A-C), meanwhile, the information from the UV-Vis
analysis was used to derive the band gaps (BGs) (Figure 6.5D). The valence band offset,
VBO, could be determined from the following equation,
𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒
𝑏𝑢𝑙𝑘
𝑏𝑢𝑙𝑘
𝑏𝑢𝑙𝑘
𝑏𝑢𝑙𝑘
𝑉𝐵𝑂 = (𝐸𝐶𝑢−𝑐𝑜𝑟𝑒
− 𝐸𝐶𝑢−𝑣𝑎𝑙𝑒𝑛𝑐𝑒
) − (𝐸𝑇𝑖−𝑐𝑜𝑟𝑒
− 𝐸𝑇𝑖−𝑣𝑎𝑙𝑒𝑛𝑐𝑒
) − (𝐸𝐶𝑢−𝑐𝑜𝑟𝑒
−
𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒
𝐸𝑇𝑖−𝑐𝑜𝑟𝑒
)

(6.1)

while, the conduction band offset, CBO, could be calculated using the equation below based
on the result from Eq. 6.1.
𝐶𝐵𝑂 = 𝐵𝐺𝐶𝑢2 𝑂 + 𝑉𝐵𝑂 − 𝐵𝐺𝑇𝑖𝑂2

(6.2)

𝑏𝑢𝑙𝑘
𝑏𝑢𝑙𝑘
where 𝐸𝐶𝑢−𝑐𝑜𝑟𝑒
and 𝐸𝑇𝑖−𝑐𝑜𝑟𝑒
are the core-level energies of pure bulk Cu2O and
𝑏𝑢𝑙𝑘
𝑏𝑢𝑙𝑘
TiO2, respectively; 𝐸𝐶𝑢−𝑣𝑎𝑙𝑒𝑛𝑐𝑒
and 𝐸𝑇𝑖−𝑣𝑎𝑙𝑒𝑛𝑐𝑒
indicate the upper edges of VBs of Cu2O
𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒
𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒
and TiO2, respectively; 𝐸𝐶𝑢−𝑐𝑜𝑟𝑒
− 𝐸𝑇𝑖−𝑐𝑜𝑟𝑒
indicates the core-level energy differences

in the TiO2/Cu2O composite.
With aforementioned information, the precise band alignment in the TiO 2/Cu2O
heterojunction was obtained and schematically shown in Figure 6.5E. With a more
negative conduction band of Cu2O, the photogenerated electrons on Cu2O can migrate to
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TiO2 for CO2 reduction. On the other hand, the accumulated holes flow in the opposite
direction for water oxidation to release H+ and O2.226 The efficient transfer of charge
carriers between TiO2 and Cu2O highly remediates the electron-hole recombination and
contributes to the higher charge carrier density.

Figure 6.5 XPS valence band and core-level spectra of (A) pure bulk Cu2O, (B) pure bulk TiO2
and (C) TiO2/Cu2O composite; (D) Tauc plots of pure bulk Cu2O and TiO2; (E) Schematic
illustration of charge transfer in TiO2/Cu2O/Cu3(BTC)2 (Unit: eV).

When Cu2O was partially converted to Cu3(BTC)2, the electron-hole separation was
further enhanced. In particular, Cu3(BTC)2 itself is unfavorable for charge separation as
demonstrated by the ultrafast transient absorption spectroscopy analysis. 33 However, the
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photoinduced electrons can effectively transfer from semiconductors to the coordinatively
unsaturated copper sites in Cu3(BTC)2, suppressing the electron-hole recombination,33
which is in agreement with experimental results of ·OH formation. The mechanism of the
charge transfer between semiconductor composites and Cu3(BTC)2 is schematically shown
in Figure 6.5E.

Figure 6.6 DRIFTS spectra recorded during the adsorption of CO2/water mixture on sprayed
TiO2 (A and B), TiO2/Cu2O (C and D) and TiO2/Cu2O/Cu3(BTC)2 (E and F). Top panel: 2D
view, bottom panel: the corresponding spectra.
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CO2 Molecule Activation Analysis. In addition to the enhanced charge carrier density, the
CO2 molecule activation also plays an important role in the promotion of CO 2
photoreduction efficiency of the ternary nanocomposites. In the present work, CO 2
activation is evidenced by various intermediates formed during the CO2 adsorption process
(Figure 6.6), which was analyzed by time-resolved in-situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS). As shown in Figure 6.6A, the adsorbed water
molecules are dominant on the pristine TiO2 surface (1640 cm-1),227 along with small
amount of bidentate carbonate (b-CO32-, 1325 and 1585 cm-1)228-229 and monodentate
bicarbonate (m-HCO3-, 1405 cm-1)230 (Figure 6.6B). With the incorporation of Cu2O, the
intermediates were dominated by b-CO32- (1334 and 1543 cm-1)229, 231 and monodentate
HCO3- (1405 cm-1 and 1464 cm-1)230, 232 (Figures 6.6C and 6.6D). Compared with b-CO32, m-HCO3- is more active and can easily be converted to hydrocarbons.233 It’s worth noting
that the percentage of m-HCO3- on TiO2/Cu2O is larger than that on TiO2, indicating the
enhanced activation ability of the catalyst with the incorporation of Cu2O, which
contributed to the increased CO2 photoreduction efficiency. Furthermore, after the partial
conversion of Cu2O to Cu3(BTC)2, the intermediates were dominated by CO2- (1677 cm1 228

)

and bridging bidentate formate (1563 and 1370 cm-1)234 (Figures 6.6E and 6.6F).

Notably, CO2- and formate are even more active than m-HCO3-, which can easily be
transformed to the products upon photoirradiation. 235 The relative activities of the formed
intermediates agree well with the corresponding CO2 photoreduction performance (Figure
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2.2), which confirms the importance of CO2 molecule activation in the CO2 photoreduction
process in this work.
The formation of various intermediate species is related to the abundance of the
coordinatively unsaturated (or open) metal sites in the catalysts. These open metal sites
could induce multipole moments in CO2 molecules and enhance the electrostatic
interactions between them, resulting in the activation of CO2 molecules.135 The Cu2O
nanoparticles are dominated by (111) facets, where twenty-five percent of the copper ions
are coordinatively unsaturated.236 Compared with Cu2O, Cu3(BTC)2 has more
coordinatively unsaturated copper sites, arising from the unique structure of the
framework.237 Therefore, the incorporation of these two components brings extra open
metal sites to the system, which significantly changes intermediate species during the CO 2
adsorption process. The formation mechanisms of two typical intermediates (i.e., m-HCO3and formate) are proposed as follows and schematically shown in Figure 6.7.

Figure 6.7 Proposed mechanisms for the formation of (A) m-HCO3- and (B) formate. (white
spheres: TiO2; yellow cubes: Cu2O; green octahedrons: Cu3(BTC)2).
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In general, during the co-adsorption of CO2 and H2O on the semiconductors, CO2
interacts with the coordinatively unsaturated metal sites in a tilted linear configuration,
while H2O dissociates into hydroxyls. The linear CO2 then reacts with hydroxyls to form
m-HCO3- (Figure 6.7A). The incorporation of Cu2O led to slightly increased coordinatively
unsaturated metal sites, and subsequently enhanced the interaction of CO 2 with the metal
sites, thus promoting the formation of m-HCO3- (Figures 6.6C and 6.6D). After partial
conversion of Cu2O to Cu3(BTC)2, the amount of coordinatively unsaturated copper sites
increased significantly, leading to a bent CO 2 configuration.135 The bent configuration
makes CO2 acting as an anionic molecule, resulting in the localization of negative charge
in the carbon atom of the CO2 molecule. The terminal oxygen then gains negative charge
with the electron transferred from the coordinatively unsaturated copper sites due to the
charge polarization.214 With the electrons transferred to the lowest unoccupied molecular
orbital (LUMO), the adsorbed CO2 can then be activated to CO2-.238 In the presence of
protons derived from the dissociative water adsorption, the adsorbed CO 2 would be
activated to formate (Figure 6.7B). In the meantime, the co-adsorption of water can also
help to stabilize the active intermediates through hydrogen bonding.214
The preferential adsorption sites for CO2 can be indirectly assessed by observing the
CO2 adsorption modes with the aid of the DRIFTS analysis (Figure 6.8). As shown in
Figure 6.8A, the adsorbed CO2 molecules have two major characteristic peaks. The peak
centered at 2360 cm-1 is attributed to the functional group∙∙∙O=C=O adducts formed by the
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interaction of CO2 with the functional groups.67 While, the peak centered 2340 cm-1 with a
frequency shoulder at 2330 cm-1 originates from the υ3 mode of CO2 interacting with the
coordinatively unsaturated metal sites.127, 239 In addition, the peak area is associated with
the amount of adsorbed CO2. Thus, it is rational to estimate the preferential adsorption sites
for the CO2 molecules by using the area ratios of the peaks centered at 2340 cm -1 to those
at 2360 cm-1. As shown in Figure 6.8B, the highest peak ratios were found for the
TiO2/Cu2O/Cu3(BTC)2 ternary nanocomposites, indicating the existence of ample
coordinatively unsaturated copper sites in the structure, which contribute to the subsequent
charge separation and CO2 activation, and hence the improvement of overall CO2
photoreduction performance.

Figure 6.8 (A) DRIFTS spectra in the range of 2280 to 2400 cm-1 obtained during the adsorption
of the CO2/H2O mixture on the TiO2/Cu2O/Cu3(BTC)2 surface; (B) Peak area ratios
(Peak2340/Peak2360) of the three representative samples.
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Scheme 6.2 The proposed reaction pathways in the MOF-based ternary photocatalyst system.

Taken together, a CO2 photoreduction mechanism of using the MOF-based ternary
nanocomposites is proposed in Scheme 6.2 and descried as follows. Initially, CO2
molecules interact with various adsorption sites, including Ti, Cu and surface functional
groups. The presence of Cu2O and Cu3(BTC)2 in the ternary system introduces abundant
coordinatively unsaturated copper sites, which can activate the adsorbed CO 2 molecules to
form active intermediates, including formate species and CO2-. Upon light irradiation, these
active intermediates are converted to products with sufficient supply of electrons resulting
from the enhanced light absorption and the efficient charge separation. In particular, the
preferential formation of CH4 originates from the existence of formate species, which are
sequentially reduced to CHO-, CH3O-, and CH4 upon light irradiation (Scheme 6.2), where
each step involves the transfer of two electrons.240-241 The proposed pathway requires only
six electrons, which is energetically favorable as compared to the conventional eight-

129

electron process of direct reduction of CO2 to CH4.141,
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On the other hand, CO is

generated from CO2- (Scheme 6.2), which only requires one electron.139-140 Another
pathway where CH4 is formed with CO being the intermediate, which usually occurs on the
metal-coated photocatalysts,162, 242-243 is unlikely in this work, since the CO evolution in the
ternary system was not suppressed along with the promotion of CH 4 formation (Figure
6.2).

6.3 Conclusions
In

summary,

a

MOF-based

ternary

composite

photocatalyst

(TiO2/Cu2O/Cu3(BTC)2) was designed towards enhanced CO2 photoreduction by
increasing the charge carrier density and facilitating CO2 molecule activation. Systematic
CO2 photoreduction analyses were carried out to unravel the mechanisms. The results show
that the incorporation of Cu2O and Cu3(BTC)2 not only significantly improved the overall
CO2 photoconversion efficiency, but also led to the preferential formation of CH4. The
enhanced performance of the catalysts stems from the increased charge carrier density and
efficient CO2 activation by coordinatively unsaturated metal sites as verified and quantified
by PL, XPS, and DRIFTS measurements. This work demonstrates a novel strategy to
address low charge density and inefficient CO2 activation issues, and meanwhile provides
insights in the rational design of MOFs-based hybrid nanomaterials for CO2 photoreduction
and other applications.
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Chapter 7. Highly-oriented One-dimensional MOF-semiconductor
nanoarrays for Efficient Photodegradation of Antibiotics

Catalysis Science & Technology, 8(8): 2117-2123 (2018)
DOI: 10.1039/C8CY00229K
Reproduced by permission of The Royal Society of Chemistry

131

Abstract
The ineffective removal of antibiotics from the aquatic environment has raised serious problems,
including chronic toxicity and antibiotic resistance. Among the numerous strategies, photocatalytic
degradation appears to be one of the promising methods to remove antibiotics. Semiconductors
are the most widely used photocatalysts, whereas, their efficiencies still suffer from limited light
absorption and poor charge separation. Given their exceptional properties, including a superior
surface area and massive active sites, MOFs are excellent candidates for the formation of
hierarchical nanostructures with semiconductors to address the above issues. In this study, highlyoriented one-dimensional (1D) MIL-100(Fe)/TiO2 nanoarrays were developed as photocatalysts
for the first time (MIL = Materials Institute Lavoisier). The 1D structured TiO 2 nanoarrays not
only enable the direct and enhanced charge transport, but also permit easy recycling. With the in
situ growth of MIL-100(Fe) on the TiO2 nanoarrays, the composite exhibits enhanced light
absorption, electron/hole separation, and accessibility of active sites. As a result, up to 90.79%
photodegradation efficiency of tetracycline, a representative antibiotic, by the MIL-100(Fe)/TiO2
composite nanoarrays was achieved, which is much higher than that of pristine TiO 2 nanoarrays
(35.22%). It is also worth mentioning that the composite nanoarrays demonstrate high stability and
still exhibit high efficiency twice that of the pristine TiO2 nanoarrays even in the 5th run. This
study offers a new strategy for the degradation of antibiotics by using 1D MOF-based
nanocomposite nanoarrays.
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7.1 Introduction
Antibiotics have been extensively used for human, veterinary and agriculture
purposes. However, due to the ineffectiveness of conventional wastewater treatment
methods, massive antibiotics have been released to and accumulated in the aquatic
environment, which can result in detrimental ecological consequences, including the
occurrence and spread of antibiotic resistance and chronic toxicity to the microbial
species.244-245 Thus, the development of efficient methods is in demand for the complete
elimination of these antibiotics. Several approaches have been developed to remove the
antibiotics from water, including biological treatment, membrane separation, photocatalytic
degradation and advanced oxidation processes (AOPs).246 Among them, photocatalytic
degradation appears to be one of the best choices because it is cost-effective and
environmentally friendly.
Semiconductors, such as TiO2, BiVO4 and C3N4, are the most widely used
photocatalysts for antibiotics degradation due to their outstanding photocatalytic ability and
low cost.247-248 However, the semiconductor-based photocatalysts have two inherent
drawbacks: limited light absorption and fast electron/hole recombination. The most widely
used method to solve the aforementioned issues is to create semiconductor heterojunctions,
with which, not only the light absorption can be expanded, but also the electron/hole
separation can be efficiently promoted.249 For instance, Hu et al250 constructed an all-solidstate Z-scheme photocatalytic system composed of Ag2O, TiO2 and reduced graphene
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oxide, where Ag2O broadens the light absorption to full spectrum and Z-scheme system of
rGO-Ag2O/TiO2 enables efficient charge transfer. This ternary composite was reported to
exhibit promoted efficiency in photodegradation of antibiotics even under near infrared
light. Similarly, other heterojunctions, such as TiO2/Ni(OH)2,251 BiO1-xBr/Bi2O2CO3252 and
graphene-bridged Ag3PO4/Ag/BiVO4,253 also showed enhanced photocatalytic ability
towards the photodegradation of antibiotics. It should be noted that, the surface area and
porosity of the semiconductors are generally very small, which limit the amount and
accessibility of the photoactive sites to the reactants, and thus the further improvement in
photocatalytic efficiency. In this sense, it would be rational to create the hierarchical
nanostructures between semiconductors with porous materials.
Recently, metal-organic frameworks (MOFs) have gained much attention mainly
due to their high surface area, huge porosity, and tunable structures. MOFs are composed
of metal clusters and organic linkers. The metal clusters can be viewed as semiconductor
quantum entities, while the organic linkers are antenna, which can enhance the light
absorption and then activate the metal clusters through linker-to-metal charge transfer
(LMCT).254 In addition, the huge porosity of MOFs provides numerous reactive sites.
Given all these unique properties of MOFs, efforts have been made to create
semiconductor/MOF nanocomposites.39, 64, 67, 94, 255 For example, In2S3@MIL-125(Ti) was
synthesized by Wang et al,39 with which antibiotics can be efficiently photodegraded,
attributed to the efficient charge transfer and synergistic effect between In2S3 and MIL-
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125(Ti). Similar synergy was also observed between C 3N4 and ZIF-8, the composite of
which can degrade 96% of the antibiotics after 1-hour sunlight exposure as a result of the
efficient adsorption and rapid interfacial charge transfer. 255 Notably, most of the current
semiconductor/MOFs nanocomposites are limited to powder morphologies, where the
recycle of the photocatalysts could be a potential problem. In terms of this, a thin filmstructured composite would be more desirable.

Scheme 7.1 Schematic illustration of synthetic process of 1D TiO2/MIL-100(Fe) composite
nanoarrays (TMA: Trimesic Acid).
Herein, a thin composite film composed of MIL-100(Fe) and highly-oriented TiO2
nanoarrays was developed for the photo-degradation of antibiotics for the first time. The
synthesis process is illustrated in Scheme 7.1. Specifically, aerosol vapor chemical
deposition (ACVD) was applied to synthesize the TiO2 nanoarrays.256-257 In comparison to
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the powder structure, the structure of nanoarrays permits easy recycle, and is also more
favorable for photocatalysis owing to the direct pathway for photo-generated electrons and
thus the increased electron transport rate.257-258 As the next step, the TiO2 nanoarrays were
sequentially immersed in iron nitrate and trimesic acid (TMA) solutions for in situ growth
of MIL-100(Fe). In this highly-oriented one dimensional (1D) composite nanostructure, the
TiO2 nanoarrays and MIL are in intimate contact, ensuring the efficient charge transfer at
the interface. The properties and photocatalytic abilities of the as-prepared nanoarrays were
investigated in detail. Results show that, by taking advantages of the synergy between TiO2
nanoarrays and MIL-100(Fe), the as-prepared 1D composite nanoarrays exhibited excellent
photocatalytic performance towards the degradation of tetracycline, one of the most widely
used antibiotics.259 On the basis of the results, a plausible pathway for the photodegradation
of tetracycline was proposed. The outcome of this work is expected to broaden the
strategies for efficient removal of antibiotics by using 1D MOFs-based photocatalysts.

7.2 Materials and Methods
Chemicals and Synthesis. Titanium (IV) isopropoxide (TTIP, Alfa Aesar), iron (III) nitrate
nonahydrate (Fe(NO3)3∙9H2O, Sigma Aldrich) and trimesic acid (TMA, Sigma Aldrich)
were used as received without further purification. TiO2 nanoarrays were synthesized on
an ITO glass substrate (1.27 cm × 1.27 cm) by using TTIP as the precursor through the
ACVD method.257, 260 To remove possible organic residues and increase the crystallinity of
the TiO2 nanoarrays, the as-prepared samples were calcined at 500 °C in air for 3 hours.
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Then, the TiO2 nanoarrays were immersed into Fe(NO3)3∙9H2O aqueous solution (0.8 to 20
mmol/L, 10 mL) at 80 °C for 2 hours. After that, the film was taken out and washed several
times with deionized (DI) water to remove residues. Subsequently, the film was put into an
autoclave containing a saturated trimesic acid solution (0.3 g TMA in 4.28 mL DI water).
The autoclave was then sealed and heated at 150 °C for 12 hours. After cooling down to
room temperature, the MIL-100(Fe)/TiO2 composite film was taken out and then immersed
in ethanol to dissolve excess TMA, then flushed with DI water and dried in air flow. The
composite films are termed hereafter T/M-0.8 (to 20) (T = TiO2, M = MIL-100(Fe)), where
the numbers indicate the concentration (unit: mmol/L) of Fe(NO3)3∙9H2O used in the
previous step.
Material Characterization. The morphologies of the samples were analyzed by using a
scanning electron microscope (SEM) equipped with energy-dispersive X-ray (EDX)
spectroscopy (Su-70, Hitachi). X-ray diffraction (XRD) patterns were obtained with an Xray

diffractometer

(PANalytical

X’Pert

Pro

MPD).

A

UV-visible

(UV-Vis)

spectrophotometer (Evolution 220, ThermoFisher) was used to investigate the optical
properties of the samples. The vibrational spectral analysis was carried out with a Fourier
transform infrared (FT-IR) spectrometer (Nicolet iS50, Thermo Scientific). X-ray
photoelectron spectroscopy (XPS) measurements were conducted with Thermo Scientific
ESCALAB 250. Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements
were carried out at Advanced Photon Source (APS, beamline: 8-ID-E), Argonne National
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Laboratory. And the GIWAXS data was analyzed with the aid of a MATLAB toolbox,
GIXSGUI.261
Photocatalysis Analysis. Photodegradation of tetracycline was conducted in a quartz cuvette
(inner dimension: 10 mm × 10 mm) at room temperature. In a typical photocatalysis
experiment, a film sample was put into the quartz cuvette with a mixture of tetracycline
solution (100 mg/L, 3 mL) and hydrogen peroxide (30 wt%, 1 μL). The solution was stored
in dark for 30 min, then exposed to light irradiation provided by a Xe lamp (450 W,
Newport). During the photodegradation process, the concentration of the tetracycline was
monitored every 10 min by using the UV-Vis spectrophotometer.

7.3 Results and Discussions
Material Characterization. The SEM images of representative samples are shown in
Figure 7.1. The pristine TiO2 films are composed of uniform nanoarrays (Figures 7.1A
and 3.1B) with a thickness of ~ 1.2 μm. The surfaces of pure TiO2 nanoarrays are clean
(Figures 7.1B). After the growth of MIL-100(Fe), the composite retains the shape and
dimensions (Figure 7.1C). Whereas, the surfaces of the T/M composite become rough due
to the presence of MIL-100(Fe) nanocrystals (Figure 7.1D). Figure 7.1E shows the EDX
spectrum of the T/M composite (T/M-1.25), where the main elements (i.e., Ti, Fe, C and
O) are clearly identified. In addition, the elemental mapping of the T/M composite (Figure
7.1F) further reals the uniform in situ growth of MIL-100(Fe) crystals on the TiO2
nanoarrays.
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Figure 7.1 SEM images of TiO2 nanoarrays (A and B) and T/M-1.25 (C and D); EDX spectrum
(E) and element mapping (F) of T/M-1.25. Scale bars: A and C: 1 µm; B and D: 250 nm.

The crystal structures of the as-prepared samples were analyzed by XRD. As shown
in Figure 7.2A, several diffraction peaks were observed, stemming from ITO, TiO2 and
MIL-100(Fe). In particular, the TiO2 nanoarrays have a main diffraction peak at 70.38° and
a very small diffraction peak at 25.32°, corresponding to (220) and (101) plans of anatase
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(JCPDS 21–1272), respectively. The dominance of (220) diffraction peak and the absence
of other peaks indicate that the TiO2 nanoarrays are well aligned and have a preferential
orientation. Moreover, the prominent (220) plane is beneficial for the photocatalytic
process, as the high-index planes are generally considered to have higher catalytic ability
due to the existence of massive active sites.262-263 The incorporation of MIL-100(Fe) gave
rise to new peaks at around 10°, consistent with the crystal structures of the pure MIL100(Fe).264 The intensities of these peaks are very low, mainly due to the small amount of
MIL-100(Fe) in the composite system. The existence of the incorporated MIL-100(Fe) was
also confirmed by GIWAXS measurements, where clear differences in scattering patterns
between pristine TiO2 and T/M-1.25 composite were observed. As shown in Figure 7.2B,
for the pristine TiO2 nanoarrays deposited on an ITO glass substrate, distinct intermittent
ring-like scattering patterns with intensity modulations were observed within the q range
of > 1.79 Å-1, originating from the preferential orientation of the TiO2 nanoarrays on the
ITO glass,265 which is consistent with the SEM and XRD results. In comparison, with the
in situ growth of MIL-100(Fe), the T/M-1.25 exhibits new ring patterns within q range of
0 to 1.79 Å-1 (Figure 7.2C), owing to the coating of the MIL nanocrystals and the porous
nature of these crystals. For instance, the rings at q = 0.74 and 0.25 Å-1 (Figure 7.2D)
correspond to the representative pore window size (8.5 Å) and cage size (25 Å) of MIL100(Fe), respectively.264
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Figure 7.2 (A) XRD patterns of the as-prepared samples (A: anatase); GIWAXS profiles of TiO2
nanoarrays (B) and T/M-1.25 composite (C and D) on ITO glass.

The UV-vis spectra obtained from the as-prepared samples were plotted in Figure
7.3A. As shown in Figure 7.3A, the pristine TiO2 nanoarrays only absorb the UV light (<
400 nm). For the T/M-1.25 composite, the presence of small amount of MIL-100(Fe)
slightly enhances the light absorption. With further increased amount of MIL-100(Fe) in
the composite, the T/M composites exhibit light absorption over a wide wavelength range
(< 600 nm). The enhancement in visible-light absorption by MIL-100(Fe) is attributed to
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3d-3d transitions of octahedral FeIIIO6.266 Figure 7.3B shows the FT-IR spectra collected
from the as-prepared pristine TiO2 nanoarrays and T/M composites. For pristine TiO2
nanoarrays, no discernible IR peaks were observed from 1000 cm-1 to 2000 cm-1. Whereas,
the IR spectrum of T/M-1.25 and T/M-20 shows strong peaks at 1379, 1450, 1562 and 1621
cm-1, arising from the vibrations of the carboxylate groups. 267

Figure 7.3 UV-Vis spectra (A) and FT-IR spectra (B) of the samples.

The amount of MIL-100(Fe) on TiO2 nanoarrays can significantly affect the surface
chemical composition. With a small amount of MIL-100(Fe), the surface of the composite
is dominated by the combinations of TiO2 and MIL-100(Fe). While, with a high loading of
MIL-100(Fe), the surface of the composite is dominated by pure MIL-100(Fe) (e.g., T/M20). The aforementioned difference in the surface configuration could affect the
photocatalytic efficiency by changing the light absorption, charge carrier generation and
transfer. In this sense, X-ray photoelectron spectroscopy was used to further characterize
the surface chemical composition of two representative T/M composites (i.e., T/M-1.25
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Figure 7.4 XPS spectra of T/M-1.25 (lower) and T/M-20 (upper): (A) survey scan; high-resolution
spectra of (B) C 1s, (C) Ti 2p and (D) Fe 2p.

and T/M-20). The survey spectra of T/M-1.25 and T/M-20 were displayed in Figure 7.4A.
Owing to the various coverage degrees of MIL-100(Fe), T/M-1.25 and T/M-20 exhibit
different surface chemical compositions. Specifically, two prominent peaks at ~285 eV and
~532 eV were observed for both composites, corresponding to C 1s and O 1s, respectively.
The T/M-1.25 shows additional characteristic binding energy of Indium (In) element,
originating from the ITO glass substrate. With increased amount of MIL-100(Fe), element
Fe was observed on the surface of T/M-20. Figure 7.4B displays the high-resolution XPS
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spectra of C 1s. For T/M-1.25, there are two main peaks at 284.8 eV and 289.1 eV. In the
case of T/M-20, the peak at 289.1 eV disappears, while additional two peaks emerge at
283.15 eV and 287.15 eV. The variation in C 1s spectra between T/M-1.25 and T/M-20
resulted from different MIL-100(Fe) coverages. In particular, in the case of T/M-20 where
TiO2 nanoarrays are fully covered by MIL-100(Fe) crystals, the C 1s spectrum is purely
originated from MIL-100(Fe). While, the variation in C 1s for T/M-1.25 results from the
chemical interaction between MIL-100(Fe) and TiO2 nanoarrays. The Ti peak in the
spectrum of T/M-1.25 was observed at 485.7 eV (Figure 7.4C), while no obvious distinct
Ti peaks were observed for T/M-20, since the entire surface of the TiO2 nanoarrays was
covered by the thick MIL-100(Fe) layer, limiting the transmission of X-rays. For Fe, two
dominated peaks were observed for both T/M-1.25 and T/M-20 at 724.65 and 710.65 eV
(Figure 7.4D), attributed to Fe 2p1/2 and Fe 2p3/2, respectively. The difference in band
energies between Fe 2p1/2 and Fe 2p3/2 is 14 eV, which is the characteristic of Fe 2O3.268269

Due to increased amount of MIL-100(Fe), more information about Fe was obtained for

T/M-20 with additional shoulder peak shown at 715.55 eV, corresponding to the Fe III in
MIL-100(Fe).269
The difference in the surface composition resulted from the various amount of MIL100(Fe) plays a significant role in photocatalytic ability of the composite, as demonstrated
in the following section.
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Photodegradation Performance. After the detailed characterization, the MIL-100(Fe)/TiO2
composites were applied for photodegradation of antibiotics. Tetracycline, one of the most
extensively used antibiotics, was chosen as a representative antibiotic. 259 As shown in
Figure 7.5A, tetracycline was efficiently photodegraded by the T/M composite (T/M-1.25),
as evidenced by the decreased intensity of its characteristic peak (357 nm) in UV-Vis
spectra. Comparison of the photocatalytic abilities of various catalysts were made (Figure

Figure 7.5 (A) UV-Vis spectra of tetracycline taken during the photocatalytic process in the
presence of T/M-1.25 (unit of time: min); (B) Photodegradation of tetracycline; (C) Kinetics
curves of the photodegradation of tetracycline; (D) Comparison of reaction rate constants.
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7.5B). As exhibited in Figure 7.5B, no significant decrease in tetracycline concentration
was observed after 30 min in the dark over all the catalysts, indicating the negligible
adsorption of tetracycline even in the presence of MIL-100(Fe). After 60-min irradiation,
the degradation efficiency of tetracycline for TiO2 nanoarrays was about 35.22%. The
incorporation of MIL-100(Fe) promotes the photo-degradation of tetracycline. And the
highest efficiency was achieved in the case of T/M-1.25 with a removal efficiency of
90.79%, which is about 2.5 times higher than that of pristine TiO2 nanoarrays. The kinetics
curves shown in Figure 7.5C exhibit a linear relationship between 𝑙𝑛(𝐶0 /𝐶) and time,
indicating that the photo-degradation of tetracycline follows the pseudo-first-order kinetic
model, which could be described as 𝑙𝑛(𝐶0 /𝐶) = 𝑘𝑡, where 𝑘 is the reaction rate constant
(min-1). The reaction rate constants for various catalysts were determined from Figure 7.5C
by linear fitting and then summarized in Figure 7.5D. Specifically, the reaction rate
constants for TiO2, T/M-0.8, T/M-1.25, T/M-2.5, T/M-10 and T/M-20 are calculated to be
0.00749, 0.02808, 0.04696, 0.03283, 0.01645 and 0.01255 min -1, respectively. All T/M
composites exhibit higher efficiencies in photodegradation of antibiotics than the pure
TiO2, which can be attributed to the rapid charge transfer at the interface of TiO2 and MIL100(Fe), as verified by photoluminescence and photocurrent transient response
measurements in a prior study.270 Notably, the amount of the incorporated MIL-100(Fe)
plays a significant role in photocatalytic efficiency of the T/M composite. Initially, the
increased amount of MIL-100(Fe) helps to enhance interfacial charge transfer. However, if
the amount of MIL-100(Fe) exceeds the optimal value, the extra MIL-100(Fe) reduces the
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light absorption of TiO2 and thus diminish the excited charge carriers and interfacial charge
transfer, leading to decreased photodegradation efficiency.

Figure 7.6 Photocatalytic degradation of tetracycline over T/M-1.25 with the addition of radical
scavengers.

During the photocatalytic process, several reactive species could be generated,
including electrons (e-), holes (h+), superoxide ions (O2·-) and hydroxyl radicals (·OH).
These species may participate in the photodegradation of tetracycline if thermodynamically
favorable. In order to identify the dominant oxidative species, the photocatalytic
degradation efficiency was evaluated with the addition of radical scavengers in the solution.
In particular, isopropyl alcohol (IPA, 0.2 ml), ethylenediaminetetraacetic acid (EDTA, 10
mM/L) and p-benzoquinone (BQ, 33.3 μmol/L) were chosen as the scavengers of ·OH, h+
and O2·-, respectively.271 As shown in Figure 7.6, the photocatalytic ability of T/M-1.25
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was inhibited by 12.0%, 23.1% and 37.5% with the presence of BQ, IPA and EDTA,
respectively, indicating the presence of the reactive species (i.e., O2·-,·OH and h+). Among
these species, h+ appeared to be dominated in photodegradation of tetracycline, as the
addition of hole scavenger (i.e., EDTA) resulted in the most significant decrease in
photocatalytic efficiency.

Figure 7.7 Recycling photocatalytic tests of T/M-1.25 for the degradation of tetracycline.

In addition, the MIL-100(Fe)/TiO2 nanoarrays demonstrated excellent reusability.
To be specific, the reusability of the T/M-1.25 composite was evaluated by five cycles of
tetracycline photodegradation. After each cycle, the composite film was taken out from the
reaction cell with a tweezer and washed with DI water to remove the residual reactants, and
then dried with air flow for the next cycle. As shown in Figure 7.7, the degradation
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percentage slightly deceased after the first cycle and then gradually stabilized at ~73 %
even after 5 cycles, which is still 37.48% higher than that of the pristine TiO 2 nanoarrays.

Scheme 7.2 Proposed reaction pathways.
Taken together, plausible reaction pathways are proposed in Scheme 7.2 and
described as follows. Upon irradiation, TiO2 is activated with electrons excited from the
valence band to the conduction band. On the other hand, MIL-100(Fe) is activated through
ligand-to-metal charge transfer and direct excitation of Fe-O clusters.272 It is well
acknowledged that the charge transfer occurs at the interface between MIL-100(Fe) and
TiO2, due to the differences in redox potentials.270 As a result, the electron/hole
recombination was significantly suppressed, leading to abundant free electrons and holes.
The porous structure of MIL-100(Fe) enables the accessibility of these electrons and holes,
which subsequently react with O2 and H2O to form O2·- and ·OH, respectively (Scheme
7.2). The addition of H2O2 further facilitates the photocatalytic process by providing more
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·OH through the reactions with not only photo-excited electrons but also FeIII in MIL100(Fe) to form Fenton-like reactions (Scheme 7.2).273 Finally, all these reactive species,
including ·OH, h+ and O2·-, synergistically degrade the antibiotics. And the main reactive
specie responsible for the photodegradation of tetracycline has been identified to be h+ by
the radical trapping experiments.

7.4 Conclusions
In summary, highly-oriented 1D MIL-100(Fe)/TiO2 composite nanoarrays have
been synthesized for the photodegradation of tetracycline, where the incorporated MIL100(Fe) not only enhances the light absorption but also facilitates the electron/hole
separation, leading to promoted photodegradation of tetracycline. Several oxidative
species, including O2·-, ·OH and h+, are mainly responsible for the photocatalytic process.
Notably, excessive incorporated MIL-100(Fe) limits the light absorption of TiO2, which is
detrimental for the overall photocatalytic performance. This work demonstrates the use of
1D TiO2/MIL composite for enhanced photodegradation of tetracycline, which will shed
new light on photocatalysis by MOFs-based composites.
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Chapter 8. Mechanistic Insight into Photocatalytic Pathways of
MIL-100(Fe)/TiO2 Composites

Reprinted with permission from (ACS Appl. Mater. Interfaces 2019, 11, 13, 1251612524). Copyright (2019) American Chemical Society.
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Abstract
The integration of metal-organic frameworks (MOFs) with semiconductors has attracted mounting
attention for photocatalytic applications. However, more efforts are needed to unravel the interface
structure in MOF/semiconductor composites and its role in charge transfer. Herein, a MIL100(Fe)/TiO2 composite was synthesized as a prototypical photocatalyst and studied
systematically to explore the interface structure and unravel the charge transfer pathways during
the photocatalytic processes. The composite was fabricated by growing MIL-100(Fe) crystals on
TiO2 using surface-coated FeOOH as the precursor. The as-prepared MIL-100(Fe)/TiO2 exhibited
significantly improved photocatalytic performance over pristine TiO2, which was mainly due to
the enhanced charge separation as confirmed by transient absorption spectroscopy analysis. This
enhancement partially arose from the special chemical structure at the interface, where Fe-O-Ti
bond was formed. As verified by density functional theory calculation, this distinct structure would
create defect energy levels adjacent to the valence band maximum of TiO2. During the
photocatalytic processes, the defect energy levels serve as sinks to capture excited charge carriers
and retard the recombination, which subsequently leads to the increased charge density and
promoted photocatalytic efficiency. Meanwhile, the intimate interactions between MIL-100(Fe)
and TiO2 would also help to improve the charge separation by transferring photo-induced holes
through ligand to Fe-O clusters. These findings would advance the fundamental understanding of
the interface structure and the charge transfer pathways in MOF/semiconductor composite
photocatalysts.
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8.1 Introduction
Metal-organic frameworks (MOFs), an attractive class of porous crystals assembled from metal
ions/clusters and organic linkers, have drawn intense interest because of their distinguished
properties, including huge surface areas, tailorable chemistries, and tunable cavities.4,

274-276

Endowed with such unique features, MOFs are promising candidates for massive applications,
including sensing,277 gas separation,278-279 and catalysis.280-281 In addition, the functions of MOFs
can be expanded and promoted through rational integration with other components, such as metals
and semiconductors.67, 94, 96, 282
For instance, numerous MOF-based composites have been designed and used as
photocatalysts,283

including

ZIF-8/TiO2,32

ZIF-8/ZnO,284

UiO-66/C3N4,285

UiO-66-

NH2/Cd0.2Zn0.8S,286 NH2-MIL-125(Ti)/TiO2,287-288 MIL-125(Ti)/In2S3,39 and HKUST-1/TiO2,33, 64
where the composites exhibit significantly improved catalytic performance as compared with the
individual components. Mostly, the semiconductor serves as the major catalyst, while the MOF
functions as the co-catalyst or support, which promotes the catalytic efficiency by enhancing
molecule adsorption and charge transfer. For instance, CdS-embedded MIL-101 demonstrated a
higher ability in hydrogen evolution as compared with either bare CdS or MIL-101.289 The
improved efficiency was primarily ascribed to the huge surface area of MIL-101, which not only
allows the wide dispersion of CdS but also offers massive active sites. Recently, Panneri et al. 255
fabricated C3N4 anchored ZIF-8 composites with a highly stable micro-meso porous structure,
which could adsorb up to 45% of tetracycline in its solution and achieve a significantly high
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photodegradation efficiency. In addition to the promoted molecule adsorption, another key impetus
for the enhanced photocatalytic efficiency of such MOF/semiconductor composites is the
increased charge carrier density because of the distinct interface structure. For instance, Zeng et
al.32 developed a ZIF-8/TiO2 composite by incorporating ZIF-8 on TiO2 nanofibers. The composite
showed great improvements in photodegradation of Rhodamine B mainly because of the reduced
charge recombination through the N-Ti-O bonds formed at the interface between ZIF-8 and TiO2.
In addition, UiO-66/C3N4 heterojunction was synthesized by Wang et al.,285 where the rate of H2
evolution was promoted to 17 times that of pristine C3N4. Such a huge enhancement was also
attributable to the efficient interface charge transfer, as evidenced by quenched photoluminescence
(PL) emission peak and shortened PL lifetime. The interface charge transfer was also proposed to
exist in MIL-100(Fe)/TiO2270 and ZIF-8/C3N4.255 As demonstrated by these prior studies, the
distinct MOF/semiconductor interface plays a vital role in enhancing the charge transfer. However,
exploration of the mechanistic basis is still in its infancy. For example, the interface structures of
various MOF/semiconductor composites may differ from each other, which might lead to
distinctive charge transfer pathways. To further improve the photocatalytic efficiency and fully
exploit the benefits of these MOF-based composites, greater efforts should be devoted to resolving
the interface structure and understanding the charge transfer pathways.
Herein, a MIL-100(Fe)/TiO2 composite was used as a prototype for the study of charge
transfer by using both experimental and theoretical methods. To be specific, MIL-100(Fe) was
grown on the surface of TiO2 (i.e., P25, Degussa, Evonik) using the surface-coated FeOOH as the
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precursor (Scheme 8.1). The composite was then subjected to systematic material characterization
and photocatalytic analysis. The results show that the MIL-100(Fe)/TiO2 composite photocatalyst
exhibits significantly improved performance in both degradation of tetracycline and Cr(VI)
reduction than the bare TiO2 thanks to the enhanced charge separation. To unravel the underlying
mechanism, systematic experiments and theoretical calculations were conducted. It was found that
the enhanced charge separation arose from the defect energy levels existed in the TiO2 band
structure, which were created through the partial substitution of Ti by Fe during the synthesis of
MIL-100(Fe) crystals on the surface of TiO2. The outcome of this work should be able to provide
new insights regarding the MOF/semiconductor interface structure and charge transfer, and
ultimately to advance the fundaments in photocatalysis by using MOF/semiconductor composites.

Scheme 8.1 The synthesis process of MIL-100(Fe)/P25.
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8.2 Materials and Methods
Synthesis of MIL-100(Fe)/P25 Composites. In a typical synthesis procedure (Scheme 8.1), 0.025
g P25 (Degussa, Evonik) was firstly mixed with 5 – 40 mmol/L Fe(NO3)3∙9H2O aqueous solution
in a glass vial. Then, the vial was heated and stirred by a hotplate stirrer at 95 °C and 1200 rpm for
2 hrs. After that, the powders were washed by deionized (DI) water through the centrifugation/redispersion process for five times to remove the iron residues. Subsequently, the powders were redispersed in 4.8 mL DI water together with 0.3 g trimesic acid (TMA). After vortex mixing, the
mixtures were poured into a Teflon autoclave, which was then put in a muffle furnace at 150 °C
for 12 hrs. After cooling, the composite samples were taken out from the autoclave and immersed
in hot water at 80 °C for 3 hrs to remove TMA residues. Finally, the composite products were
obtained after washing with DI water through the centrifugation/re-dispersion process for three
times. The MIL-100(Fe)/P25 composites are hereafter termed M/P-5(to 40), where the numbers
refer to the initial molar concentrations of Fe(NO3)3∙9H2O.
Material Characterization. The morphologies and inner structures of the materials were
examined by a scanning electron microscope (SEM, Su-70, Hitachi) and a transmission electron
microscope (TEM, JEM 1230, JEOL), respectively. The powder X-ray diffraction (PXRD)
patterns were obtained by using a PANalytical X’Pert Pro MPD X-ray diffractometer. Vibration
spectral analysis was conducted by using a Fourier transform infrared (FT-IR) spectrometer
(Nicolet iS50, Thermo Scientific). The UV-Vis spectra were recorded by using a
spectrophotometer (Evolution 220, Thermo Fisher). X-ray photoelectron spectroscopy (XPS,
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ESCALab 250, Thermo Fisher) was used to study the surface chemical composition. The wideangle X-ray scattering (WAXS) measurements were performed at the 8-ID-E beamline, Advanced
Photon Source (APS), Argonne National Laboratory, USA. The nitrogen adsorption-desorption
isotherms were obtained by Autosorb iQ (Quantachrome Instruments).
Transient Absorption (TA) Spectroscopy. Femtosecond TA studies were carried out at the Center
for Nanoscale Materials (CNM), Argonne National Laboratory, USA. Specifically, an amplified
Ti:sapphire laser system was used, which produces 150 fs pulses centered at 800 nm with a
repetition rate of 5 kHz. 90% of the output was directed to a TOPAS optical parametric amplifier
to produce pump pulse at 350 nm. The beam energy was set to 2 µJ with a spot size of 150 µm
diameter. The remaining 10% was used to generate probe pulse ranging from 450 nm to 700 nm
by focusing into a sapphire window with a thickness of 2 mm.
Photodegradation of Tetracycline. The photocatalytic ability of the catalysts was first tested by
the degradation of tetracycline with a 450 W Xe arc lamp (Newport Corporation). The experiments
were conducted in a quartz beaker with continuous stirring. Specifically, 5 mg of catalyst was
distributed into a 100 mL aqueous solution containing tetracycline (100 mg/L) and H2O2 (20 μL).
Before light irradiation, the suspension was stirred for 30 min to get adsorption equilibrium. After
turning the light on, 3 mL of the suspension was taken out at certain intervals and then subjected
to centrifugation to remove the catalysts. Subsequently, the concentration of the tetracycline was
determined from the absorbance at its characteristic wavelength (i.e., 357 nm) by using the UVVis spectrophotometer.
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Photoreduction of Cr(VI). The experimental set-up and analysis procedures of Cr (VI)
photoreduction were the same as those of the photodegradation of tetracycline, except that
potassium dichromate (10 mg/L) and methanol (35 μL) were used instead of tetracycline and H2O2,
respectively. The pH of the suspension was adjusted to 1.9 by adding sulfuric acid. After 30 min
in the dark, the suspension was subjected to the light illumination, during which 1 mL of the
suspension was withdrawn for test every 10 min. The Cr(VI) concentration was measured by using
diphenylcarbazide method (7196A, United States Environmental Protection Agency).
Density Functional Theory (DFT) Calculations. The DFT calculations of the electronic
structures of bare TiO2 and Fe-doped TiO2 were performed by using the VASP package.290 The
details of the calculation can be found in our prior study.291

8.3 Results and Discussions
Material Characterization. The morphologies and structures of the representative samples were
characterized by SEM and TEM. As displayed in Figures 8.1A and B, pristine P25 are
monodispersed nanocrystals with a diameter of ~ 25 nm. The surfaces of the pristine P25
nanoparticles are very smooth. After being suspended in Fe(NO3)3·9H2O aqueous solution (10 mM)
and followed by stirring on a hotplate stirrer at 95 °C for 2 hours, the P25 nanoparticles were
decorated by some small FeOOH nano-sticks on the surfaces (Figures 8.1C and D). Further
increasing the concentration of Fe(NO3)3·9H2O led to the formation of more and longer FeOOH
sticks (Figure 8.1E and F). Characterization of the P25/FeOOH composite was carried out by FTIR, where the major bands are discovered at 1020 and 1166 cm-1, corresponding to the
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characteristic vibration of γ-FeOOH.292 The PXRD pattern of the P25/FeOOH shows that all the
peaks can be assigned to P25 and no apparent peaks of γ-FeOOH are observed, indicating the
amorphous nature of the surface-coated FeOOH. Given this, the as-coated FeOOH could be used
as a precursor for the facile growth of MIL-100(Fe) crystals. Specifically, the P25/FeOOH was put
into TMA solution and subjected to hydrothermal synthesis to convert FeOOH to MIL-100(Fe)
and obtain MIL-100(Fe)/P25 composite. As exhibited in Figure 8.1G and H, the surfaces of the
MIL-100(Fe)/P25 composite turn out to be very rough owing to the presence of MIL-100(Fe) as
the shell.

Figure 8.1 SEM and TEM images of pristine P25 (A, B), P25 modified by Fe(NO3)3∙9H2O with
various concentrations (10 mM (C, D) and 20 mM (E, F)) and M/P-10 (G, H), Scale bars: SEM:
250 nm, TEM: 100 nm.
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Figure 8.2 (A) PXRD patterns of the as-prepared samples; 2D WAXS patterns of (B) P25 and
(C) M/P-10; FT-IR (D) and UV-Vis spectra (E) of the samples; (F) Tauc plots of pristine P25
and M/P-10. Both samples are dominated by anatase, which has an indirect band gap. Therefore,
n = 2 was used for both Tauc plots; (G) Nitrogen sorption isotherms at 77 K.
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The crystallinity of the MIL-100(Fe)/P25 composites was studied by PXRD measurements.
As shown in Figure 8.2A, pristine P25 has a main anatase phase and a trace amount of rutile phase.
With the incorporation of MIL-100(Fe), the crystalline structure of P25 was perfectly preserved,
and a new diffraction peak shows up at ~10°, attributed to the crystal phase of MIL-100(Fe).293
The intensity of this new diffraction peak increases with the increased amount of MIL-100(Fe) in
the composite. In addition to the PXRD patterns, 2D WAXS patterns of the samples were also
obtained. As shown in Figure 8.2B, the pristine P25 powders exhibit ring patterns with q > 1.81
Å-1. With the presence of MIL-100(Fe), new ring patterns emerged with q < 1.81 Å-1(Figure 8.2C),
which originated from the crystal structure and porosity of MIL-100(Fe) crystals. For instance, the
ring pattern at the position of q = 0.77 Å-1 comes from the repeating structure with a dimension of
8.2 Å, which is the pore window size of the MIL-100(Fe) crystals. The MIL-100(Fe) component
in the MIL-100(Fe)/P25 composite was also supported by the FT-IR results. As revealed in Figure
8.2D, no vibrational peaks were observed for the pristine P25 from 1250 cm-1 to 2000 cm-1. While,
for the MIL-100(Fe)/P25 composite, several peaks were observed at 1380, 1447, 1573, 1626 and
1700 cm-1, which can be ascribed to carboxylate groups on the surface of MIL-100(Fe).267 The
optical properties of the samples were evaluated by the UV-vis measurements. As shown in Figure
8.2E, the pristine P25 exhibits absorption of UV light (< 400 nm). After the incorporation of MIL100(Fe), the light absorption extends to the visible light range (< 600 nm), indicating the enhanced
light absorption of the MIL-100(Fe)/P25 composites. Tauc plots (Figure 8.2F) were derived from
the UV-vis spectra to calculate the band gaps. As displayed in Figure 8.2F, the band gaps of P25
and M/P-10 were determined to be 3.34 eV and 3.03 eV, respectively. Evidently, the incorporation
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of MIL-100(Fe) narrows down the band gap, which would boost the light utilization during the
photocatalytic processes. The Brunauer–Emmett–Teller (BET) surface areas were determined
from the N2 sorption isotherms (Figure 8.2G). More specifically, the surface area of pristine P25
was determined to be 53 m2/g. While, for M/P-10, the surface area was improved to 307 m2/g due
to the incorporation of high-quality MIL-100(Fe) crystals (1189 m2/g).
Photocatalytic Performance. The photocatalytic abilities of the MIL-100(Fe)/P25 composites
were evaluated through both photooxidation and photoreduction experiments as detailed below.
The oxidation ability of the samples was analyzed by tetracycline degradation. As shown in Figure
8.3A, both pristine P25 and MIL-100(Fe)/P25 composites exhibited weak adsorption abilities
towards tetracycline, as the minimal decrease was observed in the concentration of tetracycline
after 30-min mixing in the dark. As expected, the MIL-100(Fe)/P25 composites show better
performance than the pristine P25 in the photodegradation of tetracycline. Specifically, only 30.5%
of tetracycline was degraded by pristine P25 after 60-min light irradiation. While, the degradation
efficiency was enhanced to 83.0%, 85.8%, 83.8% and 74.5% by M/P-5, -10, -20 and -40,
respectively. Notably, the amount of MIL-100(Fe) in the composite system plays an important role
in the photodegradation efficiency. Initially, the photodegradation efficiency was promoted with
an increasing amount of MIL-100(Fe). The optimal composite was found to be M/P-10, which
possesses the highest efficiency towards tetracycline photodegradation (85.8 %), ~ 2.8 times that
of P25. Whereas, a further increased MIL-100(Fe) amount is detrimental to the photocatalytic
efficiency, because the excessive MIL-100(Fe) would block P25, limiting the light absorption and
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Figure 8.3 (A) Photocatalytic degradation of tetracycline by pristine P25 and as-prepared MIL100(Fe)/P25 composites; (B) UV-Vis spectra of tetracycline degraded by M/P-10 (time unit:
min); The pseudo-first-order kinetic plots (C) and corresponding reaction rate constants (D) of
tetracycline degradation over various photocatalysts; (E) Cr(VI) reduction by pristine P25 and
M/P-10; (F) The pseudo-first-order kinetic plots for the Cr(VI) reduction.

163

the accessibility of the active sites of P25. The UV-Vis spectra of tetracycline degraded by M/P10 are presented in Figure 8.3B. It is obvious that the intensity of the characteristic absorbance
peak of tetracycline at 357 nm gradually weakens with prolonged light illumination.
As exhibited in Figure 8.3C, tetracycline degradation follows pseudo-first-order kinetics:
𝐶

ln ( 𝐶0 ) = 𝑘𝑡

(8.1)

where 𝐶0 and 𝐶 are the concentrations of tetracycline at 0 min and a given time (𝑡 ),
respectively; 𝑘 is the apparent first-order rate constant (min-1). The values of 𝑘 are displayed in
Figure 8.3D, where the largest rate constant for degradation of tetracycline obtained by M/P-10
was calculated to be 0.0339 min-1, which is 5.38 times that by the pristine P25 (0.0063 min-1).
In addition, the incorporation of MIL-100(Fe) with TiO2 also facilitates photocatalytic
reduction ability of the composite, as demonstrated by Cr(VI) reduction. As shown in Figure 8.3E,
with MIL-100(Fe), the percentage of reduced Cr(VI) was improved from 35% to 50%. The
photocatalytic reduction of Cr(VI) also fits the pseudo-first-order kinetic (Figure 8.3F), and the
reaction rate constant obtained by M/P-10 (i.e., 0.009) was found to be twice of that by pristine
P25 (i.e., 0.0045).
Mechanism Exploration. The pathways of the photocatalytic degradation of tetracycline and
reduction of Cr(VI) have been discussed in prior literatures.39, 294-296 In brief, there are several steps
involved in the photocatalytic process, including molecule adsorption, light absorption, charge
separation and transfer, and subsequent redox reactions. In the case of photodegradation of
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tetracycline, the photo-generated electrons would be consumed by H2O2 and dissolved O2 to
generate ·OH and O·−
2 , respectively. Meanwhile, holes would react with water to produce ·OH. All
these oxidative species (i.e., h+, ·OH and O·−
2 ) would degrade the tetracycline to fulvic acids- or
humic acids-like substances, which would be ultimately mineralized into CO2 and H2O.39 On the
other hand, the Cr(VI) was primarily reduced to Cr(III) by the photo-induced electrons,295 while
holes were consumed by the hole scavenger (i.e., methanol). The dominating steps in the above
photocatalytic processes are molecule adsorption and charge separation.255
Typically, the incorporated MOF would act as a co-catalyst and improve the photocatalytic
performance mainly by enhancing molecule adsorption and increasing charge carrier density.32, 270
As demonstrated in prior studies, MIL-100(Fe) crystals possess high abilities towards the
adsorption of tetracycline and Cr(VI) due to the favorable pore geometry and high porosity. 297-299
In this study, the surface-coated MIL-100(Fe), however, does not improve the adsorption of either
tetracycline or Cr(VI) (Figures 8.3A and E), which suggests that only small amount of MIL100(Fe) was incorporated in the composite system. To quantify the composition ratios of the MIL100(Fe)/P25 composite, Rietveld refinement was performed by using the Materials Analysis Using
Diffraction (MAUD) program. The results show that the weight fractions of MIL-100(Fe), anatase
and rutile in the M/P-10 are 2.8 wt%, 77.8 wt%, and 19.4 wt%, respectively. Given such a low
weight fraction of MIL-100(Fe) in the composite of M/P-10, it is reasonable that the incorporation
of MIL-100(Fe) exhibited minimal improvement in the adsorption of tetracycline or Cr(VI).
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Based on the above discussion, the enhanced photocatalysis efficiency in the current study
is mainly ascribed to the increased amount of charge carriers, which can be monitored with the aid
of ultrafast transient absorption (TA) spectroscopy analysis. The TA spectra of P25 and M/P-10
composite with a delay time of 2 ps are shown in Figure 8.4A. With the pump pulse (350 nm),
P25 produces negative TA signals in the spectral region of 450-750 nm due to the stimulated
emission (SE) (Figure 8.4C), in accordance with the previously reported TA spectra33, 300 and the
photoluminescence spectra obtained from the bare TiO2.301 It should be noted that, ground-state
bleach (GSB) process also contributes to the negative TA signals, which is not the case here as
GSB occurs in a much bluer region.300 A similar TA spectrum is observed for M/P-10 but with a
less negative signal (Figure 8.4A), indicating less stimulated emission, that is, fewer electrons are
coming back from excited states to ground states, or in other words, less recombination of the
charge carriers. The recovery of the TA signals at 465 nm (i.e., stimulated emission) for both P25
and M/P-10 shows multiexponential decay, and M/P-10 shows a faster recovery than bare P25
(Figure 8.4B). The TA kinetics were further analyzed by using the global analysis,302 expressed as
follows:
𝑡

∆𝐴 = ∑𝑛𝑖=1 𝛼𝑖 (𝜆)exp(− 𝜏 )
𝑖

(8.2)

where 𝛼𝑖 (𝜆) is the pre-exponential factor at a specific wavelength and 𝜏𝑖 is the
corresponding lifetime. Both of 𝛼𝑖 (𝜆) and 𝜏𝑖 are dependent on probe wavelength (𝜆). According
to the global analysis, the excited states of both P25 and M/P-10 decayed bi-exponentially. For
M/P-10, the lifetimes of the stimulated emission were determined to be 119 fs and 5.63 ps, faster
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than those (176 fs and 22.90 ps) of the bare P25. As mentioned earlier, the stimulated emission
mainly originates from the recombination of the charge carriers. Therefore, the short lifetime of
the stimulated emission indicates less recombination of charge carriers in the case of M/P-10. The
enhanced separation of the charge carriers might be owing to the generation of defect energy levels
in the TiO2 band structure after the synthesis of MIL-100(Fe). The defect energy levels would
serve as trappers of charge carriers, which would prevent them from recombination, and eventually
increase the charge carrier density and lead to promoted photocatalytic efficiency.

Figure 8.4 (A) Transient absorption spectra recorded 2 ps after the excitation pulse; (B)
Normalized transient absorption kinetics probed at 465 nm; (C) Schematic illustration depicting
the charge transfer during TAS measurements.
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The formation of the defect energy levels is attributable to the distinct interface structure
of MIL-100(Fe)/P25 composite, which was analyzed by XPS measurements. As displayed in
Figure 8.5A, the XPS survey spectrum reveals that M/P-10 composite contains Fe, Ti, O and C
elements. The high-resolution spectrum of O 1s (Figure 8.5B) consists of three component peaks
at 531.4 eV, 530.4 eV, and 528.8 eV. The Fe 2p spectrum of M/P-10 is shown in Figure 8.5C,
where two dominant peaks were found at 724.3 eV and 709.8 eV, assigned to Fe 2p1/2 and Fe
2p3/2, respectively. The satellite peak at 713.8 eV (Figure 8.5C) corresponds to FeIII in MIL100(Fe).269, 303 Notably, these peaks exhibit negative shifts in comparison with the bare MIL100(Fe) crystal (Figure 8.5C),303-304 which is attributable to the formation of Fe-O-Ti bonds at the
interface. Further evidence of the Fe-O-Ti bonds can be found in the Ti 2p spectrum of M/P-10
(Figure 8.5D). Specifically, the peaks centered at 463.6 eV and 458.5 eV are consistent with
characteristic states of Ti in bare TiO2 (Figure 8.5D).305 While the extra peak at 457.6 eV is related
to the Ti ions with increased outer electron cloud densities, as a sequence of the presence of Fe-OTi bonds.306 The Fe-O-Ti bonds were likely formed during the growth of MIL-100(Fe) on the
surface of TiO2, where partial Ti atoms were replaced by Fe atoms. This substitution would lead
to significant modification of the band structure of TiO2 as demonstrated through the DFT
calculations (Figure 8.6).
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Figure 8.5 XPS spectra: (A) survey scan; high-resolution spectra of (B) O 1s, (C) Fe 2p, and (D)
Ti 2p.
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Figure 8.6 Optimized geometries of (A) TiO2 and (B) TiO2(Fe), with Ti in blue, Fe in black, O in
red; (C) Calculated DoS of the bare TiO2; (D) Calculated DoS of TiO2(Fe); (E) Calculated
difference charge density (e/Bohr3) defined as the charge density of TiO2(Fe) subtracted by the
charge density of bare TiO2. It shows that, around the doped-Fe site, the charge density is much
smaller than that of the bare TiO2, corresponding to the peak of defect levels in DoS (D).
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To clarify the underlying changes in electronic properties, the electron-density distributions
and electronic density of states (DoS) of bare TiO2 (Figure 8.6A) and Fe doped TiO2 (denoted
TiO2(Fe) hereafter, Fe:Ti = 1:20, Figure 8.6B) were calculated. As shown in Figures 8.6C and D,
the DoS of bare TiO2 and TiO2(Fe) are dominated by Ti and O, with the same energy gap (~ 2.0
eV). The calculated energy gap is lower than the experimental energy band gap of TiO2 (3.0-3.2
eV), which is due to the limitations of DFT calculation (i.e., lack of derivative discontinuity and
self-interaction error).307 Notably, the doping Fe creates defect energy levels, dominated by Fe and
O, near the valence band (VB) maximum of TiO2. Correspondingly, as shown in Figure 8.6E, the
charge density around the Fe site is much lower than that of the bare TiO2. Such a difference in
charge density was achieved by subtracting the charge density of bare TiO2 from that of TiO2(Fe).
The defect energy levels would act as trappers of charge carriers to retard the excited electrons
from recombining with holes, giving rise to increased amount of charge carriers in the composite
system, which agrees well with TA results (Figure 8.4). On the other hand, the results are also
consistent with those reported in prior studies where varied Fe/Ti ratios were used for DFT
calculations,308-309 which suggest that the DoS of the Fe-doped TiO2 would not change significantly
over a reasonable range of Fe/Ti ratios. However, it should be noted that, with excessive Fe doping,
the defect energy levels will work as the recombination centers and thus reduce the photocatalytic
efficiency,310 which partially explains the decreased photocatalytic efficiency with a further
increased amount of MIL-100(Fe).
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Proposed Mechanism. On the basis of the aforementioned results and discussions, a reasonable
mechanism (Scheme 8.2) was proposed to explain the enhanced photocatalytic performance
achieved by MIL-100(Fe)/TiO2 composite. The growth of MIL-100(Fe) on the TiO2 surface caused
partial substitution of Ti by Fe, which led to charge deficiency at the substitution region (Figure
8.6E). From the perspective of the electronic band structure, the Fe doping would result in defect
energy levels (Figure 8.6D), which would trap excited electrons and prevent the electrons from
recombing with the holes (Figure 8.4). Accordingly, the separation of the charge carriers was
greatly promoted. It should be noted that, the doped Fe would also facilitate the photocatalytic
efficiency through the Fe3+/Fe2+ redox cycle. To be specific, the doped Fe3+ would be reduced to
Fe2+ by the photoinduced electron as monitored by using electron spin resonance (ESR)
spectroscopy in prior studies.311-312 Subsequently, the Fe2+ could not only improve the
photooxidation process by providing more reactive oxygen species (Eq. 8.3) but also serve as a
reductant to convert Cr(VI) to less toxic Cr(III) (Eq. 8.4).
𝐹𝑒 2+ + 𝐻2 𝑂2 → 𝐹𝑒 3+ + ∙ 𝑂𝐻 + 𝑂𝐻 −
6𝐹𝑒 2+ + 𝐶𝑟2 𝑂72− + 14𝐻 + → 6𝐹𝑒 3+ + 2𝐶𝑟 3+ + 7𝐻2 𝑂

(8.3)
(8.4)

Furthermore, the intimate interaction between MIL-100(Fe) and TiO2 also improves the
charge separation (Scheme 8.2). Specifically, the incorporation of MIL-100(Fe) expanded the light
absorption to the visible region (Figure 8.2E). Upon visible light irradiation, the Fe-O clusters in
MIL-100(Fe) would be excited, during which the Fe3+ in MIL-100(Fe) would be reduced to Fe2+
by accepting electrons from O2-.273 Meanwhile, due to intimate contact of MIL-100(Fe) and TiO2,
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holes in the TiO2 valence band would migrate through ligand to Fe-O clusters and oxidize Fe2+
back to Fe3+, which also contributes to the inhibition of charge recombination in TiO2.
In brief, the incorporated MIL-100(Fe) could enhance the charge separation of TiO2 by
introducing defect energy levels and providing additional charge transfer pathways, which
significantly increases the lifetimes of both electrons and holes. Besides, the doped Fe in TiO2
structure would also promote the photocatalytic efficiency by offering additional reactions
pathways through the Fe3+/Fe2+ redox cycle.

Scheme 8.2 Proposed pathways of the charge transfer inside MIL-100(Fe)/TiO2 upon light
irradiation.
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8.4 Conclusions
MIL-100(Fe)/P25 composite photocatalysts were fabricated and demonstrated better
photocatalytic oxidation and reduction abilities over pristine P25. As evidenced by the TA
measurements, the enhanced photocatalytic performance is attributable to the promoted electronhole separation due to the incorporation of MIL-100(Fe). In particular, partial Ti atoms were
replaced with Fe atoms during the growth of MIL-100(Fe) on the TiO2 surface, which led to
changes in electron-density distribution and created defect energy levels. During the photocatalytic
process, the excited electrons would be captured at the defect energy levels, which greatly restrains
the recombination of charge carriers and increases the amount of charge carriers, and thus
contributes to improved photocatalytic efficiency. Besides, the intimate interaction between MIL100(Fe) and TiO2 provided an additional pathway to further improve the charge separation. Besides
the promoted charge separation, the doped Fe in the TiO2 structure also boosted the photocatalytic
efficiency through the Fe3+/Fe2+ redox cycle. This work offers new insights into the interface
structure of MOF/semiconductor and its role in charge transfer, which would contribute to the
future design of innovative MOF/semiconductor composite photocatalysts.
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Chapter 9. Conclusions and Future Directions
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9.1 Conclusions
In this dissertation, the aerosol route was applied as the facile approach for the rapid
synthesis of MOFs and MOF-based composites. Systematic analyses were carried out to unravel
the formation mechanisms of MOFs in microdroplets. Further exploration of the aerosol route to
tune the properties of MOFs during the synthesis process was also conducted. In addition, several
MOF-based composites (i.e., HKUST-1/TiO2, HKUST/TiO2/Cu2O, ZIF-8/ZnO, and MIL100(Fe)/TiO2) were designed as the efficient photocatalysts for energy and environmental
sustainability (e.g., CO2 photoreduction, degradation of antibiotics, and removal of heavy metal
ions). Huge efforts were put into the fundamental understanding of MOFs’ roles during the
photocatalytic processes. The detailed conclusions from this dissertation were listed as below.
9.1.1 Mechanism for the Rapid Formation of MOFs via the Aerosol Route
As demonstrated in this dissertation, the aerosol route is a facile approach for the rapid
formation of MOF crystals. The as-synthesized MOFs have comparable properties (i.e.,
crystallinity, porosity, and surface area) as compared with those synthesized with the conventional
methods. The major impetus for the rapid formation of MOFs is attributable to the fast heat and
mass transfer during the evaporation of microdroplets. In particular, the evaporation of
microdroplets would induce the drastic decrease of the droplet size and subsequently increase the
supersaturation ratio of MOF precursors, which finally leads to rapid nucleation and crystal growth
of MOFs. Additionally, the aerosol route was also proved to be an excellent strategy for the
synthesis of MOF-based composites by simply adding pre-formed nanoparticles into the MOF
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precursors. As shown by the experimental results, the presence of those nanoparticles would not
alter the properties of MOFs but offer additional benefits to the composite systems.
9.1.2 Regulated Synthesis of MOFs Enabled by the Aerosol Route
The synthesis of MOFs is eligible for regulation by simply adjust the operating parameters
of the aerosol route, including temperature, pressure, and precursor conditions. In particular, a
higher temperature would promote the evaporation of microdroplets, which would subsequently
accelerate the nucleation process and creating smaller MOF crystals. Meanwhile, adjusting
synthetic temperatures would also give rise to different hydration degrees of the MOF products,
which corresponds to variations in the availability of coordinatively unsaturated metal sites for gas
adsorption. However, the synthetic temperatures should be controlled under certain values in case
of destroying the MOF structures. In terms of this, the operating pressures were demonstrated to
be milder parameters to regulate the properties of MOFs. By lowering the operating pressures, the
evaporation rate of the microdroplets would be enhanced, which results in higher supersaturation
ratios and faster nucleation, thus leading to smaller MOF crystals. In addition to the sizes of MOF
products, the operating pressure also plays a critical role in other properties, including surface area,
crystalline structure, and gas adsorption abilities. Moreover, the precursor conditions can also be
adjusted for the desired properties of MOFs. For example, mixed linkers can be used as the
precursors with various linker ratios, which would lead to a series of products with different
properties.
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9.1.3 Rational Design of MOF-based Composites
The integration of MOFs and semiconductors as efficient composite photocatalysts was
successfully demonstrated and illustrated in this dissertation. In addition to the aerosol route,
several other techniques were also used for the facile fabrication of MOF-based composites, such
as electrospinning and aerosol chemical vapor deposition. A variety of structures were presented
here, including particles, nanofibers, and 2D nanoarrays.
9.1.4 Mechanistic Insights into the Photocatalytic Pathways of MOF-based Composites
Despite the poor photocatalytic ability of bare MOFs, they were demonstrated here as
exceptional co-catalysts to significantly improve the efficiency of conventional semiconductor
photocatalysts for energy and environmental sustainability. With systematic analyses, it was found
that the incorporated MOFs mainly contributed to the enhanced adsorption, promoted molecule
activation, and improved charge transfer. Particularly, the special interface structure between MOF
and the semiconductor is critical for the charge separation. Taking MIL-100(Fe)/TiO2 for an
example, partial Ti atoms were replaced by Fe atoms during the in situ growth of MIL-100(Fe) on
the surface of TiO2. As demonstrated by the DFT calculations, the incorporated Fe atoms would
create defect energy levels in the photocatalytic system, which would significantly enhance the
separation of charge carriers, and thus lead to high photocatalytic efficiency.
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9.2 Future Directions
Additional work is still needed in the future regarding the following aspects:
(1) Despite the successful cases presented in this dissertation, additional efforts are still needed
to verify the wider applicability of the aerosol route for the synthesis of other MOFs,
especially those with high-nuclearity secondary building units.
(2) In addition to the physical insights into the MOF formation via microdroplets, the chemical
conversion processes from precursors to final MOF products are still vague, studies of
which are necessary for better understanding of the formation mechanism.
(3) As brought out by many prior papers, the stability of MOFs during the photocatalytic
processes is always a concern. Further research on the responses of MOFs to the harsh
environment (e.g., high temperature, extreme pH, and aqueous environment) is of great
importance.
(4) Although the examples presented here showed significantly improved efficiency for
photocatalytic applications, the efficiency is still low for real-world applications.
Therefore, more efficient MOF-based composites should be designed with the aid of the
fundamental understanding obtained in this dissertation.
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